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ABSTRACT 

 

 

PRACTICAL TOOLS FOR RANKING AND SELECTION OF GROUND-

MOTION PREDICTION EQUATIONS (GMPEs) FOR PROBABILISTIC 

SEISMIC HAZARD ASSESSMENT AND DEVELOPMENT OF A 

REGIONAL GMPE 

 

 

 

Kale, Özkan 

Ph.D., Department of Civil Engineering 

Supervisor: Prof. Dr. Sinan Akkar 

Co-Supervisor: Dr. Laurentiu Danciu 

 

September 2014, 301 pages 

 

 

This study starts summarizing the progresses in ground-motion databases and 

ground-motion models in pan-European region and consequent seismic hazard 

comparisons conducted for individual local and global predictive models. Then, the 

study presents the compilation of the Middle East region and Turkish ground-

motion databases with principle seismological features to be mainly used in 

predictive model selection process in these regions. In the following step, using a 

high standard subset of the Middle East ground-motion database, a ground-motion 

prediction equation (GMPE) is developed for Turkey and Iran to investigate the 

possible regional effects on ground-motion amplitudes in shallow active crustal 

earthquakes. Next part introduces a method for ranking and selection of GMPEs 

based on Euclidean distance concept. The proposed method is capable of 

determining the proper set of predictive models for regional or site-specific 
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probabilistic seismic hazard assessment (PSHA) under a given set of observed 

ground-motion data. To this end, an alternative method for establishing ground-

motion logic-tree framework for PSHA is represented in the following part of the 

study. The proposed method evaluates the effects of the predictive models and 

corresponding branch weights selected for logic-tree framework to properly capture 

the epistemic uncertainty in seismic hazard analysis. As a final point, a ground-

motion logic-tree framework combining the functionalities of data-driven GMPE 

testing methods and logic-tree based sensitivity approach are proposed for shallow 

active crustal regions in EMME (Earthquake Model of the Middle East Region) 

project. 

 

Keywords: Probabilistic seismic hazard assessment, ground-motion database, 

ground-motion prediction equation, regional difference, ranking and selection 

method 
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ÖZ 

 

 

OLASILIKSAL SİSMİK TEHLİKE ANALİZLERİ İÇİN YER HAREKETİ 

TAHMİN DENKLEMLERİNİN SIRALANMASINDA VE SEÇİLMESİNDE 

KULLANILACAK PRATİK ARAÇLAR VE BÖLGESEL BİR YER 

HAREKETİ TAHMİN DENKLEMİNİN GELİŞTİRİLMESİ 

 

 

 

Kale, Özkan 

Doktora, İnşaat Mühendisliği Bölümü 

Tez Yöneticisi : Prof. Dr. Sinan Akkar 

Ortak Tez Yöneticisi: Dr. Laurentiu Danciu 

 

Eylül 2014, 301 sayfa 

 

 

Bu çalışma, Avrupa ve civarındaki kuvvetli yer hareketi veri tabanları ve yer 

hareketi tahmin denklemlerindeki ilerlemeleri ve bunların sonucu olarak ortaya 

çıkan seçilmiş yerel ve global denklemlerin herbiri için yapılan sismik tehlike 

karşılaştırmalarını özetleyerek başlamaktadır. Sonrasında bu çalışma, Orta Doğu 

bölgesi ve Türkiye için derlenen ve esas olarak bu bölgelere uygun yer hareketi 

tahmin denklemlerinin seçilmesi işleminde kullanılması öngörülen kuvvetli yer 

hareketi veri tabanlarının derlenmesini ve bunların temel sismolojik özelliklerini 

göstermektedir. Bunu izleyen aşamada, Orta Doğu veri tabanının yüksek kalitedeki 

bir alt grubu kullanılarak sığ aktif kabuk depremlerinin yer hareketi genliklerinde 

oluşması muhtemel bölgesel farklılıkları göstermek amacıyla Türkiye ve İran için 

bir yer hareketi tahmin denklemi (YHTD) geliştirilmiştir. Sonraki bölüm YHTD 

seçilmesi ve sıralanmasında kullanılacak olan Öklid uzaklığına bağlı bir yöntemi 



x 

tanıtmaktadır. Önerilen yöntem gözlemsel (ölçülmüş) yer hareketi veri seti altında 

bölgesel veya sahaya özel yapılan olasılıksal sismik tehlike analizleri (OSTA) için 

uygun bir YHTD setinin belirlenmesi işine yaramaktadır. Bu yönteme ek olarak 

çalışmanın sonraki bölümünde OSTA için yer hareketi denklemi mantık ağacı 

uygulamasının oluşturulmasında kullanılabilecek alternatif bir yöntem önerilmiştir. 

Bu yöntem sismik tehlike analizlerindeki epistemik belirsizliği uygun bir şekilde 

modelleyebilmek için seçilen tahmin denklemlerinin ve bunlara atanan ağırlıkların 

etkilerini değerlendirmektedir. Son olarak veri bazlı YHTD test yöntemlerinin ve 

mantık ağacı hassaslık analizlerine dayalı yöntemin fonksiyonelliği birleştirilerek 

EMME (Earthquake Model of the Middle East Region) projesindeki sığ aktif kabuk 

depremler meydana gelen bölgeler için uygun mantık ağacı uygulaması 

önerilmiştir. 

 

Anahtar Kelimeler: Olasılıksal sismik tehlike analizi, kuvvetli yer hareketi veri 

tabanı, yer hareketi tahmin denklemi, bölgesel farlılık, sıralama ve seçme yöntemi 
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INTRODUCTION 

 

 

 

Adapted from Akkar S and Kale Ö (2014). Developments in ground motion 

predictive models and accelerometric data archiving in the broader European 

region. Second European Conference on Earthquake Engineering and Seismology, 

İstanbul, Turkey, EAEE Theme Lecture No. 35. 

 

 

1.1. General 

 

The development of ground-motion prediction equations (GMPEs) for shallow 

active crustal regions in Europe has initiated with the efforts of Ambraseys (1975), 

approximately a decade after the first ground-motion model proposed by Esteva 

and Rosenblueth (1964)1. In the past 40 years, well over 100 GMPEs were 

developed in Europe and neighboring countries for estimating the future ground-

motion levels in terms of elastic spectral ordinates and peak ground acceleration, 

PGA (Douglas, 2011)2. Most of these GMPEs are tailored from datasets specific to 

a region or country but there are also ground-motion models developed by 

combining strong motions of many countries in the broader Europe3. As 

                                                 
1 Predictive model by Esteva and Rosenblueth (1964) was proposed for the Western USA whereas 
the Ambraseys (1975) GMPE was developed for Europe.  
2 There are other ground-motion equations estimating peak ground velocity (e.g., Akkar and 
Bommer, 2007; Tromans and Bommer, 2002) and ground-motion intensity measures such as 
vertical-to-horizontal spectral ratios (e.g., Akkar et al., 2014d; Bommer et al., 2011) for Europe and 
surrounding regions. These predictive models are not considered in this thesis. 
3 Datasets compiled from different European and neighboring countries are generally referred to as 
pan-European datasets (Bommer et al., 2010). The GMPEs developed from these datasets are called 
as pan-European GMPEs. 
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everywhere else in the world, the quality and quantity of GMPEs in Europe are 

directly related to the availability of observational data. Their level of complexity 

to explain the physical process of earthquakes has also direct connection with the 

strong-motion data collection efforts under international or national programs. 

 

As indicated above, there are three common practices in Europe for the 

development of GMPEs. The first approach focuses on the regional datasets to 

estimate ground motions (e.g., Massa et al., 2008; Bragato and Slejko, 2005). The 

second approach uses country-based datasets (e.g., Akkar and Çağnan, 2010; Bindi 

et al., 2011), whereas the third group of model developers combines data from 

different countries in and around Europe (e.g., Ambraseys et al., 2005). (In some 

cases supplementary strong-motion data from USA or Japan are also used by the 

third group modelers). Researchers from the first two groups aim to capture the 

region-specific source, path and site effects on the ground-motion amplitude 

estimates without contaminating the indigenous data from other regions. The 

GMPEs developed from regional and country-based datasets are generically called 

as local GMPEs. Researchers following the last approach accentuate that 

recordings from countries that are located in similar tectonic regimes are expected 

to exhibit similar features. This assumption generally yields larger ground-motion 

datasets with better distribution, for example in magnitude-distance space, with 

respect to regional or country-based datasets. Therefore, the regressed functional 

forms of the third group models are generally better constrained in terms of main 

estimator parameters. However, possible data contamination, for example due to 

regional attenuation differences, may provoke speculations on their efficient use in 

some hazard studies. As the third group ground-motion models are developed from 

datasets of multiple countries, they are called as global GMPEs. Their datasets are 

also referred to as global databases. 

 

Different perspectives in the above approaches raise questions about the existence 

of regional dependence among the European GMPEs with emphasis on the 

epistemic and aleatory uncertainties. The aleatory uncertainty (assessed with the 
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standard deviation, sigma, of GMPE) that is generally referred to as intrinsic 

variability of ground motions may also reflect the uncertainties stemming from 

dataset quality and its composition (e.g., local vs. global databases), modeling of 

GMPE and regression technique used in fitting (Strasser et al., 2009). For example, 

GMPEs for PGA that are developed from local or pan-European datasets do not 

show a clear difference in sigma distribution as given in Figure 1.1. Thus, the better 

constrained pan-European GMPEs do not possess lesser aleatory variability with 

respect to their local counterparts. The converse of this argument is also 

defendable: local GMPEs do not show reduced aleatory variability to speculate 

lesser contamination in their data. 

 

 

Figure 1.1 Comparisons between the standard deviations of local and pan-European 

predictive models that estimate PGA. 

 

Figure 1.2 compares the period-dependent sigma trends between NGA-West14 

(Power et al., 2008), NGA-West24 (Bozorgnia et al., 2014) and the most recent 

pan-European GMPEs (Akkar et al, 2014; Bindi et al., 2014; Akkar and Bommer, 

2010; Ambraseys et al., 2005). NGA-West1 and NGA-West2 GMPEs use wide 

spread shallow active crustal ground motions mainly from California, Taiwan 

(NGA-West1) and additionally from Japan, China and New Zealand (NGA-

West2). They are also referred to as global GMPEs. The comparisons in Figure 1.2 

                                                 
4 NGA-West1 and NGA-West2 are two projects to develop shallow active crustal GMPEs for 
seismic hazard assessment in the Western US. NGA-West2 project is the successor of NGA-West1. 
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are done for Mw 5 and Mw 7 and the shaded areas in each panel represent the upper 

and lower sigma bounds of the chosen pan-European equations. The NGA-West1 

and NGA-West2 GMPEs tend to yield lower sigma with respect to pan-European 

GMPEs. Note that the NGA-West2 predictive models were developed to bring 

improvements over NGA-West1 GMPEs in terms of additional data, explanatory 

variables and extended magnitude and distance ranges but their sigma values are 

larger with respect to their predecessors. The larger standard deviations in NGA-

West2 GMPEs can be the manifestations of aggregated uncertainty due to new data 

and additional explanatory variables. Interestingly, the core accelerometric data 

sources of NGA-West1 and NGA-West2 GMPEs do not include large numbers of 

ground motions from Europe that can, speculatively, be a factor for the observed 

differences in the sigma variation between NGA and pan-European GMPEs. 

 

 

Figure 1.2 Comparisons of sigma between NGA-West1 (Abrahamson and Silva 

(2008) - AS08, Boore and Atkinson (2008) - BA08, Campbell and Bozorgnia 

(2008) - CB08, Chiou and Youngs (2008) - CY08), NGA-West2 (Abrahamson et 

al. (2014) - ASK14, Boore et al. (2014) - BSSA14, Campbell and Bozorgnia (2014) 

- CB14, Chiou and Youngs (2014) - CY14) and some representative pan-European 

GMPEs (Akkar et al., 2014; Bindi et al., 2014; Akkar and Bommer, 2010; 

Ambraseys et al., 2005). The gray shaded areas show the upper and lower sigma 

bounds of pan-European GMPEs. Comparisons are done for a rock site (VS30 = 760 

m/s) located 10 km away from a 90-degree dipping strike-slip fault. The selected 

magnitudes for comparisons are Mw 5 (left panel) and Mw 7 (right panel). 

Mw 5.0

Period (s)
0.01 0.1 1

 l
nY

 (
to

ta
l)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

AS08 

BA08 

CB08 

CY08 

ASK14 

BSSA14 

CB14 

CY14 

Mw 7.0

Period (s)
0.01 0.1 1



 

5 

The above observations suggest that further systematic studies are required to 

understand the sources of differences or similarities in the aleatory variability 

between local and pan-European GMPEs. Such studies should also be performed 

between European and other well constrained global ground-motion models that 

are developed outside of Europe. An extensive summary about the factors 

controlling sigma and worldwide studies aiming to reduce sigma can be found in 

Strasser et al. (2009). 

 

Douglas (2004, 2007) indicated that there is no strong evidence confirming 

regional dependence for the GMPEs produced in the broader European region since 

the empirical observations are still limited. He also emphasized that the level of 

complexity in the current pan-European GMPEs is insufficient for a clear 

understanding about the contribution of epistemic uncertainty on the median 

ground-motion estimates (Douglas, 2010). However, complexity in ground-motion 

models does not necessarily imply a better identification of epistemic uncertainty 

as complex GMPEs contain superior numbers of estimator parameters that may 

lead to overfit to empirical observations (Kaklamanos and Baise, 2011). Bommer et 

al. (2010) showed that GMPEs developed from pan-European datasets and ground-

motion models derived from NGA-West1 GMPEs would yield similar ground-

motion estimates for moderate-to-large magnitude earthquakes. These authors 

indicated that the regional differences in ground-motion estimates would be 

prominent towards smaller magnitude earthquakes, which is a parallel observation 

with the studies conducted in the other parts of the world (Chiou et al., 2010; 

Atkinson and Morrison, 2009). On the other hand, Scassera et al. (2009) 

emphasized that the use of NGA-West1 GMPEs may over predict the hazard in 

Italy at large distances because Italian data attenuate faster than the trends depicted 

in NGA-West1 GMPEs. In a separate study, Akkar and Çağnan (2010) who 

developed a GMPE from an extended Turkish database showed that NGA-West1 

GMPEs and ground-motion predictive models from pan-European datasets would 

yield conservative estimates with respect to their GMPE for different earthquake 

scenarios at different spectral ordinates. Recently, Kale et al. (2014) showed the 
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existence of distance and magnitude dependent differences between the Iranian and 

Turkish shallow active crustal ground-motion amplitudes. Yenier and Atkinson 

(2014) found evidence on the regional dependence of large magnitude earthquakes 

in New Zealand and western North America. Almost all NGA-West2 GMPEs 

consider regional differences in their ground-motion estimates (Gregor et al., 

2014). 

 

The observations on GMPEs developed since the 1960s indicate notable variations 

such as standard deviations, spectral ordinate estimates, etc. During the same 

period, the quality and size of strong ground-motion data archive within pan-

European region has been increased intensely with the national and international 

research projects and the occurrence of numerous earthquakes in well-instrumented 

regions. It is believed that these advances enable the researchers to obtain more 

constrained predictive models because the understanding of strong ground-motion 

data has become more apparent. However, all efforts devoted to this realm of 

engineering seismology are capable of decreasing the modeling uncertainty. As 

long as there is randomness in the nature of earthquake process, obtaining a 

flawless ground-motion database with respect to, at least, magnitude and distance 

bins are impossible. Under these circumstances, it is inevitable that the researchers 

should find ways for dealing with the uncertainty by conducting more elaborate 

studies and developing more sophisticated methodologies. In this respect, this 

dissertation aims at addressing the different aspects of several topics related to 

database quality, predictive models, regional variations and characterization of the 

modeling uncertainty for seismic hazard in order to scrutinize the understanding of 

the driving factors behind the observations highlighted in the above paragraphs. 

The following sections summarize the history and current conditions of strong-

motion databases and ground-motion relations in the broader European region as 

well as present the results of some probabilistic seismic hazard studies (PSHA) to 

evaluate the level of differences in the estimated hazard upon the use of most recent 

local and global pan-European and NGA GMPEs. The final section outlines the 

individual descriptions of each chapter. 
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1.2. Evolution of Major Strong-Motion Databases in the Broader Europe 

 

Strong-motion data collection in Europe started in the beginning of 1970s in 

Imperial College under the leadership of Prof. Ambraseys (deceased in 2012). It is 

continued progressively through multi-national collaborations (Ambraseys, 1990; 

Ambraseys and Bommer, 1990; 1991) and a CD-ROM of 1068 tri-axial 

accelerometric data was released in 2000 as a solid product of this effort 

(Ambraseys et al., 2000). The data in the CD-ROM were expanded to a total of 

2213 accelerograms from 856 earthquakes recorded at 691 strong-motion stations 

(Ambraseys et al., 2004a) and it is disseminated through the Internet Site for 

European Strong-Motion Data (ISESD) web page (http://www.isesd.hi.is). Figure 

1.3.a shows the magnitude vs. distance scatter of ISESD strong-motion database. It 

spans accelerograms from broader Europe between 1976 and 2004. The earthquake 

metadata (e.g., geometry, style-of-faulting, magnitude estimations etc.) in ISESD 

was extracted either from specific earthquake studies (institutional reports and 

papers published in peer-reviewed journals) or ISC bulletin (International 

Seismological Center, www.isc.ac.uk). The earthquake location information was 

taken from local or national seismic networks whenever they were assessed as 

more reliable than the international networks. The strong-motion station 

information (site conditions, station coordinates, shelter type) was obtained from 

the network owners. The soil classification of strong-motion sites in ISESD relies 

on VS30 (average shear-wave velocity in the upper 30m soil profile). However, the 

VS30 data were mostly inferred from geological observations in ISESD as the 

measured shear-wave velocity profiles were typically unavailable by the time when 

it was assembled. The processed strong-motion records in ISESD were band-pass 

filtered using an elliptical filter with constant high-pass and low-pass filter cut-off 

frequencies (0.25Hz and 25Hz, respectively). After the release of ISESD, a small 

subset of this database was re-processed using the phaseless (acausal) Butterworth 

filter with filter cut-off frequencies adjusted individually for each accelerogram. 

The individual filter cut-off frequencies were determined from the signal-to-noise 

ratio of each accelerogram. This subset was published as another CD-ROM that is 
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referred to as European Strong-Motion Data (ESMD; Ambraseys et al., 2004b). 

The extent of ESMD in terms of magnitude and distance is given in Figure 1.3.b. 

 

 

Figure 1.3 Magnitude vs. distance scatters of (a) ISESD, (b) ESMD. Different 

symbols with different color codes show the distribution of fault mechanisms in 

these databases (O: odd, NM: normal, RV: reverse, SS: strike-slip, U: Unknown). 

Almost 50% of the data in ISESD and ESMD are collected from Italy, Greece and 

Turkey. These countries are followed by Iran (11% of the whole data). 

 

The dissemination of ISESD and ESMD strong-motion databases was followed by 

important national and international strong-motion and seismic hazard projects in 

Europe and surrounding regions. Among these projects, the ITalian 

ACcelerometric Archive5 project (ITACA; http://itaca.mi.ingv.it; Luzi et al., 2008), 

the Turkish National Strong-Motion Project (T-NSMP; http://kyh.deprem.gov.tr; 

Akkar et al., 2010) and the HEllenic Accelerogram Database Project (HEAD; 

http://www.itsak.gr; Theodulidis et al., 2004) are national efforts to compile, 

process and archive local (national) accelerometric data using state-of-the-art 

techniques. Figures 1.4.a and 1.4.b show the magnitude vs. distance scatters of 

ITACA5 and T-NSMP databases as of the day they were released. These national 

                                                 
5 The ITACA database referenced in this article is now called as “ITACA v1” as a newer version is 
recently released on the same web site. The new release covers Italian strong-motion records from 
1972 to the end of 2013. 
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projects improved the site characterization of strong-motion stations either by 

reassessing the existing shear-wave velocity profiles and soil column lithology 

information or by utilizing invasive or noninvasive site exploration techniques to 

compute the unknown VS30 and other relevant site parameters (e.g., see Sandıkkaya 

et al., 2010 for site characterization methods of Turkish accelerometric archive). 

They also uniformly processed the strong-motion records by implementing a 

reliable and consistent data processing scheme. None of these data processing 

algorithms implemented constant filter cut-off frequencies to remove the high-

frequency and low-frequency noise from the raw accelerograms. 

 

 

Figure 1.4 Magnitude vs. distance scatters of (a) ITACA and (b) T-NSMP 

databases. The ITACA5 project compiled a total of 2182 accelerograms from 1004 

events (Luzi et al., 2008) whereas T-NSMP studied 4607 strong-motion records 

from 2996 earthquakes recorded at 209 stations (Akkar et al., 2010). The symbols 

on the scatter plots show the distribution of fault mechanism in each database. 

(Refer to the caption of Figure 1.3 for abbreviations in the legends). 

 

The NERIES (NEtwork of Research Infrastructures for European Seismology; 

www.neries-eu.org) and SHARE (Seismic Hazard HARmonization in Europe; 

www.share.eu.org) projects that are funded by European Council also contributed 

significantly to the integral efforts for collecting and compiling accelerometric data 

a) ITACA

Distance
0.1 1 10 100

M
ag

ni
tu

de

2

3

4

5

6

7

8
NM
RV
SS
U

b) T-NSMP

Distance
0.1 1 10 100



 

10 

in the broader Europe. The NERIES project created a new infrastructure to collect, 

process and distribute near-real time accelerometric data from across Europe 

(www.seismicportal.eu). The SHARE project compiled a comprehensive strong-

motion database (Yenier et al., 2010) by collecting worldwide shallow active 

crustal accelerometric data that includes recordings from ISESD, ESMD, ITACA 

and T-NSMP. The SHARE strong-motion database (13500 records from 2268 

events recoded at 3708 stations) was mainly used to test the candidate GMPEs for 

the seismic hazard calculations in the SHARE project. The developers of the 

SHARE database neither aimed for updating the metadata information nor 

developing a uniformly processed accelerometric data archive from the collected 

strong-motion recordings. The EMME (Earthquake Model of the Middle East 

Region; www.emme-gem.org) project that is funded by Global Earthquake Model 

(GEM) organization with objectives parallel to the SHARE also established a 

strong-motion database for SACRs in the Middle East, Iran, Pakistan and 

Caucasus. The EMME strong-motion database that consists of 4920 accelerograms 

from 1803 events is mainly used to identify the most proper GMPEs for hazard 

computations in the SACRs covered by the project. One of the major differences 

between the EMME and SHARE strong-motion databases is the uniform data 

processing implemented to the accelerograms in EMME. Besides, the earthquake 

and strong-motion station metadata information of the EMME database was 

reassessed systematically by the project partners (Akkar et al., 2014a). Figures 

1.5.a and 1.5.b compare the magnitude and distance distributions of these two 

databases. Note that the magnitude and distance coverage of EMME strong-motion 

database is not as uniform as in the case of SHARE database. This is because the 

latter strong-motion inventory includes shallow active crustal earthquake 

accelerograms from the entire world. The EMME strong-motion database is 

particularly rich in Iranian and Turkish recordings. When both databases are 

compared for accelerograms originating from the pan-European region, one may 

infer that the EMME and SHARE databases can reveal significant amount of 

information about the characteristics of strong-motion data from this region. 
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The efforts put forward in the development of the ISESD as well as other databases 

that are compiled from well-organized national and international projects had 

considerable impact on the improvement of accelerometric data quality in and 

around Europe. However, they suffer from certain drawbacks at different technical 

and operational levels. Although the ISESD is an integrated database representing 

the strong-motion data archive of broader Europe, the poor strong-motion site 

characterization and the use of constant filter cut-offs in data processing are the 

major shortcomings of this database. The use of fixed filter cut-offs has been 

proven to be inappropriate as it may result in wrong representation of actual 

ground-motion frequency content of the recorded events (e.g., Akkar and Bommer, 

2006). The national strong-motion projects as well as the EMME project took their 

precautions against such drawbacks but they implemented their own methodologies 

while assembling the databases. Thus, there is a lack of uniformity among these 

projects for metadata compilation and record processing for their integration under 

a single strong-motion database. The SHARE project did no attempt to homogenize 

the data processing of accelerograms. Improvements in earthquake and station 

metadata were also out of scope of the SHARE. The recordings from the most 

recent pan-European earthquakes of engineering interest (e.g., 2009 L’Aquila 

Earthquake Mw 6.3; 2011 Van Earthquake Mw 7.1; 2011 Van-Edremit Earthquake 

Mw 5.6; 2011 Kütahya-Simav Earthquake Mw 5.9; 2010 Elazığ-Kovancılar 

Earthquake Mw 6.1) were either entirely or mostly discarded in the SHARE strong-

motion database. The NERIES attempt was mostly limited to creating an 

infrastructure for integrated accelerometric data archive within Europe. However, 

the proposed infrastructure focuses on the near-real time accelerograms that are 

hosted by NERIES portal (www.seismicportal.eu). These recordings are from the 

last decade with limited engineering significance (i.e. mostly small magnitude 

events). Moreover, the proposed data archiving and dissemination structure by 

NERIES is not entirely devised for the engineering needs of accelerometric data 

use. 
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Figure 1.5 Magnitude and distance distributions of (a) SHARE and (b) EMME 

strong-motion databases. The SHARE accelerograms from the broader Europe are 

shown in cyan to give a more clear view on the fraction of recordings from this 

region in the SHARE database. Same color codes are used in the EMME scatter 

plot for comparing the strong-motion data distribution of broader Europe between 

these two databases. 

 

Currently, the most up-to-date pan-European strong-motion database is RESORCE 

(Reference Database for Seismic Ground-Motion in Europe; http://resorce-

portal.eu/) that is developed under the SIGMA (SeIsmic Ground Motion 

Assessment; http://projet-sigma.com/) project. The primary motivation of 

RESORCE (Traversa et al., 2014) is to update and extend the ISESD 

accelerometric archive by using the information gathered from recently carried out 

strong-motion database projects as well as other relevant earthquake-specific 

studies in the literature. To this end, RESORCE made use of the already compiled 

metadata and waveform information from ITACA, T-NSMP, HEAD, SHARE, 

ISESD and ESMD. The information gathered from these databases were extended 

by considering the French (French Accelerometric Network; RAP; www-

rap.obs.ujf-grenoble.fr) and Swiss (Swiss Seismological Service; SED; 

seismo.ethz.ch) accelerometric data that are from moderate-to-small magnitude 

events. The RESORCE developer team also did an extensive literature survey from 
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peer-reviewed journals to improve the earthquake metadata information of 

earthquakes from the broader Europe. The uniform data processing of 

accelerograms following the discussions in Boore et al. (2012) as well as improved 

magnitude and source-to-site distance distributions constitute the other important 

achievements in RESORCE. The current data size of RESOCE is 5882 

accelerograms recorded from 1814 events. The number of strong-motion stations 

included in RESORCE is 1540. The magnitude and distance range covered by 

RESORCE is 2.8 ≤ Mw ≤ 7.8 and RJB ≤ 370 km. The strategy followed in the 

compilation of RESORCE as well as its main features are given in Akkar et al. 

(2014c) and Sandıkkaya and Akkar (2013). Figure 1.6 compares the magnitude vs. 

distance distribution of RESORCE and NGA-West2 database (Anchetta et al., 

2014) that is used in the development of NGA-West2 GMPEs. The NGA-West2 

database covers a small fraction of accelerograms from the broader European 

region. Thus, the information provided in RESORCE, when used systematically 

with NGA-West2 database, can be a good basis to understand the significance of 

regional differences in shallow active crustal earthquakes between Europe and the 

other parts of the world. Table 1.1 compares the essential features of major strong-

motion databases compiled from the recordings of broader Europe. The 

information presented in Table 1.1 once again confirms that RESORCE contains 

the most up-to-date data for the broader European region. The main sources of 

accelerograms are Turkey, Italy and Greece. Yet to be considered in RESORCE, 

for example, is to extend it by including the strong-motion data of other seismic 

prone countries in the region (e.g., Iran). To this end, EMME strong-motion 

database can be a good source but, as indicated previously, differences in database 

compilation between RESORCE and EMME would create difficulties while 

integrating these strong-motion archives. 
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Figure 1.6 Comparison of (a) NGA-West2 and (b) RESORCE strong-motion 

databases in terms of magnitude and distance distribution. The NGA-West 2 

database contains 21336 strong-motion recordings and only 2% of the data is from 

the pan-European region. The colored data given on the scatter plot of NGA-West2 

show the pan-European accelerograms in this database. 

 

Table 1.1 Important characteristics of strong-motion databases developed in 

broader Europe. 

Database 
Years 

covered 
Region 

No of 
Acc 

No of 
Eqs 

No of 
Sta 

Data 
Process* 

Main 
Count’s+ 

M 
range 

D 
range 
(km) 

ISESD 
1967 
2004 

Europe 
& 

Middle 
East 

2213 856 691 
Uni 
EBP 

IT, TR & 
GR 

3.0 - 
7.8 

0 – 
558 

ESMD 
1973 
2003 

Europe 
& 

Middle 
East 

462 110 261 
Ind 

ABP 
IT, TR & 

GR 
4.3 - 
7.6 

0 – 
558 

T-NSMP 
1976 
2007 

Turkey 4607 2996 209 
Ind 

ABP 
TR 

1.6 - 
7.6 

0 – 
655 

ITACA 
1972 
2004 

Italy 2182 1004 - 
Ind 

ABP 
IT 

3.0 - 
6.9 

- 

EMME 
1973 
2011 

Middle 
East 

4920 1803 1260 
Ind & 
Uni 
ABP 

TR & IR 
3.1 - 
7.6 

0 – 
586 

RESORCE 
1967 
2012 

Europe 
& 

Middle 
East 

5882 1814 1540 
Ind 

ABP 
TR & IT 

2.8 - 
7.8 

0 – 
587 

* Uni: Uniform; Ind: Individual; EBP: Elliptical bandpass filtering; ABP: Acausal bandpass filtering 
+ GR: Greece; IR: Iran; IT: Italy; TR: Turkey 
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The NERA (Network for European Research Infrastructures for Earthquake Risk 

Assessment and Mitigation; www.nera-eu.org) project builds a general framework 

on top of the above summarized efforts by proposing an integral infrastructure for a 

single, high-quality accelerometric database. The proposed system opts for the 

adoption of common data and metadata dissemination strategies and standards by 

forming a well-organized consortium among accelerometric data providers in and 

around Europe. The efforts to form this consortium have already started under 

Orfeus (Observatories and Research Facilities for European Seismology; 

www.orfeus-eu.org) with the contributions of NERA. The consortium will consist 

of the representatives of accelerometric data networks in the broader Europe for an 

integrated, sustainable and dynamically growing pan-European strong-motion 

database. In fact, the prototype of such accelerometric database has already been 

developed in NERA that is called as Engineering Strong Motion database 

(ESM_db). If the strong-motion consortium under Orfeus can be firmly established 

and if this consortium can maintain the so-called ESM_db with high standards, the 

pan-European endeavor to establish a long-term and reliable accelerometric data 

archive will make its most future promising progress for the last 40 years. The 

activities of NERA on accelerometric data networks as well as integrated pan-

European accelerometric database are summarized in Akkar et al. (2014e). 

 

1.3. Ground-Motion Prediction Equations (GMPEs) in the Broader European 

Region 

 

Bommer et al. (2010) and Akkar et al. (2014b) give a detailed review on some of 

the selected pan-European (global) GMPEs. This section not only focuses on the 

evolution of global GMPEs in Europe and surroundings but also discusses the 

progress in the local European GMPEs by presenting overall statistics on some of 

the key aspects in these predictive models. It also makes comparisons among the 

local and global GMPEs in Europe and extends these comparisons to NGA-West1 

and NGA-West2 GMPEs to emphasize the differences (or similarities) between 

these ground-motion models. The statistics in this section are primarily compiled 



 

16 

from Douglas (2011). The statistics of other reports and papers were used for 

GMPEs that are published after Douglas (2011). 

 

Figure 1.7 gives the number of GMPEs developed in the broader Europe as a 

function of time. The trends given for every decade depict that the number of 

GMPEs increases significantly after 1990 when strong-motion database 

compilation and dissemination is accelerated in Europe. (See discussions in the 

previous section). After 2000, the modelers started to develop GMPEs on elastic 

spectral ordinates rather than deriving equations only for PGA. This observation 

may suggest the increased significance of spectral ordinates in engineering design 

in Europe after 2000. It may also indicate the improvements in strong-motion 

databases after mid 90s because computation of spectral ordinates requires 

implementation of strong-motion data processing on the raw accelerometric data. 

 

 

Figure 1.7 Number of GMPEs developed in the broader Europe between 1970 and 

present. The black vertical bars show the number of GMPEs estimating PGA only. 

The gray vertical bars display GMPEs estimating pseudo-acceleration spectral 

ordinates (PSA) and PGA. 

 

Figure 1.8 presents the modeling complexity of GMPEs in the broader Europe. The 

histogram in this figure shows the change in the number of regression coefficients 

as a function of time. The majority of functional forms ( 80%) in Europe are 
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relatively simple; consisting of regression coefficients up to 4 (nr ≤ 4) or between 5 

and 6 (4 < nr ≤ 6). GMPEs from the first group (nr ≤ 4) are mainly developed 

before 2000 but their number is still significant in the decade following 2000. The 

second group GMPEs (i.e., 4 < nr ≤ 6) has become frequent after 90s that coincides 

with the commencement of efforts for compiling higher quality databases in 

Europe. The functional forms with 4 < nr ≤ 6 generally account for the site effects 

on ground-motion estimates that constitute the major difference with respect to the 

GMPEs of nr ≤ 4. More complicated GMPEs (i.e., equations having nr > 6) became 

available after 2000 (more precisely in the last 10 years) because improvements in 

the database quality in and around Europe have come to a mature level following 

the dissemination of first pan-European strong-motion database CD-ROM by 

Ambraseys et al. (2004a). Currently, consideration of site effects and style-of-

faulting has almost become standard in the local and global European GMPEs. 

 

Figure 1.8 Number of regression coefficients in GMPEs developed in the broader 

Europe between 1970 and present. 

 

Figure 1.9 shows another aspect of modeling complexity in the local and global 

European GMPEs by giving statistics on the specific features of estimator 

parameters. Figure 1.9.a presents the time-dependent variation of preferred 

magnitude scaling in the functional forms. Figure 1.9.b displays a similar statistics 

on the preferred distance measures whereas Figures 1.9.c and 1.9.d illustrate 

modeling of soil conditions and faulting type, respectively. The information given 
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in these histograms complements the discussions on Figure 1.8. The increased 

quality of strong-motion datasets leads to the utilization of more complicated 

estimator parameters for developing ground-motion models in the broader Europe. 

For example, the functional forms of GMPEs developed in the last 15 years 

generally use moment magnitude (Figure 1.9.a) and consider more rigorous 

schemes for site effects (Figure 1.9.c). In fact, some of the most recent local and 

global GMPEs in Europe describe the soil influence on ground motions by using 

continuous functions of VS30 (see Douglas et al., 2014). The use of point-source 

distance measures6 (i.e., epicentral distance, REPI and hypocentral distance, RHYP) 

that are always appealing among the GMPE developers in Europe reduced after 90s 

because strong-motion databases started to include extended-source distance 

measures (i.e., Joyner-Boore distance, RJB and rupture distance, RRUP). To this end, 

GMPEs utilizing only extended-source distance metrics or those that combine 

extended- and point-source distance metrics have become more frequent in the last 

15 years as displayed in Figure 1.9.b. Local and global European GMPEs that use 

hybrid distance measures (i.e., RRUP & RHYP or RJB & REPI) assume RRUP  RHYP 

and RJB  REPI for small magnitude events (i.e., Mw ≤ 5.5). 

 

                                                 
6 The point-source distance measures do not consider the source geometry and approximates the 
ruptured fault segment as a point. The extended-source distance metrics account for the source 
geometry and can show the variation in ground-motion amplitudes more appropriately for large 
events at sites closer to the source. 
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Figure 1.9 Statistics on (a) preferred magnitude scaling, (b) preferred distance 

measure, (c) consideration of site conditions and (d) consideration of faulting type 

in GMPEs developed in the broader Europe. (Explanation of abbreviations in the 

legends: “Unknown” refers to GMPEs that do not indicate the type of magnitude in 

their functional forms, “Mw & Mother” indicates GMPEs combining moment 

magnitude and other magnitude scales in their functional forms, “Mother” stands for 

GMPEs that use magnitude scales other than Mw. GMPEs that combine epicentral 

and hypocentral distances in their functional forms are abbreviated as “REPI & 

RHYP.” “RJB & REPI” and “RRUP & RHYP” are used to indicate GMPEs using 

epicentral and Joyner-Boore distances and hypocentral and rupture distances, 

respectively. “Disregarded” stands for functional forms ignoring either site 

classification or style-of-faulting, “2 classes” and “3+ classes” indicate functional 

forms considering 2 and 3 or more site classes, respectively. “Only SS” describes 

GMPEs that treat strike-slip fault mechanism separately in their functional forms 

and “SS, N, R” is the abbreviation for functional forms that consider the effect of 

strike-slip, normal and reverse faults on ground-motions). 
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The discussions in the above paragraphs suggest that the efforts to improve strong-

motion databases in the broader Europe result in enhanced local and global 

European GMPEs. Figure 1.10 shows the country-based distribution of predictive 

models for shallow active crustal earthquakes in the region of interest. Seismic 

prone countries that are active in database compilation are also active in developing 

GMPEs. As we have already emphasized, GMPEs developed from country-based 

(local) and global (multiple country) datasets are one of the topics of discussion 

among the research community in Europe. The limitations in local strong-motion 

datasets due to uneven distribution of major estimator parameters as well as poor 

quality metadata and waveforms are the major arguments augmenting the doubts 

about the reliability of GMPEs developed from such datasets. However, systematic 

attempts to improve the national strong-motion databases as well as international 

projects that make use of these well-studied national databases have brought 

another insight to such discussions. This point is demonstrated in Figures 1.11 and 

1.12. Figure 1.11 shows the median PGA estimates of local and pan-European 

GMPEs as a function of distance. The median PGA estimates are computed for a 

90-degree dipping strike-slip earthquake of Mw 6. The selected moment magnitude 

approximates the central magnitude value of the strong-motion databases used in 

the development of predictive models compared in this study. The site considered 

for the fictitious earthquake scenario is assumed to be rock with VS30 = 760 m/s. 

The hypocentral depth is taken as 9.7 km. The likely effects of epistemic 

uncertainty on the subject discussions were intended to be reduced by limiting the 

comparisons to median ground estimations and by using the central magnitude of 

the databases of compared GMPEs. 

 

The local (country-based) GMPEs are selected from Turkey and Italy as they 

provide the largest amount of shallow active crustal earthquake recordings to pan-

European databases. The ground-motion predictive models representing Turkey are 

Akkar and Çağnan (2010) - AC10 and Kale et al. (2014) - KAAH14 (Turkey 

version). These two recent GMPEs were developed from different versions of 

strong-motion datasets of Turkey. In a similar manner, Saffari et al. (2012) - Sfr12 



 

21 

and Kale et al. (2014) - KAAH14 (Iran version) GMPEs are selected for Iran as 

their datasets represent the progressive improvements of strong-motion data quality 

in Iran in recent years. The pan-European GMPEs used in the comparative plots 

[Ambraseys et al., 1996 (Amb96); Ambraseys et al., 2005 (Amb05); Akkar and 

Bommer, 2010 (AB10); Akkar et al., 2014 (ASB14) and Bindi et al., 2014 

(Bnd14)] are among the best representatives of global European models at the time 

when they were developed. The horizontal component definition is geometric mean 

(GM) in the comparative plots. If any one of the above predictive models is 

originally developed for a different horizontal component definition, The Beyer 

and Bommer (2006) empirical relationships were used for its modification to GM. 

The geometry of fictitious fault were also used to utilize each GMPE with its 

original distance metric. However, the use of Joyner-Boore distance (RJB) in the 

plots were preferred because the distance measure of most of the selected GMPEs 

for comparison is RJB. 

 

 

Figure 1.10 Country-based distribution of GMPEs that are developed in the broader 

Europe. “Regional” GMPEs are developed from databases of specific regions in 

and around Europe (e.g., northern Italy, western Balkans, etc.). The label “Others” 

indicate GMPEs of European countries that are not listed on the horizontal axis of 

the figure (e.g., France, Switzerland, etc.). The “Pan European” class refers to 

global GMPEs developed for Europe and surroundings by using strong-motion 

recordings of multiple countries in and around Europe. 
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The median PGA curves in Figure 1.11 depict that the Turkish GMPEs follow each 

other closely for Mw 6. Similar behaviors were observed within the Iranian and 

pan-European GMPEs. The distance-dependent PGA amplitudes of Turkish 

GMPEs are different than those computed from the Iranian and pan-European 

GMPEs. In a similar fashion, the PGA amplitudes of Iranian and pan-European 

GMPEs show discrepancies with respect to those obtained from the Turkish 

GMPEs. These observations can indicate the existence of regional differences that 

is verified by another set of comparisons in Figure 1.12. 

 

The upper row panels in Figure 1.12 compare the median PGA estimates from 

Turkish (left panel) and Iranian (right panel) GMPEs with the upper and lower 

bound PGA estimates of pan-European GMPEs (represented as the gray shaded 

area in the panels). Note that the earthquake scenario and predictive models in 

Figure 1.12 are same as in Figure 1.11. The upper and lower bound PGA estimates 

of pan-European GMPEs are also compared with those predicted from the NGA-

West1 and NGA-West2 GMPEs (bottom panel of Figure 1.12). The NGA-West1 

GMPEs used in the comparative plots are Abrahamson and Silva (2008) - AS08, 

Boore and Atkinson (2008) - BA08, Campbell and Bozorgnia (2008) - CB08 and 

Chiou and Youngs (2008) - CY08. Abrahamson et al. (2014) - ASK14, Boore et al. 

(2014) - BSSA14, Campbell and Bozorgnia (2014) - CB14 and Chiou and Youngs 

(2014) - CY14 are the NGA-West2 GMPEs (successors of NGA-West1). The 

comparisons point differences in the median PGA estimates between local (pan-

European) vs. global (pan-European) and global (pan-European) vs. global (NGA) 

GMPEs. The level of differences varies as a function of distance. The differences 

between the local and global GMPE estimates can be interpreted as the significance 

of regional effects that should be accounted for while developing consistent 

predictive models in broader Europe. The discrepancy between the global NGA 

and pan-European GMPEs advocate the implementation of a similar strategy while 

estimating the ground-motion amplitudes in the SACRs of broader Europe and the 

other parts the world. It is noted that the remarks highlighted from these 

comparisons should be augmented by further statistical tests to reach more 
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conclusive results about the indicatives of regional differences in micro and macro 

scale. 

 

 

Figure 1.11 Median PGA trends of some selected Turkish, Italian and pan 

European GMPEs for Mw 6 and for a generic rock site. 
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Figure 1.12 Comparisons of Turkish, Italian as well as NGA-West1 and NGA-

West2 GMPEs with pan-European predictive models for the earthquake scenario 

given in Figure 1.11. 

 

1.4. Implications of Using Local and Global GMPEs from Broader Europe in 

Seismic Hazard 

 

The discussions in the previous section that show the differences between recent 

local and global GMPEs are deliberately based on a single earthquake scenario (Mw 

6; central magnitude) and for median PGA. The selected earthquake scenario and 

comparisons on median ground-motion estimates would be a first-order 

approximation to give a clear idea on the level of discrepancies between the 

considered local and global GMPEs. However, they will fail to give an overall 
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European GMPEs of the previous case study, the PSHA results of two specific 

locations featuring different seismic patterns are presented. Such locations are 

common in the broader Europe. It is noted that running PSHA would show the 

influence of GMPE sigma and magnitude interval on the estimated ground motions 

for a given exceedance probability. Moreover, as the local and global European 

GMPEs discussed in the previous section are frequently used in Europe, the 

presented PSHA results would be the realistic indicators of how and when the local 

and pan-European GMPEs would differ from each other as a function of annual 

exceedance rate and for varying levels of seismicity. The PSHA results of NGA-

West2 GMPEs were also included into the comparisons to augment the discussions 

for the ground-motion estimates between global European and non-European 

GMPEs. In essence, these case studies will convey a more complete but at the same 

time more complicated picture about the effects of using local and global European 

GMPEs on seismic hazard assessment in the broader Europe. 

 

The PSHA case studies not only focus on PGA but also consider pseudo elastic 

spectral acceleration (PSA) at T = 0.2s, T = 1.0s and T = 2.0s for a broader view 

about the topic of discussion. PGA is currently the anchor spectral ordinate to 

describe design ground-motion demand in Eurocode 8 (CEN, 2004) whereas the 

US codes (ASCE, 2010) use spectral accelerations at T = 0.2s and T = 1.0s for 

design spectrum. PSA at T = 2.0s would show the estimated seismic hazard trends 

for local and global European GMPEs towards long-period spectral ordinates. 

Figure 1.13 shows the layouts of two locations used in the PSHA case studies. The 

location on the left panel is in the vicinity of active faults with significant 

seismicity. The seismic source pattern is complicated. The activity of seismic 

sources on the right panel is moderate and the configuration of seismic sources is 

simpler. 

 

These sites (regions) were categorized as high seismicity (left panel) and moderate 

seismicity (right panel). Table 1.2 lists the seismic source parameters and their 

corresponding values used in PSHA modeling. The seismic source characterization 
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is compiled from different studies in the literature for the locations of interest and 

they are within the acceptable ranges to reflect the target seismicity level for each 

study region. 

 

 

Figure 1.13 High-seismicity (left panel) and moderate-seismicity (right panel) sites 

and corresponding seismic source layouts used in the PSHA case studies. 
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Table 1.2 Seismic source parameters used in the PSHA modeling of high-

seismicity and moderate-seismicity sites. 

 
Source 

ID 
Type*- Dip Angle Β 

(mm/yr)* 
vMmin** Mmin Mmax 

M
od

er
at

e 

S
ei

sm
ic

it
y 1 Strike slip-90 0. 2.0 - 6.2 6.8 

2 Strike slip-90 0. 6.0 - 7.0 7.5 

3 Area (Strike slip) 2.28 - 1.52 4.0 5.9 

H
ig

h 
S

ei
sm

ic
it

y 

1 Strike slip-90 0. 3.0 - 6.5 7.0 

2 Normal-60 0. 18.5 - 6.5 7.0 

3 Strike slip-90 0. 24.0 - 6.5 7.2 

4 Strike slip-90 0. 24.0 - 6.5 7.5 

5 Strike slip-90 0. 24.0 - 6.5 7.5 

6 Strike slip-90 0. 24.0 - 6.5 7.5 

7 Strike slip-90 0. 3.0 - 6.5 7.2 

8 Strike slip-90 0. 6.0 - 6.5 7.5 

9 Strike slip-90 0. 4.5 - 6.5 7.5 

10 Strike slip-90 0. 3.0 - 6.5 7.5 

11 Strike slip-90 0. 3.0 - 6.5 7.0 

12 Strike slip-90 0. 3.0 - 6.5 7.2 

13 Area (Strike slip) 2.03 - 2.08 4.0 6.4 

14 Area (Strike slip) 1.44 - 0.243 4.0 6.4 

15 Area (Strike slip) 1.86 - 2.34 4.0 6.4 

* Used for estimation of vMmin for line sources. 
** Estimated annual frequency of earthquake magnitudes greater than Mmin. 

 

Figure 1.14 displays the comparisons of moderate-seismicity hazard curves 

between Turkish vs. pan-European GMPEs (Figure 1.14.a) and Turkish vs. NGA-

West2 GMPEs (Figure 1.14.b). Figure 1.15 displays the same comparisons for the 

high-seismicity region. The gray shaded areas in these figures display the upper 

and lower limits of hazard curves computed from the selected Turkish GMPEs 

(AC10 and KAAH14 - Turkey). The comparative plots for moderate seismicity 

(Figure 1.14) depict that both pan-European and NGA-West2 GMPEs tend to 

overestimate very short and short period spectral ordinates (i.e., PGA and PSA at T 

= 0.2s) with respect to Turkish GMPEs. The NGA-West2 GMPEs start to estimate 

s
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lesser ground motions towards longer periods whereas the pan-European and 

Turkish models yield similar spectral accelerations for longer periods (i.e., T = 1.0s 

and T = 2.0s). The pan-European GMPEs yield larger spectral values when 

compared to Turkish GMPEs for the high-seismicity site (Figure 1.15) for the 

whole spectral ordinates considered in this study. The hazard trends between the 

Turkish and NGA-West2 GMPEs in the high-seismicity region show similarities 

with those of Figure 1.14.b (i.e., moderate seismicity case). However, the hazard 

estimates of these two sets of predictive models (i.e., NGA-West2 and Turkish 

GMPEs) are closer to each other for the high-seismicity case. The discrepancy 

between the Turkish and global GMPEs (both European and non-European) 

increases with decreasing annual exceedance rates in most cases. 

 

 

Figure 1.14 Comparisons of hazard curves for PGA, PSA at T = 0.2s, T = 1.0s and 

T = 2.0s between (a) Turkish vs. pan-European GMPEs and (b) Turkish vs. NGA-

West2 GMPEs for the chosen moderate-seismicity region. 
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Figure 1.15 Comparisons of hazard curves for PGA, PSA at T = 0.2s, T = 1.0s and 

T = 2.0s between (a) Turkish vs. pan-European GMPEs and (b) Turkish vs. NGA-

West2 GMPEs for the chosen high-seismicity region. 

 

Figures 1.16 and 1.17 make similar comparisons as of Figures 1.14 and 1.15, 

respectively, for Iranian vs. pan-European and Iranian vs. NGA-West2 ground-

motion equations. Sfr12 and KAAH14 (Iran) models are used as the Iranian 

GMPEs because they are developed from the latest versions of the Iranian ground-

motion datasets. The comparisons in Figures 1.16.a and 1.16.b suggest that the pan-

European GMPEs for entire period range and NGA-West2 models for PGA yield 

similar spectral accelerations with Iranian GMPEs. The only exception to this 

observation for PGA and T = 0.2s is the Amb05 pan-European model that yields 

significantly different acceleration values with respect to the rest of the GMPEs7. 

The NGA-West2 GMPEs tend to underestimate with respect to Iranian GMPEs 

towards short-to-longer period spectral acceleration values (i.e., T = 0.2s, T = 1.0s 

and T = 2.0s). The level of underestimation is more significant for spectral 

                                                 
7 The magnitude-dependent standard deviation of Amb05 attains very large values at small 
magnitudes that govern the moderate-seismcity case. Although we did not explore the computed 
hazard results in great detail, it is believed that the large sigma of Amb05 at small magnitudes is the 
major reason behind the inflated short and very-short period PSA by this GMPE. 
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accelerations at T = 2.0s. It is noted that the general trends summarized in Figure 

1.16 are fairly valid for Figure 1.17 as well. 

 

The last comparative plots in this section show the differences between the hazard 

estimates of pan-European, NGA-West1 and NGA-West2 GMPEs. The format and 

order of the comparative plots follow the previous figures. Figure 1.18 compares 

the NGA-West1 (Figure 1.18.a) and NGA-West2 (Figure 1.18.b) predictive models 

with the pan-European GMPEs for moderate-seismicity case. Figure 1.19 does the 

same comparison for high-seismicity. The shaded areas in these plots represent the 

upper and lower limits of hazard curves computed from the pan-European GMPEs. 

The comparisons in these figures indicate that NGA models yield smaller spectral 

accelerations with respect to pan-European GMPEs. The underestimations are 

generally more pronounced for NGA-West2 GMPEs. The discrepancy between the 

European and non-European global GMPEs increases with decreasing annual 

exceedance rates. This observation is more notable towards longer period spectral 

accelerations. The underestimations between these two groups of predictive models 

are also more definite in the high-seismicity case (Figure 1.19). 

 

The overall discussions in this section indicate that there are differences between 

the hazard estimates of local and global GMPEs developed from the ground-motion 

sets of broader Europe. The discrepancies depend on the level of seismicity and 

spectral period. They are generally significant with decreasing annual exceedance 

rates (i.e., less frequent but at the same time more critical earthquakes). Note that 

the local and global GMPEs employed in these case studies are recent and they are 

developed from reliable local and global databases of pan-European region. To this 

end, the highlighted observations from these case studies may partially point the 

consequential effect of regional differences on seismic hazard. 

 



 

31 

 

Figure 1.16 Same as Figure 1.14 but the comparisons are between (a) Italian vs. 

pan-European GMPEs and (b) Italian vs. NGA-West2 GMPEs for moderate 

seismicity. 

 

 

Figure 1.17 Same as Figure 1.15 but the comparisons are between (a) Italian vs. 

pan-European GMPEs and (b) Italian vs. NGA-West2 GMPEs for high-seismicity 

case. 

(a) Iranian vs. Pan-European GMPEs

PGA (g)
0.0 0.1 0.2 0.3 0.4 0.5

A
nn

ua
l r

at
e 

of
 e

xc
.

10-4

10-3

10-2

10-1

100

Amb05 
AB10 
ASB14 
Bnd14 

PSA @ T=0.2s (g)
0.0 0.3 0.6 0.9 1.2

PSA @ T=1.0s (g)
0.0 0.1 0.2 0.3

A
nn

ua
l r

at
e 

of
 e

xc
.

10-4

10-3

10-2

10-1

100

PSA @ T=2.0s (g)
0.00 0.05 0.10 0.15 0.20

(b) Iranian vs. NGA-West2 GMPEs

PGA (g)
0.0 0.1 0.2 0.3 0.4 0.5

ASK14
BSSA14
CB14
CY14

PSA @ T=0.2s (g)
0.0 0.3 0.6 0.9 1.2

PSA @ T=1.0s (g)
0.0 0.1 0.2 0.3

PSA @ T=2.0s (g)
0.00 0.05 0.10 0.15 0.20

(a) Iranian vs. Pan-European GMPEs

PGA (g)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

A
nn

ua
l r

at
e 

of
 e

xc
.

10-4

10-3

10-2

10-1

100

Amb05 
AB10 
ASB14 
Bnd14 

PSA @ T=0.2s (g)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

PSA @ T=1.0s (g)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

A
nn

ua
l r

at
e 

of
 e

xc
.

10-4

10-3

10-2

10-1

100

PSA @ T=2.0s (g)
0.0 0.1 0.2 0.3 0.4 0.5

(b) Iranian vs. NGA-West2 GMPEs

PGA (g)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

ASK14
BSSA14
CB14
CY14

PSA @ T=0.2s (g)
0.0 0.5 1.0 1.5 2.0 2.5 3.0

PSA @ T=1.0s (g)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

PSA @ T=2.0s (g)
0.0 0.1 0.2 0.3 0.4 0.5



 

32 

 

Figure 1.18 Same as Figures 1.14 and 1.16 but comparisons are between (a) NGA-

West1 vs. pan-European GMPEs and (b) NGA-West2 vs. pan-European GMPEs 

for moderate-seismicity region. 

 

 

Figure 1.19 Same as Figures 1.15 and 1.17 but comparisons are between (a) NGA-

West1 vs. pan-European GMPEs and (b) NGA-West2 vs. pan-European GMPEs 

for high-seismicity region. 
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1.5. General Comments 

 

The evolution of accelerometric databases and GMPEs for SACRs in the broader 

Europe is summarized. The progress in these fields is quite significant in Europe in 

the last decade due to national and international research support. While presenting 

the major local and global GMPEs developed during this period, the differences in 

the estimated ground motions are emphasized although these predictive models are 

derived from the fairly reliable databases of shallow active crustal earthquakes 

occurred in and around Europe. The comparisons also indicate the existence of 

such differences between non-European (NGA) and European global as well as 

local GMPEs. Some part of the observed discrepancies between these ground-

motion models can be the attributes of regional differences. This observation 

should be verified in a detailed manner because the observations are limited. 

Nevertheless, the hazard expert should be aware of the existence of such 

differences among the local and global GMPEs and should consider a proper set of 

GMPEs that are capable of representing model uncertainty and earthquake 

variability for the region (site) of interest. This can only be achieved by collecting 

and studying the reliable strong-motion recordings of the same region. This type of 

comprehensive study can be done via reliable pan-European strong-motion data 

archives. Currently, there are serious efforts among the European research 

community to establish a good infrastructure for such a long-term and integrated 

accelerometric data archive within the broader Europe. This endeavor is evolving 

under Orfeus (Observatories and Research Facilities for European Seismology; 

http://www.orfeus-eu.org/) in a systematic manner. Upon the success of this 

attempt, it is believed that more refined GMPEs will be developed for the broader 

Europe that properly accounts for the regional effects. Such predictive models 

would certainly increase the accuracy of seismic hazard assessment in Europe and 

surroundings. 
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1.6. Outline of the Thesis 

 

This dissertation is organized into seven chapters. The first chapter summarizes the 

evolution of major strong-motion databases and ground-motion prediction 

equations (GMPEs) for shallow active crustal regions (SACRs) in Europe and 

surrounding regions. It also presents some case studies to show the sensitivity of 

hazard results at different seismicity levels for local (developed from country-

specific databases) and global (based on databases of multiple countries) GMPEs 

of the same region. This chapter ends with describing the outline of the thesis. 

 

Chapter 2 describes the recently developed Middle East and Turkish strong-motion 

databases serving for predictive model selection processes and their seismological 

features. The last section of this chapter compares the databases of recent Turkish 

ground-motion models with the latest version of Turkish strong-motion database. 

 

Chapter 3 starts with an overview of the Turkish and Iranian GMPEs with 

emphasis on their limitations. Later, the new predictive relations for 5% damped 

horizontal component are introduced. These equations are applicable to extended- 

source distance metrics. This chapter ends by testing the limitations of the 

prediction equations and comparing them with the global, regional and local 

GMPEs. 

 

Chapter 4 summarizes a new procedure for selection and ranking of GMPEs which 

can be useful for regional or site-specific probabilistic seismic hazard assessment 

(PSHA). The proposed method is called as Euclidean-Distance Based Ranking 

(EDR) because it modifies the Euclidean distance concept for ranking of GMPEs 

under a given set of observed data. The chapter ends with a case study indicated 

that separate consideration of ground-motion uncertainty (aleatory variability) and 

model bias or their combination can change the ranking of GMPEs. 
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Chapter 5 firstly discusses handling the epistemic uncertainty in probabilistic 

seismic hazard assessment. Later a new tool is proposed to suitably capture the 

epistemic uncertainty in seismic hazard studies by evaluating the performances of 

alternative logic-tree frameworks. It ends conducting a set of case studies to 

illustrate the application of the proposed logic-tree tool considering a region 

located along a part of the North Anatolian Fault zone 

 

Chapter 6 presents the establishment of the final ground-motion logic-tree 

framework for the hazard computations of shallow active crustal regions in EMME 

region extending from Turkey to Pakistan. Within the context of the first part, the 

pre-selected candidate ground-motion models are tested under the EMME database 

considering data-driven testing methods. Then, the best performing GMPEs are 

evaluated thanks to trellis charts for representative earthquake scenarios. Finally, 

the EMME logic-tree framework is established by conducting the logic-tree based 

sensitivity analyses to the selected regions from Turkey. 

 

The last Chapter terminates the dissertation by summarizing the main findings of 

the work presented herein and provides recommendations regarding future research 

on the related topics. 
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CHAPTER 2 

 

 

STRONG-MOTION DATABASES 

 

 

 

This chapter gives information about the compilation and improvements of strong-

motion databases with emphasis on selection and testing of the ground-motion 

prediction equations (GMPEs) for the Middle East region and Turkey. In addition, 

the model-developing databases of some principal Turkish local GMPEs are 

evaluated by utilizing the latest version of the Turkish database to reflect the 

importance of strong-motion database related studies. The first part of this chapter 

identifies the compilation steps of EMME (Earthquake Model of the Middle East 

Region) strong-motion databank and describes its major features by illustrative 

plots. Armenia, Georgia, Iran, Jordan, Pakistan and Turkey are the main 

participants of the EMME project. In the second part, the primary characteristics of 

an extended strong ground-motion database which is compiled within the 

framework of the Updating the Seismic Hazard Map of Turkey (TSTHG) project is 

introduced. The database consists of the accelerograms gathered from the EMME 

(Turkish recordings), RESORCE (Reference Database for Seismic Ground-Motion 

in Europe; Akkar et al., 2014; Italian and Greek recordings) and NGA-West2 

(Ancheta et al., 2014; Californian recordings) projects. This part is followed by the 

comparisons with respect to available catalog information such as magnitude, 

hypocentral depth, distance etc. between model-developing datasets of the most 

preferable Turkish GMPEs (Özbey et al., 2004; Kalkan and Gülkan, 2004; Akkar 

and Çağnan, 2010; Kale et al., 2014) and the updated version of the Turkish strong-

motion database obtained in the previous step. This chapter of the dissertation 

finishes by the comments on the further improvement strategies of the current 

conditions of strong-motion databases. 
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2.1. EMME Strong-motion Database 

 

An extended ground-motion database for the Middle East Region covering 

Caucasus (Georgia and Armenia), Iran, Jordan, Pakistan and Turkey is assembled 

to serve for predictive model selection, generating new GMPEs and using in further 

strong-motion related studies in EMME (Earthquake Model of the Middle East 

Region; http://emme-gem.org/index.php) project. The EMME strong-motion 

database is principally composed of the accelerograms of Turkey and Iran that are 

the two important accelerometric data providers in the region. Additional data with 

reliable seismological information (magnitude, distance, style-of-faulting, site 

class, etc.) from the other project Partners is also included as part of the strong-

motion database. 

 

2.1.1. Compilation of the Accelerometric Data Archive 

 

The EMME accelerometric database is a collection of strong-motion accelerograms 

coming from Caucasus (Georgia and Armenia), Iran, Jordan, Pakistan and Turkey. 

The sources of the strong-motion accelerograms in the database are local 

seismological agencies, local projects and recently compiled global databanks. 

 

The EMME database comprises of two stages which are raw and revised forms of 

the database. The raw form of the database includes all acceleration time series 

coming from each country in EMME project without consideration of any 

limitation. The raw form of the database comprises of 3713 multi-component 

accelerograms from the regions of Turkey (320 recordings), Iran (3117 recordings), 

Caucasus (142 recordings), Pakistan (106 recordings) and Jordan (28 recordings). 

Iran provides a significant amount of data in this form of the database. The 

accelerograms coming from RESORCE (Reference Database for Seismic Ground-

Motion in Europe; 1426 for Turkey, 35 for Iran and 27 for Caucasus) are not 

included in the raw form of the database as RESORCE recordings are directly 

entered to the revised database since they already passed the main steps of 
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evaluation process in SIGMA (SeIsmic Ground Motion Assessment; http://projet-

sigma.com/index.html) project. 

 

The revised form of the database is the refined version of the raw database and is 

going to serve for predictive model selection process. The refinement process has 

two main stages which are catalog- and record-based evaluations. In the catalog-

based evaluation stage, the accelerograms are investigated in terms of a) 

availability of event, record and station information (i.e., epicentral coordinates, 

moment magnitude, hypocentral depth, style-of-faulting, fault rupture dimensions 

or fault-plane solutions, station coordinates and site class), b) pre-defined 

magnitude and distance limits (Mw ≥ 4.0 and 0km ≤ RJB ≤ 200km). The strong-

motion accelerograms that do not satisfy the above catalog information and 

prerequisites are not incorporated into the revised EMME strong-motion database. 

In the record-based evaluation stage, poor quality recordings, duplicated records 

between different accelerometric data sources and existence of both horizontal 

components are investigated. This form of the database includes only horizontal 

components of the recordings by considering the requirements of predictive model 

selection process. The poor quality recordings in the database are detected by 

considering the proposals of Douglas (2003). The recordings which classified as in 

poor quality or duplicated and do not have both horizontal components are 

excluded from the database. 

 

Resultantly, the acceleration time series that satisfy and pass the above 

prerequisites and quality checks comprise the revised EMME strong-motion 

database (here-after referred to as EMME SMD). In essence, decomposition of the 

EMME SMD is illustrated in Figure 2.1 in terms of countries and sources of the 

strong-motion data. In Table 2.1, the sources mentioned with their acronyms in 

Figure 2.1 are described in terms of their full names and their reference 

information. The following sections describe the general aspects of catalog- and 

record-based evaluation stages. 
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Figure 2.1 Node structure of the strong-motion accelerograms in EMME database. 
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Table 2.1 Descriptions of the accelerometric data providers given in Figure 2.1. 

Acronyms of 
the Sources 

Full Names of the Sources Website References of the Sources 
Paper References of the 

Sources 

GNAS Georgian National Academy of Sciences http://www.science.org.ge/english.html  - 

IERREWS 
Istanbul Earthquake Rapid Response and 

Early Warning System 
http://www.koeri.boun.edu.tr/sismo/default.htm 

Erdik et al. (2003) 
Harmandar (2009) 

ISMN Iran Strong Motion Network 
http://www.bhrc.ac.ir/portal/Default.aspx?tabid

=635  
- 

JSO Jordan Seismological Observatory 
http://www.nra.gov.jo/index.php?option=com_

content&task=view&id=83&Itemid=122  
- 

MSSP 
Micro Seismic Study Project under 

Pakistan Atomic Energy Commission 
http://www.paec.gov.pk  - 

NSSPRA 
National Survey for Seismic Protection 

under the Government of the Republic of 
Armenia 

http://www.adrc.asia/highlights/041/nsspra.htm - 

PMD Pakistan Meteorological Department http://www.pmd.gov.pk/  - 

RESORCE 
Reference database for seismic ground-

motion in Europe 
http://www.projet-sigma.com/index.html  Akkar et al. (2014) 

WAPDA 
Pakistan Water and Power Development 

Authority 
http://www.wapda.gov.pk/htmls/auth-

index.html  
- 
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2.1.2. Catalog-Based Evaluation Stage of EMME SMD 

 

The context of this part would be divided into three main groups as compilation of 

a) event information, b) station information and c) record information. The event 

information of the database consists of gathering the epicentral coordinates, 

moment magnitude, hypocentral depth, style-of-faulting, fault rupture dimensions 

and double-couple fault-plane solutions. The station information composes of 

locations of the stations in terms of latitude and longitude and site classes of the 

stations in terms of measured or estimated VS30 (average shear wave velocity in the 

upper 30m of the soil profile). Tables 2, 3 and 5 list the reference sources for event 

information, fault plane solutions and station information, respectively. In the light 

of the combined event and station information, the distance parameters of the 

strong-motion recordings (i.e., record information) are obtained. 

 

RESORCE and WP-1 catalog of EMME project (Zare et al., 2014) are considered 

as the principal sources of the event information for the entire earthquakes in the 

database. RESORCE which regards the earthquake-specific literature studies are 

primary source for earthquake metadata. The other source, WP-1 catalog (Zare et 

al., 2014), collects metadata information considering all reliable references which 

are published in peer-reviewed journals and seismological agencies. That is, the 

information included in these catalogs is accepted by the seismological community. 

However, epicentral location and hypocentral depth information of some of the 

events (generally significant earthquakes) coming from those references are 

updated with respect to the EHB bulletin which is considered to provide most 

reliable event information. The event information which does not exist in 

RESORCE and WP-1 catalog is collected from the global and local seismic 

agencies listed in Table 2.2. 
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Table 2.2 Major reference sources considered in the compilation of event 

information. 

Acronyms of 
the Sources 

Full Names of the Sources References of the Sources 

RESORCE 
Reference database for 

seismic ground-motion in 
Europe 

Akkar et al. (2014) 

WP-1 catalog 
EMME Earthquake Catalog 

work package 
Zare et al. (2014) 

EHB 
International Seismological 

Centre 
http://www.isc.ac.uk/ehbbulletin/search/catal

ogue/  

ISC 
International Seismological 

Centre 
http://www.isc.ac.uk/iscbulletin/search/catalo

gue/  

NEIC 
USGS National Earthquake 

Information Center 
http://earthquake.usgs.gov/regional/neic/  

GCMT 
Global Centroid Moment 

Tensor Catalog Search 
www.globalcmt.org  

Local agencies - Table 2.1 

 

In the current applications of the predictive models, the main estimator parameters 

are moment magnitude (Mw), extended-source distance metrics (RJB: closest 

distance to the surface projection of the fault rupture; RRUP: closest distance to the 

fault rupture), style-of-faulting and site classes based on VS30. Accordingly, fault 

rupture dimensions which are broadly available for significant earthquakes and 

used to calculate the extended-source distance measures, and double-couple fault-

plane solutions which are considered to calculate extended-source distance 

measures and determine the style-of-faulting of the considered earthquake are 

significantly improve the metadata quality of a strong-motion catalog. The primary 

source for these types of catalog parameters is the RESORCE. Furthermore, 

seismological agencies and projects listed in Table 2.3 and Ghasemi et al. (2009) 

which provides information for significant Iranian earthquakes also contribute an 

invaluable data to this part of the EMME strong-motion catalog. Double-couple 

fault-plane solutions include strike, dip and rake angles of both correct and 

auxiliary planes. The correct planes for most of the Turkish and Caucasian, and all 

of the Iranian and Jordanian events in the database are elicited by the local experts 

whereas the rest of the events (approximately 5%) have both the correct and 

auxiliary planes. In the light of the collected fault plane solutions, the style-of-
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faulting classifications of the events are done with respect to the procedure 

proposed in Boore and Atkinson (2007) in which the T- and P-axes plunge angles 

calculated from the strike, dip and rake angles of the double-couple fault-plane 

solutions (Snoke, 2003) are used to obtain a homogenous catalog in terms of fault 

mechanisms. The style-of-faulting criteria proposed in Boore and Atkinson (2007) 

is tabulated in Table 2.4. 

 

Table 2.3 Major reference sources considered in the compilation of fault rupture 

dimensions and double-couple fault plane solutions. 

Acronyms of 
the Sources 

Full Names of the Sources References of the Sources 

RESORCE 
Reference database for 

seismic ground-motion in 
Europe 

Akkar et al. (2014) 

GCMT 
Global Centroid Moment 

Tensor Catalog Search 
www.globalcmt.org  

Ghs09 Ghasemi et al. (2009) Ghasemi et al. (2009) 

NEMC 
National Earthquake 
Monitoring Center 

http://www.koeri.boun.edu.tr/sismo/default.h
tm 

SED 
The Swiss Seismological 

Service 
http://www.seismo.ethz.ch/index  

WSM World Stress Map Project http://dc-app3-14.gfz-potsdam.de/  

JSO 
Jordan Seismological 

Observatory 
http://www.nra.gov.jo/index.php?option=co
m_content&task=view&id=83&Itemid=122  

 

Table 2.4 Plunge angles based classification of style-of-faulting criteria. 

Style-of-faulting P-axis plunge angle T-axis plunge angle 

Normal P-pl>40 T-pl<40 

Reverse P-pl<40 T-pl>40 

Strike-slip P-pl<40 T-pl<40 

 

Table 2.5 summarizes the station information of the EMME SMD in terms of 

number of stations with unknown (NA), estimated (Est) and measured (Mea) VS30-

based site classes and sources of the station metadata. For the sites without VS30 but 

with geological estimations, VS30 values of 255m/s, 520m/s and 800m/s are 

assigned to soft, stiff and rock site condition stations, respectively. The locations of 
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the strong-motion stations are taken from the national seismological agencies, 

relevant projects and literature studies listed in Table 2.5. Turkey and Iran have a 

significant number of stations with measured VS30 values whereas the site 

characterizations of most of the stations in Caucasus and all of the stations in 

Pakistan and Jordan are based on estimated site classes from geological maps and 

field observations. 

 

Table 2.5 Major reference sources considered in the compilation of station 

information with country-based distribution of stations with respect to existence 

and type of VS30. The full names of the sources are given in Table 1. 

Country 
or Region 

Sources Paper References of the Sources 
NA 
VS30 

Est 
VS30 

Mea 
VS30 

Total 
Station 

Turkey 
RESORCE
IERREWS 

Akkar et al. (2014), 
Sandıkkaya et al. (2010), 

Erdik et al. (2003), 
Harmandar (2009) 

0 27 286 313 

Iran ISMN 

Sinaiean et al. (2008; 2010a; 
2010b) 

Farzanegan et al. (2010a; 2010b) 
Alavijeh et al. (2010) 

565 5 340 910 

Caucasus 
GNAS 

NSSPRA 
- 1 12 9 22 

Pakistan 
MSSP 
PMD 

WAPDA 
- 0 8 0 8 

Jordan JSO - 0 7 0 7 

 

To entirely complete the metadata of EMME strong-motion database, point-source 

(REPI: epicentral distance; RHYP: hypocentral distance) and extended source (RJB 

and RRUP) distance metrics are computed from the combination of event and station 

metadata. The existing source-to-site distance measures of the recordings 

extracting from RESORCE are used directly in the EMME SMD. These 

accelerograms constitute approximately 30% of the database. For rest of the strong-

motion recordings in the database, the point- and extended-source distance 

measures are computed considering the approach given in Kaklamanos et al. 

(2011). In this approach, the fault rupture dimensions (length and width) that are 

included in the metadata or estimated from Wells and Coppersmith (1994) are used 
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assuming the nucleation point of the rupture is located at the center of the rupture 

surface. RJB and RRUP source-to-site distance metrics are computed directly for the 

recordings which have correct fault plane solutions whereas these distances are 

calculated for both correct and auxiliary planes and average of these distance pairs 

reported as resultant distance value. In fact, using the average value as a resultant 

distance metric is an assumption; nevertheless, a substantial percentage of the 

recordings of EMME database suffering from this issue are far-source 

accelerograms and small-to-moderate magnitude events. Therefore, considering the 

observations in Akkar et al. (2014), the averaging procedure is applied to the 

recordings in this database. 

 

2.1.3. Record-Based Evaluation Stage of EMME SMD 

 

The accelerograms coming from RESORCE and Iran are directly included to the 

database since they are processed by acausal band-pass filtering. However, Turkish 

IERREWS, Caucasian, Pakistani and Jordanian recordings are band-pass filtered 

with respect to the procedure explained below. 

 

Before conducting filtering, the records are subjected to a pre-selection process due 

to duplicated records, nonstandard errors, digitization problems etc. In essence, 

before conducting the band-pass filtering procedure, the strong-motion 

accelerograms in the database are categorized in terms of waveform qualities as 

specified in Douglas (2003). The categorization of waveform qualities are based 

on: i) nonstandard errors: spike, ii) insufficient digitizer resolution (IDR), iii) 

multiple shocks (MS), iv) S-wave triggered (S-WT), v) early termination during 

coda and clipping of recordings. The accelerograms out of this categorization are 

band-pass filtered. Some of the recordings suffering from non-standard problems 

(accelerograms with spike, multiple shock or IDR) are also band-pass filtered after 

applying a special treatment. The rest of the strong-motion recordings are excluded 

from the scope of processing. The strong-motion record processing procedure that 

is applied in EMME can be summarized as: 
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• An initial baseline adjustment is applied to the records. The mean of 90% of 

the pre-event time is removed from entire accelerogram for digital recordings. 

For analog accelerograms, the mean of the entire record is removed from whole 

acceleration time series. 

• Low-cut filter frequencies are selected from Fourier amplitude spectrum 

(FAS) for removing the long-period noise from the accelerogram. This 

procedure is explained in Akkar and Bommer (2006). The decision of low-cut 

filter frequency is important since they directly influence the usable spectral 

period range. 

• High-cut filter frequencies are selected for the records that have a flat 

portion at the end of the FAS. If a flat portion is not detected from the FAS of a 

record, high-cut filtering is not applied. The high-cut filter cut-off selection 

criterion is based on Douglas and Boore (2011) and detailed information about 

the influence of high-cut filtering on spectral ordinates is given in Akkar et al. 

(2011). 

• Accelerograms are processed with the selected low- and high-cut filter cut-

offs. The chosen filtering type is a 4th order acausal Butterworth filter that 

requires zero pads at the beginning and end of the records. 

 

The similar individual data processing scheme is applied to the recordings in 

RESORCE databank whereas Iranian scheme is not based on individual processing 

of accelerograms. The Iranian analysts implement an automatic correction 

procedure while they determine the low- and high-cut filter frequencies. In their 

procedure, once all analog records are band-pass filtered with 0.2Hz (low-cut 

frequency) and 20Hz (high-cut frequency), signal + noise to signal ratio calculated 

from Fourier Spectrum analysis is used to determine the filter cut-off frequencies. 

The details of their method can be summarized as: 

 

• The pre-event portion of the record is determined from the beginning of the 

record to the starting time of strong motion. 
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• If the length of the pre-event segment is more than 5sec, it is considered as 

the representative of noise and corresponding signal + noise to signal ratio 

(S+N/S) is calculated from Fourier Spectrum analysis. 

• The cut-off frequencies are determined as the frequencies where S+N/S > 

3.0. The upper and lower limiting frequencies are 0.2Hz and 15Hz for low- and 

high-cut filter frequencies, respectively. A lower limit of 0.05Hz is also applied 

as low-cut filter cut-off. In essence the low-cut filter frequency is between 

0.05Hz and 0.2Hz. 

• If the length of pre-event is less than 5.0sec, the default values of 0.1Hz and 

30Hz are used as low- and high-cut filter frequencies, respectively. 

 

2.1.4. General Seismological Features of EMME SMD 

 

The compilation steps of EMME SMD except for considering pre-defined 

magnitude and distance limitations result in gathering 4920 accelerograms (at least 

two horizontal components) from 1803 ground-motion events and 1260 strong-

motion stations. The country-based distribution of these data in terms of main 

seismological features is summarized in Table 2.6. Turkey and Iran provide a 

significant amount of strong-motion data to the database. When the total number of 

accelerograms with Mw, hypocentral depth, style-of-faulting, VS30 and extended-

source distance metrics (RJB and RRUP) are regarded, it is obvious that such an 

extensive strong-motion archive is of its first kind in the Middle East region. To 

test a set of candidate ground-motion prediction equations (GMPEs) for seismic 

hazard assessments in EMME region, a sub-database with known values of the 

main seismological parameters (i.e., Mw, depth, VS30, style-of-faulting, point- and 

extended source distance metrics) is extracted from this form of the database by 

considering  the pre-define limits of Mw ≥ 4.0 and 0km ≤ RJB ≤ 200km. 
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Table 2.6 Strong-motion data distribution of EMME SMD. 

Number of 
component types 

Turkey Iran Caucasus Pakistan Jordan EMME 

Records 1738 2988 164 12 18 4920 

Events 507 1222 58 4 12 1803 

Stations 313 910 22 8 7 1260 

Records with Mw 
Mw range 

1738 
4.0 - 7.6 

2539 
3.1 - 7.4 

164 
4.0 - 6.9 

12 
5.0 - 7.6 

18 
4.0 - 7.1 

4471 
3.1 - 7.6 

Records with depth 
depth range (km) 

1738 
0 - 98 

2550 
0 - 133 

164 
0 - 34 

12 
8 - 33 

18 
1 - 32 

4482 
0 - 133 

Records with  
style-of-faulting 

1691 1405 111 12 18 3237 

Records with VS30 
VS30 range (m/s) 

1738 
146 -1598 

1556 
155 -1961 

160 
255 -1100 

12 
255 - 800 

18 
255 - 800 

3484 
146 -1961 

REPI 
REPI range (km) 

1738 
2 - 586 

2988 
1 - 476 

164 
3 - 190 

12 
54 - 212 

18 
18 - 439 

4920 
1 - 586 

RHYP 
RHYP range (km) 

1738 
5 - 587 

2550 
4 - 476 

164 
4 - 191 

12 
57 - 213 

18 
21 - 439 

4482 
4 - 587 

RJB 
RJB range (km) 

1190 
0 - 547 

1404 
0 - 456 

111 
2 - 185 

12 
41 - 210 

18 
16 - 410 

2735 
0 - 547 

RRUP 
RRUP range (km) 

1176 
0 - 548 

1404 
1 - 456 

111 
7 - 186 

12 
41 - 211 

18 
19 - 411 

2721 
0 - 548 

 

The sub-database database serving for predictive model selection to EMME 

ground-motion logic-tree applications includes 1869 strong-motion accelerograms 

recorded from 418 earthquakes and 611 strong-motion stations. The database 

comprises of recordings from shallow active crustal regions of Turkey (1078 

accelerograms), Iran (660 accelerograms), Caucasus (107 accelerograms), Pakistan 

(11 accelerograms) and Jordan (13 accelerograms). Figure 2.2 shows Mw vs. point- 

and extended-source distance metrics scatter plots of strong-motion recordings in 

terms of countries. The numeric information for the number of data corresponding 

to each country is denoted next to each legend in this figure. Figure 2.3 shows Mw 

vs. RJB scatter plots of strong-motion recordings in terms of style-of-faulting and 

site classification. The strike-slip, normal and reverse ground-motion records given 

in the top row of Figure 2.3 are abbreviated as SS, NM and RV, respectively. Half 

of the accelerograms in the database that are from strike-slip events dominate the 

database. The other half is almost equally distributed between normal (23%) and 

reverse (27%) events. The data scatter with respect to different site classes are 
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shown on the bottom row of Figure 2.3. The site classification of accelerograms is 

based on measured and inferred VS30 values. The site classes are in accordance with 

NEHRP (BSSC, 2009) which considers VS30 intervals such that NEHRP-A, B, C, D 

and E soil classes correspond to VS30 > 1500m/s, 760 < VS30 ≤ 1500m/s , 360 < 

VS30 ≤ 760m/s, 180 < VS30 ≤ 360m/s and VS30 ≤ 180m/s, respectively. The numeric 

information for the number of data corresponding to style-of-faulting and site 

classification is denoted next to each legend in the related figures. The database 

mainly consists of recordings from soft and stiff sites that correspond to a VS30 

range of 180m/s < VS30 ≤ 760m/s. In the database, however, there are relatively a 

few strong-motion recordings (17% of entire data) satisfying rock conditions (i.e., 

NEHRP-A and B). 

 

 

Figure 2.2 Mw vs. distance (REPI, RHYP, RJB and RRUP) scatters of the strong-motion 

database in terms of countries. 
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Figure 2.3 Mw vs. RJB scatters of the EMME strong-motion data in terms of style-

of-faulting (top row) and NEHRP site classes (bottom row). 

 

Figure 2.4 displays the hypocentral depth vs. magnitude (Mw) distribution of the 

earthquakes in the database with respect to participants of the EMME project 

whereas the numbers of events and accelerograms within the pre-defined 

magnitude-depth bins as histograms are shown in Figure 2.5. These figures depict 

that nearly 95% of the events and accelerograms pertain to earthquakes with 

hypocentral depths less than 33km which is a representative value for shallow 

active crustal events. The rest of the events with depths of greater than 33km are 

situated in different parts of either Turkey or Iran. The database is not included any 

deep events from Makran region of Iran that generates subduction type earthquakes 

(Engdahl et al., 2006). To summarize the magnitude and depth distribution of the 

database, the map view of the recordings is given in Figure 2.6. 
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Figure 2.4 Country-based hypocentral depth vs. Mw scatters of the events in the 

EMME strong-motion database. 

 

 

Figure 2.5 Hypocentral depth vs. Mw histograms of the events (left panel) and 

accelerograms (right panel) in the EMME strong-motion database. The depth 

intervals vary as 0-15km, 15-33km, 33-50km, 50-70km and 70-98km whereas 

magnitude bounds of the bins are 4.0-5.0, 5.0-6.0, 6.0-7.0 and 7.0-7.6. 
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Figure 2.6 Map view of the events in the database in terms of hypocentral depth and Mw bins. 
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2.2. TSTHG Strong-motion Database 

 

Under the Updating the Seismic Hazard Map of Turkey (TSTHG) project, TSTHG 

strong-motion database is assembled serving for GMPE selection process to 

establish the ground-motion logic-tree framework. Within the context of this 

dissertation, this database is used to evaluate the strong-motion databases of the 

Turkish GMPEs. The initial version of the TSTHG database is compiled from the 

Turkish strong-motion recordings which is included in EMME strong-motion 

dataset. The point- and extended-source distance measures of the recordings are 

recalculated by updating the metadata information (i.e., magnitude, hypocentral 

depth, epicenter locations) of the Turkish recordings in the EMME database with 

regard to the most recent Turkish catalog compiled by the WP-1 group members of 

this project (Kadirioğlu et al., 2014). However, Mw information for some of the 

small magnitude events whose magnitude information is extracted from magnitude 

conversion relations in the Kadirioğlu et al. (2014) catalog are not considered 

because EMME database contains calculated Mw values of those events extracted 

from RESORCE that compiles the information from SED (The Swiss 

Seismological Service, http://www.seismo.ethz.ch/index) and RCMT (The 

European and Mediterranean Regional Centroid Moment Tensor, 

http://www.bo.ingv.it/RCMT/). 

 

Figure 2.7 shows the magnitude, hypocentral depth and distance metrics (REPI, 

RHYP, RJB and RRUP) comparisons between Turkish sub-database of EMME and 

TSTHG dataset. Although the EMME database contains the most reliable metadata 

information for Turkish recordings, it shows some differences from TSTHG 

database. In Figure 2.7.a, the differences for small magnitude (Mw < 5) data are 

ignorable. For moderate magnitude events, the only significant difference between 

two databases is the Mw 5.22 Pülümür (15/03/1992) earthquake. The Mw value of 

this earthquake is considered as 5.9 in the TSTHG database since Kadirioğlu et al. 

(2014) catalog includes the more recent information for this event. The hypocentral 

depth comparison given in Figure 2.7.b indicates several points which are 
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considerably scattered away 1-to-1 line. The main reason for this dissimilar pattern 

is that while the EMME dataset updates the hypocentral depths of only significant 

events with respect to EHB catalog, the EHB information is considered for the all 

matching events in TSTHG database. Besides, the prioritization of the different 

seismological agencies between these databases results in scattered depth 

distribution for some of the events. A general comment on this issue would be that 

the reported depth outcomes considerably vary from agency to agency since 

significant uncertainties in depth computations. The inconsistencies for distance 

comparisons (Figures 2.7.c to 2.7.f) are prominent at short distance levels. The 

variations in magnitude, epicenter locations and hypocentral depth yield those 

disparities. 

 

Consequently, the Turkish database includes 1066 pairs of horizontal 

accelerograms recorded from 183 events and 292 strong-motion stations since 

1976, Mw and RJB ranges of 4.0-7.6 and 0-200km, respectively, and hypocentral 

depths up to 30km. The site classification of almost 97% of the ground-motion 

recordings are based on measured VS30. The rest of the recordings have estimated 

VS30 extracted from field observations and geological formations of the station 

sites. The ruptured fault information (i.e., fault length, fault width, strike, dip and 

rake angles) of the events in the database used for extended-source distance 

calculations are collected from the national and international seismological 

agencies listed in the previous section. 

 

Once Figure 2.8.a displays the RJB vs. Mw scatter plot of Turkish accelerograms, 

the top row of Figures 2.9 and 2.10 indicate the RJB vs. Mw distribution of the 

recordings with respect to style-of-faulting (normal, reverse and strike-slip) and site 

classes (soft, stiff and rock soils). The title section of each sub-figure contains the 

number of recordings (N) in the relative plot. When the ground-motion data 

distribution in terms of fault mechanisms and site conditions of the Turkish 

database is evaluated, it is depicted that the accelerograms recorded from strike-slip 

and normal faulting, and soft and stiff soil sites events dominate the database. 
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Figure 2.7 Magnitude, hypocentral depth and distance comparisons between 

EMME and TSTHG databases. The comparisons are conducted to 203 events for 

Mw and depth; 1190 records for REPI, RHYP, RJB; and 1176 records for RRUP. 
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Figure 2.8 RJB vs. Mw scatter plots of strong-motion data: a) Turkey (TR), b) 

Greece (GR) and Italy (IT), c) California (CA), d) Turkey, Greece and Italy 

(TRGRIT), e).Turkey, Greece, Italy and California (TRGRITCA). 
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Figure 2.9 RJB vs. Mw scatter plots of strong-motion data in terms of fault 

mechanisms: TR (top row), TRGRIT (middle row) and TRGRITCA (bottom row). 
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Figure 2.10 RJB vs. Mw scatter plots of strong-motion data in terms of site 

conditions based on BSSC (2009): TR (top row), TRGRIT (middle row) and 

TRGRITCA (bottom row). Soft soil: NEHRP-E VS30 < 180m/s and NEHRP-D 180 

≤ VS30 < 360m/s; Stiff soil: NEHRP-C 360 ≤ VS30 < 760m/s; Rock NEHRP-B 760 

≤ VS30 < 1500m/s and VS30 ≥ 1500m/s. 
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testing methods of predictive models. Accordingly, when the Turkish database 

(Figure 2.8.a) is analyzed, it is apparent that the number of records for Mw 6.0-7.0 

and RJB 0-20km are insufficient. In addition, the large magnitude (Mw > 7.0) 

strong-motion data is limited. In general, the ground excitations are more 

substantial up to 80km for seismic hazard assessments (Campbell and Bozorgnia, 

2014). Besides, the contribution of the large magnitude earthquakes to the total 

hazard is significantly obvious. Subsequently, the candidate GMPEs should be 

scrutinized in order to reliably take into account the excitations related to fault 

segments having the potential to produce Mw > 7.0 earthquakes. In this respect, the 

ground-motion accelerograms from Greece, Italy and California that exhibits 

similar tectonic settings with Turkey are incorporated into the TSTHG database. 

Greek and Italian datasets are extracted from the RESORCE database whereas the 

NGA-West2 project (Ancheta et al., 2014) is the source of the Californian strong-

motion data. 

 

Although most of the Greek and Italian events in RESORCE database have double-

couple fault plane solutions, there are several accelerograms without RRUP distance 

measures. Therefore the distance calculations of those recordings that will be used 

in TSTHG database are replicated and the comparisons between original 

(RESORCE) and reassessed states (TSTHG) of the database with respect to REPI, 

RHYP, RJB and RRUP are presented in Figure 2.11. Although the original Mw, 

hypocentral depth and epicenter coordinates are used in new distance calculations, 

the modified point-source distance comparisons (upper row of Figure 2.11) display 

noticeable variations for some of the recordings. The most important differences in 

extended-source distance metrics between original and modified versions of these 

data (lower row of Figure 2.11) are prominent at short distances. The major reasons 

for these observations are that the original ISESD distance measures are 

incorporated into the RESORCE databank without updating the distance metrics 

according to the modified epicenter and station coordinates (personal 

communication with S. Akkar and M.A. Sandıkkaya, 2014). 



 

61 

 

Figure 2.11 Point- and extended-source distance comparisons between RESORCE 

and TSTHG databases. The comparisons are conducted to 1208 records for REPI, 

RHYP, RJB; and 337 records for RRUP. 
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information. If the importance of the recordings from short distances and large 

magnitude events are regarded, the contribution of the GRIT ground-motion data is 

minimal; however, the CA dataset plays a significant role in ameliorating the 

current condition of this issue. 

 

The center and bottom rows of Figures 2.9 and 2.10 indicate RJB versus Mw scatters 

of the TRGRIT and TRGRITCA ground-motion datasets with respect to style-of-

faulting and NEHRP-based site classifications, respectively. When the strong-

motion data distributions in the TRGRIT and TRGRITCA extended databases are 

compared with the TR database, it is obvious that more homogenized data 

distributions with respect to fault mechanisms and site conditions are obtained with 

the support of Italian, Greek and Californian data. Besides, IT, GR and CA ground-

motion data provide a remarkable advance in the number of reverse fault 

mechanism and rock site condition recordings which are scarce in TR database. 

 

2.3. Comparisons between TSTHG Database and Model-Developing 

Databases of Turkish GMPEs 

 

The first ground-motion model studies in Turkey were conducted in 1996 (Aydan 

et al., 1996; İnan et al., 1996) and approximately 13 predictive models has been 

developed since 1996 (Douglas, 2011; Kale et al., 2014). However, when major 

features of GMPEs such as magnitude and distance type, applicable period ranges 

are considered to be used in current practice of engineering applications, four 

predictive models developed in the last decade come into prominence. These 

predictive models are Kalkan and Gülkan (2004) - KG04, Özbey et al. (2004) - 

Ozb04, Akkar and Çağnan (2010) - AC10, and Kale et al. (2014) - KAAH14. Their 

superiority on the rest of the Turkish predictive models is that they regard the 

moment magnitude and extended-source distance measures in ground-motion 

estimates which are available up to 2s at least. 
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In this part of the dissertation, the listed GMPEs above are evaluated by conducting 

catalog comparisons with the available ground-motion parameters between the 

most updated version of the Turkish strong-motion database (TSTHG) and model-

developing databases of these ground-motion models. If the original magnitude and 

distance pairs of the records are accessible, the comparisons firstly classify the 

current situation of the recordings in the TSTHG database as problematic and 

common records. The accelerograms with estimated VS30, or RJB, low quality 

waveforms, etc. are categorized as problematic records. After that, the comparisons 

of the common recordings between TSTHG and considered model-developing 

dataset with respect to the existing ground-motion parameters (Mw, hypocentral 

depth, RJB, VS30 and PGA) are presented. As a common format of the figures, the 

parameters related to GMPEs are indicated on the horizontal axis, whereas the 

vertical axis denotes the parameters of the TSTHG database. The RJB values 

smaller than 0.1km is denoted as 0.1km in these figures since the use of 

logarithmic axis definition. 

 

The ground-motion records in Ozb04 database cannot be sorted with respect to 

their current condition in the TSTHG database because the metadata information of 

Ozb04 database except for the magnitude and hypocentral depth could not be 

accessible. Mw and depth comparisons of the 17 earthquakes in Ozb04 model-

developing dataset are given in Figure 2.12. This figure depicts considerable 

differences between two databases. Another interesting observation about Ozb04 

dataset is that there is not any event in the magnitudes between 6 and 7 which 

introduces a significant bias to ground-motion estimates of this predictive model. 

The major factor of unevenly ground-motion data distribution is that this predictive 

model developed from a regional dataset (Northwestern Turkey). 
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Figure 2.12 a) Mw, and b) hypocentral depth comparisons of the 17 common events 

between TSTHG and Ozb04 databases. 
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Figure 2.14.c indicates the most significant differences within the compared 

parameters of two databases. For the recordings in KG04 database with unknown 

VS30 values, the site conditions are estimated from geological features of the 

strong-motion stations. Accordingly, VS30 values of 700, 400 and 200m/s are 

assigned to the stations classified as rock, stiff soil and soft soil, respectively 

(Kalkan and Gülkan, 2004). Approximately 80% of the VS30 values in the KG04 

database are based on estimated site conditions. This fact ideally explains such a 

scattered picture encountered in Figure 2.14.c. The last plot given in Figure 2.14.d 

evaluates the modifications in PGA values. The geometric mean of two horizontal 

components is used in this comparison. The trend obtained in this figure represents 

that the PGA values are not severely altered except for some recordings of which 

data processing (i.e., filtering) may most probably vary the PGA values. 

 

 

Figure 2.13 Original RJB vs. Mw scatters of the recordings in KG04 database with 

representation of their current situations in up-to-date Turkish database. 
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Figure 2.14 a) Mw, b) RJB, c) VS30, and d) PGA comparisons of the common data 

(79 recordings from 36 events) between TSTHG and KG04 databases. 
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version of the Turkish database. The observed problems of the recordings are 

classified as low quality (24), no calculated RJB (41) and Greek recordings (4). 

 

 

Figure 2.15 Original RJB vs. Mw scatters of the recordings in AC10 database with 

representation of their current situations in up-to-date Turkish database. 

 

The improvements in metadata information about Turkish recordings are examined 

by Mw, hypocentral depth, RJB, VS30 and PGA comparisons indicated in Figure 

2.16. The magnitude comparison given in Figure 2.16.a depicts some noticeable 

variations for only Mw < 5.5 earthquakes whose Mw values are mostly obtained 

from magnitude conversion relations. In Figure 2.16.b, the evaluation of 

hypocentral depth, one of the most uncertain earthquake parameters, represents that 

the depth values of larger amount of events have dissimilar pairs. The discrepancies 

between the considered seismological agencies and re-calculation process of some 

of the data providers to improve the certainty of the earthquake parameters cause to 

draw such a picture. Although RJB distances of many of the recordings are not 

remarkably changed, some of the short distance accelerograms are subjected to 

considerable modifications (Figure 2.16.c). Almost all recordings in the databases 

have rather close VS30 and PGA values as shown in Figures 2.16.d and e, 

respectively. 
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Figure 2.16 a) Mw, b) hypocentral depth, c) RJB, d) VS30, and e) PGA comparisons 

of the common data (364 recordings from 100 events) between TSTHG and AC10 

databases. 

 

a)

M
w AC10

4 5 6 7 8

M
w
 T

S
T

H
G

4

5

6

7

8

c)

R
JB AC10 (km)

0.1 1 10 100

R
JB

 T
S

T
H

G
 (

km
)

0.1

1

10

100

d)

V
S30 AC10 (m/s)

0 200 400 600 800 1000

V
S

30
 T

S
T

H
G

 (
m

/s
)

0

200

400

600

800

1000

e)

PGA AC10 (g)
0.01 0.1 1

P
G

A
 T

S
T

H
G

 (
g)

0.01

0.1

1

b)

Depth AC10 (km)

0 10 20 30 40 50 60

D
ep

th
 T

S
T

H
G

 (
km

)

0

10

20

30

40

50

60



 

69 

 

Figure 2.17 Original RJB vs. Mw scatters of the recordings in KAAH14 database 

with representation of their current situation in up-to-date Turkish database. 

 

While KAAH14 ground-motion model was developed, the Turkish strong-motion 

data selected from EMME database which is introduced in detail at the previous 

parts of this section is used in regression analysis. The TSTHG database covers the 

entire recordings (670 records from 175 strong-motion events) included in 

KAAH14 database of which Figure 2.17 presents the original RJB-Mw distribution. 

 

The comparisons made between EMME and TSTHG (see Figure 2.7) reflects the 

general perspective of KAAH14-TSTHG comparisons; however, magnitude, depth 

and RJB distance comparisons in addition with VS30 and PGA scatters are displayed 

in Figure 2.18 since KAAH14 model-developing dataset is a sub-version of 

Turkish part of the EMME database. The scatter plot in Figure 2.18.a compares the 

moment magnitudes of these two databases that indicate almost exact matching of 

Mw trends. In Figure 2.18.b, the depth couples of considerable amount earthquakes 

represent almost identical trends, whereas the depths of a part of the data distribute 

in a scattered way because of considering different seismological agencies in these 

two databases. The observations on distance comparison given in Figure 2.18.c are 

parallel to the observations of AC10. VS30 and PGA trends of the compared 

databases indicate identical data pairs. 
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Figure 2.18 a) Mw, b) hypocentral depth, c) RJB, d) VS30, and e) PGA comparisons 

of the common data (670 recordings from 175 events) between TSTHG and 

KAAH14 databases. 
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2.4. General Comments on Further Improvements of the Databases 

 

From the above observations on strong-motion catalogs (or metadata information) 

it can be seen that a fully agreement between different catalogs containing same 

regions still has not been reached in terms of magnitude, hypocentral depth, 

epicentral location, double-couple fault plane solutions or station coordinates. The 

followed strategies during the compilation of metadata information by the 

researchers introduce such kind of inconsistencies. In fact, all information included 

in the metadata of the databases is extracted from the reports of the reliable local 

and global seismological agencies or peer-reviewed publications. However, some 

of the stringent seismological agencies periodically update their outcomes for past 

earthquakes with the improvements in available ground-motion data and processing 

techniques (e.g., hypocenter determination algorithm). The most apparent example 

of such a case is the EHB catalog released by the International Seismological 

Center (ISC). The EHB is pronounced as the groomed version of the ISC catalog 

because it reassessed the most significant earthquakes between 1960 and 2008 

around the world which was reported by the ISC bulletin in the past. In addition to 

this case, the ISC declare a new message that it will release such comprehensive 

ground-motion catalog including all ISC events at the beginning of 2015. As seen, 

the metadata information is always alive. The most important thing is to include 

these improvements to the regional or local strong-motion databases to estimate the 

future ground excitations more precisely. 

 

In this chapter, the model developing dataset comparisons of local Turkish GMPEs 

clearly represent the alteration of Turkish strong-motion database. Accordingly, 

Figure 2.19 summarizes the significance of metadata information and data 

distribution while developing GMPEs. The prominent variations between the 

original ground-motion dataset of KG04 model and the latest version of the 

Turkish dataset result in displaying considerable differences as shown in Figure 

2.19. This figure also depicts that Ozb04 regional predictive model cannot capture 

the near distance trends of other Turkish GMPEs. AC10 and KAAH14 ground-
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motion relations that show little discrepancies with the latest version the Turkish 

database draw more compatible ground-motion estimates according to Figure 2.19. 

 

 

Figure 2.19 Comparison ground-motion estimates of Turkish GMPEs for a given 

earthquake scenario of Mw 6.0, strike-slip fault mechanism and VS30 360m/s (left 

panel) and 760m/s (right panel). 

 

In addition to above observations, there are some issues which can be considered 

for the future improvements in the EMME database. Firstly, it is important that the 

Iranian accelerograms could be processed with the individually selected filters cut-

off frequencies for unification of the EMME database. The epicenter location and 

hypocentral depth information of all events in the database can be updated with 

respect to EHB catalog. The accelerograms recorded after 2011 could be integrated 

to the EMME accelerometric data archive to extend the size of the dataset. 

 

Finally, as listed in the above paragraphs, there are many Iranian, Armenian, 

Georgian and Jordanian recordings which are included in the EMME database but 

not included in the RESORCE databank although these countries are within the 

considered boundaries of the RESORCE database. The combination of these two 

datasets would excessively improve the data coverage of RESORCE database in 

order to serve for the studies in the realm of earthquake engineering and 

engineering seismology. 
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CHAPTER 3 

 

 

A GROUND-MOTION PREDICTIVE MODEL FOR IRAN AND 

TURKEY FOR HORIZONTAL PGA, PGV AND 5%-DAMPED 

RESPONSE SPECTRUM: INVESTIGATION OF POSSIBLE 

REGIONAL EFFECTS 

 

 

 

Adapted from Kale Ö, Akkar S, Ansari A and Hamzehloo H (2014). A ground-

motion predictive model for Iran and Turkey for horizontal PGA, PGV and 5%-

damped response spectrum: Investigation of possible regional effects. Bulletin of 

the Seismological Society of America, submitted. 

 

 

This chapter presents a ground-motion prediction equation (GMPE) for Turkey and 

Iran to investigate the possible regional effects on ground-motion amplitudes in 

shallow active crustal earthquakes. The proposed GMPE is developed from a 

subset of recently compiled strong-motion database of the Earthquake Model of the 

Middle East Region (EMME; http://www.emme-gem.org/) project. A total of 670 

Turkish and 528 Iranian accelerograms with depths up to 35 km are used to 

estimate 5%-damped elastic pseudo-acceleration spectral ordinates of 0.01s ≤ T ≤ 

4s. The GMPE also estimates PGA and PGV. The moment magnitude range of the 

model is 4 ≤ Mw ≤ 8 whereas the maximum Joyner-Boore distance is RJB = 200 km. 

The functional form considers 3 major fault mechanisms (strike-slip, normal and 

reverse). The nonlinear soil behavior is a function of VS30 (average shear-wave 

velocity in the upper 30 m of soil profile). The observations from empirical and 

estimated ground-motion trends advocate regional effects in the Iranian and 

Turkish ground-motion amplitudes that originate from the differences in Q-factors, 
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kappa and near-surface velocity profiles. These factors eventually affect the 

magnitude and distance dependent scaling of spectral amplitudes in Iran and 

Turkey. In essence, the ground-motion amplitudes of these two neighboring 

countries draw patterns different than the ground-motion estimates of GMPEs 

developed from the strong-motion databases of shallow active crustal earthquakes 

from multiple countries. 

 

3.1. Introduction 

 

Significant improvements have been observed in the size and quality of strong-

motion databases in the past decade. Consequently, the number of ground-motion 

predictive models (GMPEs) has increased considerably in the same period. Most of 

these GMPEs are devised for estimating ground motions in shallow active crustal 

regions (SACRs). Their ground-motion datasets are composed of recordings either 

from a specific country or multiple countries that share similar tectonic features. 

Predictive models developed from databases compiled from multiple countries are 

generally defined as global GMPEs. The corresponding ground-motion datasets are 

also referred to as global databases. The terminology used for describing the 

ground-motion models originating from country-specific databases is called as 

local GMPEs. Global GMPEs are usually preferred in seismic hazard assessment 

as the distribution of their datasets is well-constrained in terms of essential 

estimator parameters such as magnitude, distance and faulting mechanisms. The 

metadata information and waveform quality of global GMPEs are generally well-

studied and well-documented. Smaller sizes of local databases and their dubious 

metadata quality have been the repelling factors to disfavor the use of local GMPEs 

in hazard related studies (Cotton et al., 2006; Bommer et al., 2010). This view point 

has started to change because there are significant efforts in improving the quality 

of local strong-motion databases either through international or national projects 

(e.g., Theodulidis et al., 2004; Luzi et al., 2008; Akkar et al, 2010; Earthquake 

Model of the Middle East Region, EMME, www.emme-gem.org, Network of 



 

75 

European Research Infrastructures for Earthquake Risk Assessment and 

Mitigation, NERA, www.nera-eu.org). 

 

Model developers who use global strong-motion databases indicated that 

differences in observed ground-motion amplitudes compiled from different 

countries are insignificant as long as the seismotectonic regimes exhibit similar 

features. This assertion is verified through comparisons of global GMPEs 

developed from different datasets. For example, Bommer et al. (2009), Campbell 

and Bozorgnia (2006) and Stafford et al. (2008) indicated a good agreement 

between the global GMPEs of NGA-West1 project (Power et al., 2008) and pan-

European GMPEs (models developed from the shallow active crustal earthquakes 

of broader Europe). The observed differences in the ground-motion estimates of 

these global GMPEs were interpreted as statistically tolerable by these studies. 

Parallel to these conclusive remarks and confined to the limitations in data, 

Douglas (2004; 2007) did not find firm evidence about regional differences within 

Europe for ground motions from small-to-moderate magnitude events. However, 

his comparisons of ground-motions from California, New Zealand and Europe 

suggested that ground motions from Californian earthquakes are higher in a 

statistical sense than those from European events. Studies by Ghasemi et al. (2009) 

and Scassera et al. (2009) yielded controversial results on the limitations of global 

GMPEs in capturing the regional effects. The former study suggested the use of 

NGA-West1 GMPEs for Iran whereas the latter paper noted differences in the 

distance scaling of NGA-West1 GMPEs and Italian strong-motion data. 

Contradictory to the findings of Ghasemi et al. (2009), Mousavi et al., (2012) 

favored local GMPEs for hazard estimates in Iran. Few researchers (e.g., Atkinson 

and Morrison, 2009; Chiou et al., 2010) emphasized the significance of regional 

differences for low magnitude events in SACRs. However, Yenier and Atkinson 

(2014) found evidence on the regional dependence of large magnitude earthquakes 

in New Zealand and western North America. 
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Note that GMPEs, no matter how complex they are, still have limitations to fully 

mimic the entire physical process behind the earthquakes. They can only map the 

overall seismotectonic features of the accelerograms covered by their ground-

motion datasets that can be either local or global. Thus, a local GMPE developed 

from a reliable local dataset can reflect the likely regional characteristics that may 

not be fully addressed by a global model that lack representative strong motions of 

that region. Although the recent achievements in global strong-motion databases 

for SACRs are indisputable, they can still cover only a good portion of 

accelerograms with similar tectonic features. For example, the recent pan-European 

strong-motion database (Akkar et al., 2014c) is mainly composed of accelerograms 

from Italy and Turkey. The majority of NGA-West1 database (Chiou et al., 2008) 

consists of accelerometric data from the western North America and Taiwan. The 

NGA-West2 database (Ancheta et al., 2014) has extended the magnitude and 

distance limits of its predecessor by including moderate-to-large magnitude 

recordings of Japan and China. NGA-West2 database also integrated small 

magnitude events (3 < Mw < 5) from California to improve the ground-motion 

estimates of small earthquakes. However, shallow active crustal earthquakes from 

the Mediterranean region and other parts of the world are only partially represented 

in this database. These discussions can spot the sources of some of the 

contradictory results summarized in the previous paragraph that evaluate local and 

global GMPEs for regional effects. 

 

The existence and significance of regional effects were investigated for SACRs in 

Iran and Turkey through a ground-motion model developed from the 

accelerograms of these two countries. The observations indicate that the ground-

motion amplitudes of SACRs in Iran and Turkey differ in terms of distance, 

magnitude and style-of-faulting (SoF) scaling. The ground-motion amplitudes of 

these countries show differences with the ground-motion estimates of recent global 

GMPEs developed from the subsets of European and NGA-West2 databases. The 

model presented in this chapter is based on the recent updates of both Turkish and 

Iranian strong-motion data and can be of use for seismic hazard assessment in these 
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countries for moment magnitudes 4 ≤ Mw ≤ 8, distances up to RJB = 200 km (RJB is 

Joyner-Boore distance; Joyner and Boore, 1981) and for major fault mechanisms 

(normal, strike-slip and reverse faults). 

 

3.2. Review of GMPEs in Turkey and Iran 

 

Table 3.1 lists the Turkish and Iranian GMPEs developed for SACRs during the 

last two decades. Most of this information is compiled from Douglas (2011). 

Aydan et al. (1996) and Inan et al. (1996) constitute the first ground-motion 

predictive models developed in Turkey for estimating PGA. These GMPEs were 

developed from poorly constrained datasets. They neither consider the site nor 

style-of-faulting (SoF) effects on PGA amplitudes. Inan et al. (1996) do not give 

any information about the major metadata features of the estimator parameters used 

in their functional form. The Schwarz et al. (2002) (Sch02) and Gülkan and Kalkan 

(2002) (GK02) GMPEs that are developed after the 1999 Kocaeli and Düzce 

earthquakes used comparatively larger local datasets with better metadata 

information. Both models were derived for estimating PGA and spectral 

accelerations (PSA) up to 2.0s. Sch02 focuses on the ground-motion estimates of 

northwestern Turkey whereas GK02 considers a ground-motion dataset from the 

entire country. Among these GMPEs, GK02 is the first model that used moment 

magnitude (Mw) and an extended-source distance measure (RJB) to better account 

for source and radiation pattern effects for large magnitude events. The distance 

measure is inhomogeneous in GK02 as it uses both REPI and RJB. GK02 model was 

superseded by Kalkan and Gülkan (2004) (KG04) with a larger dataset that extends 

the magnitude and distance ranges of the former study. Two additional Turkish 

GMPEs were published in 2004; Ulusay et al. (2004) (Uls04) and Özbey et al. 

(2004) (Ozb04). The former model is devised for estimating PGA whereas Ozb04 

estimates PGA and PSA for northwestern Turkey as in the case of Sch02. The 

functional form of Ozb04 uses Mw and RJB as of KG04. The functional forms of 

KG04 and Ozb04 also show significant similarities with a difference in their site 

function definitions. These predictive models are followed by Bindi et al. (2007) 
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(Bnd07), Aydan (2007) (A07), Akyol and Karagöz (2009) (AK09) as well as 

Ulutaş and Özer (2010) (UO10) GMPEs. Except for A07 (no clear information on 

the general features of this model), the rest of these GMPEs are modeled for 

estimating the ground-motion amplitudes in western Turkey with relatively large 

datasets when compared to the previously discussed Turkish equations. Akkar and 

Çağnan (2010) is currently the most recent ground-motion model developed for 

Turkey. The functional form of this equation is also the most complicated one (12 

estimator parameters) among the Turkish GMPEs presented in this paragraph. It 

considers nonlinear soil behavior and includes the effects of three major faulting 

types (reverse, normal and strike-slip) on ground-motion amplitudes that are 

disregarded in the other local Turkish GMPEs discussed so far. Note that the 

Turkish model developers report sigma (standard deviation) associated with their 

equations except for Ayd96, In96 and A07. 

 

The first empirical predictive model for Iran was developed by Ramazi and Schenk 

(1994) (RS94) to estimate PGA. This model was followed by Zare et al. (1999) 

(Zr99) to estimate PGA by extending the Iranian strong-motion database for Mw 

and SoF. The GMPE developed by Khademi (2002) (K02) estimates both PGA and 

PSA. The magnitude as well as distance parameters of these three GMPEs are 

heterogeneous. They consider multiple magnitude scales and use extended as well 

as point-source distance metrics. Iranian GMPEs of Nowroozi (2005) (N05), 

Mahdavian (2006) (M06), Zare and Sabzali (2006) (ZS06) and Ghodrati Amiri et 

al. (2007) (GAm07) are either tailored for a particular region in Iran or for the 

entire country. Their distance measures are REPI or RHYP and disregard the extended 

fault geometry that becomes important to properly address the radiation pattern 

effects in large magnitude earthquakes. All of these models can estimate PGA. 

ZS06 also estimates PSA. Ghasemi et al. (2009) (Ghs09) proposed a GMPE to 

estimate PSA for Iran and West Eurasia from a large dataset. This study is followed 

by Sadeghi et al. (2010) (Sdg10), Ghodrati Amiri et al. (2010) (GAm10), 

Hamzehloo and Mohood (2012) (HM12) and Saffari et al. (2012) (Sfr12) who 

proposed ground-motion predictive models for the whole Iran (Sdg10 and Sfr12) or 
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for a specific zone in Iran (GAm10 and HM12). They are developed from larger 

ground-motion databases when compared to the datasets of previous Iranian 

GMPEs. They all estimate PSA. HM12 and Sfr12 can also estimate PGA. Sfr12, 

the most recent Iranian GMPE, accounts for different faulting mechanisms (a rare 

feature in the Iranian GMPEs). Its site functional form is in terms of VS30. The 

Iranian GMPEs generally report sigma and only two of them (RS94 and K02) do 

not give any indication about the level of sigma in their equations. 

 

The overall picture portrayed in Table 3.1 indicates that the database size in the 

Turkish and Iranian GMPEs tend to increase over the past years. However, the 

level of complexity in their functional forms does not follow the same trend except 

for a few models. Inhomogeneous nature of estimator parameters (use of several 

magnitude and distance measures in the same model), missing SoF and site effects, 

consideration of incomplete intensity measures (GMPEs either estimating PGA or 

PSA), and the use of estimator parameters (ML, Md, mb, REPI and RHYP) that may 

fail to explain the overall source and radiation path effects are the major 

deficiencies in these GMPEs. Needless to say these drawbacks provoke doubts 

about the database quality of most of these GMPEs that can jeopardize their 

efficient use in modern seismic hazard assessment. The referred shortcomings can 

also mask the existence of possible regional effects that may invoke differences in 

the ground motion trends of these two neighboring regions. These observations 

support the conclusive remarks of Douglas (2007) who emphasized the difficulties 

in assessing the regional dependency of ground motions due to limitations in the 

observed data and poorly constrained GMPEs. 
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Table 3.1 General features of empirical ground-motion predictive models from Iran and Turkey. 

GMPE 
Acronym 

Region 
No of 

records & 
events 

Magnitude 
scale 

Magnitud
e interval 

R type and 
Rmax (km) * 

Number of 
coefficients 

Component † 
Style-of-
faulting ‡ 

Site 
effect** 

Sigma¥ 

Ayd96 Turkey 27, 19 MS 3.5 – 7.6 R
HYP

, 350 4 PGA in U U U U 

In96 Turkey U U U REPI
, U 3 PGA in U U U U 

GK02 Turkey 93, 19 Mw 4.5 – 7.4 R
JB & REPI

, 150 6 PGA, PSA in L U L Yes 

Sch02 
Northwestern 

Turkey 
683, U ML 0.9 – 7.2 REPI

, 250 7 PGA, PSA in L U L Yes 

KG04 Turkey 112, 57 Mw 4.0 – 7.4 R
JB

, 250 6 PGA, PSA in L U L Yes 

Ozb04 
Northwestern 

Turkey 
195, 17 Mw 5.0 – 7.4 R

JB
, 300 7 PGA, PSA in GM U L Yes 

Uls04 Turkey 221, 122 Mw 4.1 – 7.5 REPI
, 100 5 PGA in L U L Yes 

Bnd07 
Northwestern 

Turkey 
4047, 528 ML 0.5 – 5.9 R

HYP
, 200 5 PGA, PSA in L U L Yes 

A07 Turkey U U U R
HYP

, U 4 PGA in U U L U 

AK09 Western Anatolia 168, 49 Mw, Md, ML 4.0 – 6.4 R
HYP

, 200 4 PGA, PSA in L U L Yes 

UO10 Marmara Region 751, 78 Mw & Md 4.0 - 7.4 R
JB & REPI

, 197 3 PGA in L S, N U Yes 

AC10 Turkey 433, 137 Mw 5.0 - 7.6 R
JB

, 200 12 
PGA, PGV, PSA in 

GM 
S, N, R N Yes 
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Table 3.1 Cont’d 

GMPE 
Acronym 

Region 
No of 

records & 
events 

Magnitude 
scale 

Magnitud
e interval 

R type and 
Rmax (km) * 

Number of 
coefficients 

Component † 
Style-of-
faulting ‡ 

Site 
effect** 

Sigma¥ 

RS94 Iran 83, 20 MS 5.1 - 7.7 
RRUP & RHYP, 

180 
6 PGA in U U L U 

Zr99 Iran 468, 47 Mw & others 2.7 - 7.4 
RRUP & RHYP, 

224 
7 PGA in B S, R L Yes 

K02 Iran 160, 28 Mw mb & MS 4.5 - 7.0 R
JB & REPI

, 180 6 PGA, PSA in L U L U 

N05 Iran 279, 45 Mw & others 3.0 - 7.4 REPI
, 245 5 PGA in V U L Yes 

M06 Central Iran 150, U MS & mb 3.1 - 7.4 R
HYP

, 98 4 PGA in U U L Yes 

ZS06 Iran 89, 55 Mw 2.7 - 7.4 R
HYP

, 167 7 PGA, PSA in U U L Yes 

GAm07 
Alborz & Central 

Iran 
200, 50 MS & mb 4.5 - 7.3 R

HYP
, 400 5 PGA in L U L Yes 

Ghs09 
Iran & West 

Eurasia 
893, 200 Mw 5.0 - 7.4 

RRUP & RHYP, 
100 

7 PSA in GMRotI50 U L Yes 

Sdg10 Iran 3894, 337 Mw 5.1 - 6.5 REPI
, 340 6 PSA in U U L Yes 

GAm10 
Alborz & Central 

Iran 
416, 189 MS & mb 3.2 - 7.7 R

HYP
, 400 3 PSA in L U L Yes 

HM12 East Central Iran 258, 109 Mw 5.0 - 7.4 R
JB

, 100 5 PGA, PSA in L U U Yes 

Sfr12 Iran 351, 78 Mw 5.0 - 7.3 
RRUP & RHYP, 

135 
8 

PGA, PGV, PSA in 
GM 

S, R L Yes 

* R: distance, Rmax: maximum distance, REPI: epicentral distance, RHYP: hypocentral distance, RJB: Joyner-Boore distance, RRUP: closest distance 
† B: both horizontal components, GM: geometric mean of horizontal components, GMRotI50: Boore et al. (2006), L: larger horizontal component, V: square root of sum of 
squares of the two components, U: Unknown 
‡ S: strike-slip faulting, N: normal faulting, R: reverse faulting, O: oblique faulting, U: unidentified 
** U: Site effect is not considered, L: Linear site effects, N: Nonlinear site effects 
¥ U: Unknown 
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3.3. Iranian and Turkish Strong-Motion Databases and Some Preliminary 

Observations 

 

The Turkish and Iranian strong-motion databases used in this study are subsets of 

the EMME strong-motion databank (Akkar et al., 2014a). This databank is 

compiled from the accelerograms of Turkey, Iran, Caucasus (Georgia and 

Armenia), Pakistan and Jordan and includes more than 4500 strong-motion records 

from 1721 earthquakes. 670 Turkish accelerograms and 528 Iranian accelerograms 

from were extracted the EMME strong-motion databank to develop the GMPEs. 

These data have the highest waveform quality and reliable metadata information in 

the entire databank. The total numbers of Turkish and Iranian earthquakes are 175 

and 138, respectively. The accelerograms are recorded at 163 Turkish and 254 

Iranian strong-motion stations. 

 

All accelerograms are uniformly processed following Akkar and Bommer (2006). 

The maximum spectral period that can be used for each accelerogram is also 

determined from the empirical formulations given in Akkar and Bommer (2006). 

These expressions depend on the low-cut filter value and site conditions. The 

earthquakes included in the database have double-couple fault plane solutions 

reported by local and international agencies (Akkar et al., 2014a). This information 

is used to obtain the moment magnitudes, depths, fault mechanisms and distance 

measures of the data. The events whose moment magnitudes are estimated from 

magnitude-conversion equations were excluded. The strong-motion stations in the 

database have measured VS30 values. The Turkish site classification in terms of 

VS30 is given in Sandıkkaya et al. (2010) whereas the Iranian site measurements 

were obtained from local reports listed in Akkar et al. (2014a). The depth 

distributions of Turkish and Iranian earthquakes extend up to  35 km. This depth 

gives a good range of shallow active crustal earthquakes in Iran and Turkey. The 

databases consist of singly recorded accelerograms to keep the good quality data as 

much as possible. Aftershock data were also not excluded from both datasets for 

the same reason. These features are the weak points of the database that may 
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introduce uncertainty in the regression coefficients and may inflate the sigma of the 

predictive model. 

 

Figure 3.1.a shows the magnitude (Mw) vs. distance (RJB) distribution of the 

database. Iranian and Turkish data are shown in different symbols and different 

color codes. The magnitude range of the database is 4.0 ≤ Mw ≤ 7.6 and the 

maximum RJB is 200 km. The magnitude distribution of Turkish data is more 

uniform than the Iranian data (Figure 3.1.b). The Iranian accelerograms are 

deficient in small magnitudes (Mw ≤ 5.0). The distance distributions of Iranian and 

Turkish records draw similar patterns (Figure 3.1.c): they are better constrained at 

moderate to large distances (i.e., RJB ≥ 30 km). When magnitude and distance 

distributions are considered together, the Iranian data are scarce for Mw < 5.0 and 

RJB > 80 km. Although the number of Turkish accelerograms decreases for Mw < 5, 

their distribution is better than the corresponding records in the Iranian database. 

As the regression coefficients of main estimator parameters were computed for 

distances up to 80 km, the low distance resolution of the Iranian accelerograms for 

Mw < 5.0 and RJB > 80 km did not play a measure role in the analyses. The use of 

strong-motion data up to moderate distances (e.g., RJB ≤ 80 km) has been recently 

implemented in the NGA-West2 GMPEs (e.g., Abrahamson et al., 2014; Boore et 

al., 2014) as this distance range is of significance for most engineering applications 

as well as seismic hazard studies (Campbell and Bozorgnia, 2014). The details of 

regression analyses are discussed in the subsequent sections. 

 

Figure 3.2 shows the distribution of Turkish and Iranian datasets in terms of soil 

conditions. The Iranian and Turkish datasets are plotted as magnitude vs. distance 

scatters. Different symbols and color codes on these plots define the distribution of 

accelerograms for different site classes. NEHRP (BSSC, 2009) site classification 

were used in the comparative plots because Turkish and Iranian design codes do 

not have similar site classification schemes. The Turkish database is dominated by 

NEHRP C (360m/s ≤ VS30 < 760m/s) and D (180m/s ≤ VS30 < 360m/s) sites (Figure 
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3.2.a). The vast majority of Iranian sites are NEHRP B (760m/s ≤ VS30 < 1500m/s) 

and C (360m/s ≤ VS30 < 760m/s) as given in Figure 3.2.b. 

 

 

Figure 3.1 Strong-motion data distribution of Turkish and Iranian databases: a) RJB 

vs. Mw scatters, b) Magnitude histogram, c) Distance histogram (Records having 

RJB < 1 km are shown at RJB = 1 km for illustrative purposes). 

 

 

Figure 3.2 Distribution of the strong-motion data in terms site class: a) Turkish 

database, b) Iranian database. 
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Figure 3.3 compares both databases in terms of SoF. The scatter plots in Figure 

3.3.a indicates uneven distribution of reverse (RV) faulting accelerograms in the 

Turkish database. Iranian database is poor in normal (NM) faulting events (Figure 

3.3.b). Both datasets are better constrained for strike-slip (SS) earthquakes. Figure 

3.4 compares the variation of observed PGA trends as a function of distance for 

different faulting mechanisms in the Turkish and Iranian databases. The first 

column shows the variations of SS vs. NM PGAs in the Turkish database. The 

second column does similar comparisons for SS vs. RV PGAs in the Iranian data. 

The selected SoF pairs from each dataset are those with better magnitude and 

distance distributions. Their comparisons would reveal reliable information about 

SoF effects specific to these databases. Strike-slip events constitute a good portion 

of data in both datasets. Thus, the last column plots in Figure 3.4 compare the 

observed PGA trends in the Iranian and Turkish data for SS accelerograms. The 

comparisons are done for 5 ≤ Mw < 6 and 6 ≤ Mw < 7 as the data number is more 

meaningful to compute first-order statistics within these magnitude intervals. All 

data were scaled to reference rock conditions (VS30 = 750 m/s) by using the 

Sandıkkaya et al. (2013) site model. The first column plots indicate that there are 

no systematic differences between SS and NM PGAs in the Turkish database. The 

diamond symbols that show the average NM and SS PGAs for different distance 

bins justify this observation. The second column plots depict either larger or similar 

SS PGAs with respect to their RV counterparts in the Iranian database. The larger 

SS PGAs in the Iranian data are noticeable towards shorter distances. The diamond 

symbols that describe the average SS and RV PGA trends for different distance 

bins in the Iranian data explain the above observation better. The comparative SS 

PGA plots from Iran and Turkey shows a systematic difference: Iranian PGA 

amplitudes seem to be larger than the corresponding PGA values of the Turkish 

dataset. The attenuation characteristics of the Turkish and Iranian PGAs also show 

differences. The Turkish data seem to decay faster than the Iranian data. These 

observations can be the indicatives of possible regional differences between the 

SACR accelerograms of the regions covered by the two countries. 
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Figure 3.3 Distribution of strong-motion data in terms of magnitude, distance and 

style-of-faulting: a) Turkish database, b) Iranian database (NM, RV and SS are the 

abbreviations of normal, reverse and strike-slip fault mechanisms, respectively). 
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Figure 3.4 Comparisons of PGA trends in the Iranian and Turkish databases by 

considering style-of-faulting effects. All empirical data are modified for reference 

rock condition (VS30=750m/s). First column plots compare SS vs. NM PGA trends 

within Turkish data whereas second column plots do similar type comparisons 

between SS vs. RV for the Iranian accelerograms. The last column compares the 

variation of Iranian and Turkish PGAs for SS events. First row comparisons are for 

5 ≤ Mw < 6 and second row comparisons consider 6 ≤ Mw < 7 magnitude interval. 

The diamonds on each plot represent average PGA values for different RJB bins. 

The selected RJB bins are 0-10km, 10-20km, 20-50km, 50-80km, 80-130km and 

130-200km where the data are meaningful for statistical computations. 

 

Figure 3.5 shows the depth distribution of Iranian and Turkish events. The depth 

distributions are plotted for different faulting mechanisms and for different 

magnitude intervals. Note that SS and NM events show more uniform depth 

distribution between 4 ≤ Mw ≤ 6 in the Turkish database (Figure 3.5.a). Moderate-

to-large magnitude events (Mw > 6) in the Turkish database are mainly SS and they 

are accumulated between the depths of 10 km and 16 km. Iranian earthquakes seem 

to be deeper than the Turkish earthquakes (Figure 3.5.b) that is particularly more 
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noticeable for RV events. There are very few events in the first 5 km of depth in 

the Iranian data. SS as well as RV earthquakes follow similar distributions towards 

moderate-to-large magnitudes (Mw > 6), which is not observed in the Turkish 

dataset. The histograms in Figures 3.5.c to 3.5.e are shown for further discussions 

on the observed PGA trends in Figure 3.4. Figure 3.5.c indicates that the Turkish 

NM and SS earthquakes are mostly accumulated within the first 14 km depth and 

PGA amplitudes from these faulting mechanisms are not significantly different 

from each other (see Figure 3.4). The bulk of Iranian SS and RV events are within 

7 km to 21 km (Figure 3.5.d) and PGA amplitudes of SS records are higher with 

respect to their RV counterparts towards shorter distances (see Figure 3.4). The 

Iranian and Turkish SS events are denser in the depth range of 7 km to 14 km and 

SS Iranian PGAs are generally higher than the corresponding Turkish ground 

motions in the entire distance interval of interest (see Figure 3.4). Thus, if the given 

data displays the general earthquake depth distributions of different faulting 

mechanisms in these countries, the depth dependence of ground-motion amplitudes 

change from one country to the other. The significance of depth on ground-motion 

amplitudes has been discussed in various publications. Akkar and Çağnan (2010) 

indicated smaller ground-motion amplitudes for deeper crustal earthquakes. 

McGarr (1984) explained the higher ground-motion amplitudes of some deeper 

crustal events by differences in stress conditions along the depth of the crust. 

Although the justification of the observations requires further investigation with the 

increase in data (see discussions in Douglas, 2007), they are mapped onto the 

regression model as explained in the following sections. 
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Figure 3.5 Distribution of strong-motion data in terms of magnitude (Mw), depth 

and style-of-faulting: a) Turkish database, b) Iranian database, c) Mw vs. depth 

histogram of Turkish NM and SS records for 5 ≤ Mw ≤ 7, d) Mw vs. depth 

histogram of Iranian RV and SS records for 5 ≤ Mw ≤ 7 and e) Mw vs. depth 

histogram of Turkish and Iranian SS records for 5 ≤ Mw ≤ 7. 

 

3.4. Functional Form of the GMPEs and Regression Analyses 

 

The complexity of functional form is measured by the number of estimator 

parameters in a model. It should be optimized by considering the limitations of 

ground-motion dataset. Studies by Kaklamanos and Baise (2011) and Kale and 
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better with respect to simpler ground-motion equations. Bearing on these results, 
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complicated estimator parameters. As an improvement over the Akkar and Çağnan 

(2010) base function, the GMPE additionally accounts for anelastic attenuation and 

magnitude-dependent (heteroscedastic) standard deviation. Equation 3.1 shows the 

functional form for estimating the geometric means of horizontal PGA (g), PGV 

(cm/s) and PSA (g) that are designated as Y. 

 









otherwise;fffff

s2.0TandPGAPSA;PGAln
)Yln(

siteaatsofdismag   (3.1) 

 

The proposed model considers magnitude scaling (fmag), geometric decay (fdis), SoF 

(fsof), site effects (fsite) and anelastic attenuation (faat) to estimate the logarithmic 

mean (median) of above intensity measures.  (sigma) is the standard deviation and 

 is the number of sigma above or below the median estimates of Y. The short-

period PSA estimates are capped with PGA (Equation 3.1) as in some cases the 

estimated PSA for T < 0.2s falls below the computed PGA at large distances. This 

phenomenon is also observed in the GMPEs developed by Chiou and Youngs 

(2014) and Campbell and Bozorgnia (2014). Both of these studies characterize this 

phenomenon as an artifact of numerical analysis that led us to implement such a 

constraint in the model. Equations 3.2 - 3.5 present fmag, fdis, fsof and faat, 

respectively. The term c1 in Equation 3.2 represents the hinging magnitude that 

accounts for magnitude saturation effects after Mw > c1 (see discussions on Figure 

3.11 for further information about c1). FNM and FRV are dummy variables in fsof and 

they are unity for normal and reverse faults, respectively. For strike-slip events, 

FNM and FRV are zero. Note that the regression coefficients of these functions have 

additional  terms that describe the difference between the Turkish and Iranian 

ground-motion amplitude estimates. When regression coefficients with additional 

Δ terms are used, the predictive model estimates ground-motion amplitudes for 

Iran. 
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The nonlinear site function proposed by Sandıkkaya et al. (2013) that is developed 

for the broader Europe is used to account for site effects (fsite). The site model 

proposed in Sandıkkaya et al. (2013) is given in Equation (3.6). The regression 

coefficients of Sandıkkaya et al. (2013) were smoothed in the GMPE as its 

unsmoothed coefficients introduce jagged spectral shapes for low VS30 values. The 

reference rock PGA (PGAREF for VREF = 750m/s) used in Equation (3.6) is 

predicted from the base functional form. VCON is 1000 m/s in the Sandıkkaya et al. 

(2013) site model that represents the VS30 value for the commencement of constant 

site amplification. The other constants in Equation (3.6) are c = 2.5 and n = 3.2. 

They represent the transition between higher and lower ground-motion amplitudes 

(c) and soil nonlinearity (n). The period dependent sb1 and sb2 coefficients of 

Equation (3.6) are listed in Table 3.2 for some selected periods in the GMPE. Note 

that the Sandıkkaya et al. (2013) site model is valid for 150 m/s ≤ VS30 ≤ 1200 m/s. 

Thus, the regression analysis did not consider the Iranian and Turkish 

accelerograms falling outside of this VS30 interval. 
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Table 3.2 Period-dependent fsite coefficients (Sandıkkaya et al., 2013). 

Period (s) sb1 sb2 

PGA -0.41997 -0.28846
PGV -0.72057 -0.19688 
0.01 -0.41729 -0.28685 
0.02 -0.39998 -0.28241 
0.03 -0.34799 -0.26842 
0.04 -0.27572 -0.24759 
0.05 -0.21231 -0.22385 
0.075 -0.13909 -0.17798 
0.1 -0.26492 -0.28832 

0.15 -0.48496 -0.39525 
0.2 -0.64239 -0.44574 
0.3 -0.82052 -0.45287 
0.4 -0.90568 -0.41105 
0.5 -0.95097 -0.37956 

0.75 -1.00027 -0.32233 
1 -1.01881 -0.28172 

1.5 -0.96317 -0.22449 
2 -0.91305 -0.18388 
3 -0.84242 -0.12665 
4 -0.79231 -0.08605 

 

The total aleatory variability () is given in Equation (3.7). The terms τ and ϕ 

describe inter-event (between-event) and intra-event (within-event) standard 

deviations, respectively. 

 

22        (3.7) 

 

ϕ and τ are calculated from Equations 3.8 and 3.9, respectively. sd1 and sd2 are the 

weighted standard deviations obtained from regression analyses whereas w 

designates magnitude-dependent weighting function. The weights are determined 

by examining the sigma trends of each ground-motion intensity parameter in 

different magnitude intervals. The weighting function, w, follows a trilinear 

backbone curve as in Boore et al. (2014). The magnitude bins were assembled with 

0.5 magnitude units starting from Mw 4. Figure 3.6 illustrates the weights for PGA 

for the Iranian and Turkish data. The overall expression for w is given in Equation 

3.10 where a1 and a2 are the weighting factors of the designated magnitude ranges. 
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The  terms indicate the difference between the Turkish and Iranian weighting 

factors. It is noted that the methodology to compute weighting functions is different 

than those implemented by Ambraseys et al. (2005) and Akkar and Bommer 

(2007). These studies did not cap the magnitude-dependent weights towards larger 

and smaller magnitudes that resulted in significant differences in sigma between 

small and large magnitude events. 
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Figure 3.6 Illustration of weighting factors for the standard deviation of PGA: a) 

Turkey, b) Iran. 
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accelerograms to VS30 = 750m/s via Sandıkkaya et al. (2013). The coefficients of 

the GMPE were tailored in multiple steps. The first phase in the analyses was to 

compute weighting functions (w). The reason for computing weighting functions is 

two folded: (1) prevent excessive sigma due to higher uncertainty in small 

magnitude events, and (2) smooth out the uneven magnitude distribution in the 

Iranian and Turkish databases. The databases were divided into several magnitude 

bins of 0.5 magnitude units as indicated previously. Separate median curves were 

fit to the accelerograms falling into these bins for each spectral period. Given a 

period, the trends in the associated standard deviations were used to develop the 

magnitude-dependent weighting functions of sigma. An illustration to this step is 

already given in Figure 3.6 and regression coefficients for w are listed in Table 3.3. 

The rest of the regression coefficients were developed from weighted regression 

analyses. 

 

Magnitude-dependent regression coefficients (b2, b3, b5, b6, b7) as well as the 

regression coefficients to account for SoF effects (b8 and b9) were obtained from 

near-source records (RJB ≤ 80km) in the database. Distance scaling term (b4) was 

computed using the entire database (accelerograms with RJB ≤ 200km). The 

anelastic attenuation coefficient (b10) was obtained from the far-source 

accelerograms (80 ≤ RJB ≤ 200km). The constant regression term (b1) was also 

obtained by considering the entire database. This final step in the regression 

analyses also led to the computation of intra-event (sd1) and inter-event (sd2) sigma 

components. The coefficients were smoothed after each regression step to remove 

jagged variation of estimated response spectra. Tables 3.4 and 3.5 give the 

regression coefficients of the proposed model for some of the selected periods. As 

indicated previously, the  terms listed in parenthesis, should be considered as 

additive terms to account for the ground-motion estimates of Iran. The entire list of 

the regression coefficients of the ground-motion model are given in Appendix A of 

this thesis. 
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Table 3.3 Period-dependent sigma coefficients ( values in parenthesis designate 

the differences in the regression coefficients between Turkey and Iran). 

Period (s) a1 (Δa1) a2 (Δa2) sd1 (Δsd1) sd2 (Δsd2) 

PGA 0.570 (0.120) 0.450 (0.050) 1.0521 (-0.0808) 0.7203 (-0.3250)
PGV 0.560 (0.140) 0.460 (-0.020) 1.0449 (-0.0597) 0.6452 (-0.3013) 
0.01 0.574 (0.116) 0.453 (0.047) 1.0444 (-0.0723) 0.7150 (-0.3231) 
0.02 0.577 (0.113) 0.455 (0.045) 1.0424 (-0.0701) 0.7137 (-0.3180) 
0.03 0.581 (0.109) 0.458 (0.042) 1.0459 (-0.0705) 0.7113 (-0.3143) 
0.04 0.584 (0.106) 0.460 (0.040) 1.0557 (-0.0597) 0.7155 (-0.3064) 
0.05 0.588 (0.122) 0.463 (0.037) 1.0609 (-0.0700) 0.7166 (-0.2770) 
0.075 0.597 (0.143) 0.469 (0.031) 1.0692 (-0.0994) 0.7677 (-0.3045) 
0.1 0.606 (0.154) 0.475 (0.025) 1.0429 (-0.0486) 0.7735 (-0.3358) 

0.15 0.624 (0.136) 0.488 (-0.018) 1.0063 (0.0394) 0.7442 (-0.2839) 
0.2 0.642 (0.118) 0.500 (-0.050) 0.9781 (0.1081) 0.7213 (-0.3050) 
0.3 0.678 (0.082) 0.525 (-0.075) 0.9407 (0.0759) 0.6547 (-0.2651) 
0.4 0.700 (0.060) 0.550 (-0.100) 0.9430 (0.0563) 0.6413 (-0.2308) 
0.5 0.673 (0.087) 0.550 (-0.100) 0.9519 (0.0209) 0.6496 (-0.1724) 

0.75 0.620 (0.140) 0.550 (-0.088) 1.0489 (-0.0161) 0.6582 (-0.2379) 
1 0.620 (0.160) 0.550 (-0.025) 1.0534 (-0.0793) 0.6342 (-0.2569) 

1.5 0.620 (0.160) 0.550 (0.050) 1.0988 (-0.1337) 0.6173 (-0.2358) 
2 0.620 (0.160) 0.550 (0.050) 1.1594 (-0.2183) 0.5724 (-0.1482) 
3 0.620 (0.160) 0.550 (0.050) 1.1596 (-0.2262) 0.6251 (-0.1356) 
4 0.620 (0.160) 0.550 (0.050) 1.0373 (-0.2279) 0.5409 (-0.0862) 

 

Table 3.4 Period-independent hinging magnitude and regression coefficients of the 

predictive model ( values in parenthesis designate the differences in the 

regression coefficients between Turkey and Iran). 

c1 (Δc1) b2 (Δb2) b5 (Δb5) b6 (Δb6) b7 (Δb7) 

6.75 (0.25) 0.193 (-0.146) 0.170 (-0.120) 8.00 (0.00) -0.354 (0.396) 
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Table 3.5 Period-dependent regression coefficients of the ground-motion model ( values in parenthesis designate the differences in 

the regression coefficients between Turkey and Iran). 

Period (s) b1 (Δb1) b3 (Δb3) b4 (Δb4) b8 (Δb8) b9 (Δb9) b10 (Δb10) 

PGA 1.74221 (-0.21234) -0.07049 (-0.03826) -1.18164 (0.17210) -0.01329 (-0.11697) -0.09158 (0.00000) -0.00156 (0.00156) 
PGV 5.58266 (0.20834) -0.13822 (-0.05505) -0.94043 (0.04886) -0.17037 (0.17037) -0.08609 (0.00000) -0.00052 (0.00052) 
0.01 1.75746 (-0.22738) -0.06981 (-0.03877) -1.18362 (0.17408) -0.01349 (-0.11677) -0.09158 (0.00000) -0.00156 (0.00156) 
0.02 1.78825 (-0.24100) -0.07058 (-0.03674) -1.18653 (0.17587) -0.01189 (-0.11837) -0.09158 (0.00000) -0.00160 (0.00160) 
0.03 1.87916 (-0.25702) -0.06976 (-0.0337) -1.19699 (0.16911) -0.00748 (-0.12278) -0.09158 (0.00000) -0.00170 (0.00170) 
0.04 2.00393 (-0.25260) -0.06732 (-0.02850) -1.21315 (0.16032) 0.00788 (-0.13814) -0.09158 (0.00000) -0.00182 (0.00182) 
0.05 2.16076 (-0.24029) -0.06226 (-0.02834) -1.24101 (0.16138) 0.03907 (-0.16933) -0.09158 (0.00000) -0.00197 (0.00197) 

0.075 2.52625 (-0.13086) -0.05082 (-0.03978) -1.30390 (0.16548) 0.08131 (-0.21157) -0.09158 (0.00000) -0.00235 (0.00235) 
0.1 2.72364 (-0.02321) -0.05217 (-0.03843) -1.32996 (0.15961) 0.10000 (-0.23026) -0.09158 (0.00000) -0.00267 (0.00267) 

0.15 2.91835 (-0.23382) -0.06397 (-0.03475) -1.31888 (0.20607) 0.06727 (-0.19753) -0.09158 (0.00000) -0.00296 (0.00296) 
0.2 2.85623 (-0.33645) -0.07494 (-0.03634) -1.27072 (0.22054) 0.01620 (-0.14646) -0.09158 (0.00000) -0.00275 (0.00275) 
0.3 2.44252 (-0.30222) -0.09387 (-0.03939) -1.16008 (0.19687) -0.03697 (0.03697) -0.09158 (0.00185) -0.00204 (0.00204) 
0.4 1.97772 (-0.16785) -0.10977 (-0.04263) -1.05535 (0.14350) -0.06582 (0.06582) -0.09158 (0.09158) -0.00161 (0.00161) 
0.5 1.56410 (0.01469) -0.12342 (-0.04586) -0.97014 (0.08974) -0.08511 (0.08511) -0.01297 (0.01297) -0.00127 (0.00127) 

0.75 0.84856 (0.40612) -0.15056 (-0.05345) -0.83799 (-0.00312) -0.11756 (0.11756) 0.00000 (0.00000) -0.00066 (0.00066) 
1 0.41833 (0.58724) -0.17099 (-0.06008) -0.77438 (-0.04979) -0.14267 (0.14267) 0.00000 (0.00000) -0.00022 (0.00022) 

1.5 -0.10161 (0.75311) -0.19999 (-0.07073) -0.72272 (-0.08751) -0.14621 (0.14621) 0.00000 (0.00000) 0.00000 (0.00000) 
2 -0.45413 (0.83361) -0.21978 (-0.07873) -0.70389 (-0.10083) -0.14621 (0.14621) 0.00000 (0.00000) 0.00000 (0.00000) 
3 -0.95276 (0.90733) -0.24530 (-0.08977) -0.69065 (-0.10974) -0.14621 (0.14621) 0.00000 (0.00000) 0.00000 (0.00000) 
4 -1.29675 (0.82641) -0.26119 (-0.09696) -0.68620 (-0.11252) -0.14621 (0.14621) 0.00000 (0.00000) 0.00000 (0.00000) 
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3.5. Evaluation of Proposed Ground-Motion Model: Effects of Regional 

Differences 

 

The residual plots are shown in Figures 3.7 and 3.8 to explore the degree of 

agreement between the ground-motion estimates of the GMPE and the empirical 

observations from Turkish (Figure 3.7) and Iranian (Figure 3.8) datasets. The inter-

event (ηi) and intra-event (ij) residuals in these figures are plotted for PGV, PGA, 

PSA at T = 0.2s and T = 1.0s. The grey shaded regions in the residual plots indicate 

the mean ± standard deviation of residuals. The error bars indicate the standard 

errors on the estimates of the mean residuals. The inter-event residuals for Mw as 

well as intra-event residuals for RJB and VS30 display random distributions for both 

datasets. The corresponding mean residuals also fluctuate about zero advocating 

that the estimates of the ground-motion model are unbiased with respect to these 

estimator parameters. The inter-event residual distribution of the Turkish data 

displays a more dispersive behavior when compared to the inter-event residual 

trends in the Iranian dataset. It is believed that the magnitude-dependent 

distribution of singly-recorded events in the Turkish and Iranian databases play a 

role in this observation. There are more singly-recorded events in the Turkish 

dataset (62 vs. 50) and 65% of these events have Mw < 5.0. The corresponding 

fraction is 20% in the Iranian data. The singly-recorded earthquakes tend to 

inflate inter-event sigma. It is believed that the skewed nature of singly-recorded 

event distribution towards smaller magnitudes in the Turkish dataset increases this 

adverse effect as observed in Figure 3.7. 

 

The period-dependent variations of inter-event (τ) and intra-event (ϕ) standard 

deviations of the GMPE are shown in Figure 3.9 for Mw 5.0 and Mw 7.5. Both τ and 

ϕ decrease with increasing magnitude as the sigma model is heteroscedastic. The 

Turkish inter-event sigma (Figure 3.9.a) draws the upper bound with respect to its 

Iranian counterpart due to the skewed distribution of singly-recorded events 

towards lower magnitudes. The intra-event standard deviations (Figure 3.9.b) show 

fairly similar trends. The size of data for regression analysis reduces at longer 
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periods due to maximum usable period range of each accelerogram. This results in 

a decaying trend in ϕ towards longer periods as observed in Figure 3.9.b. 

 

 

Figure 3.7 Inter-event (first row) and intra-event (second and third rows) residuals 

of the predictive model for Turkish data. 
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Figure 3.8 Inter-event (first row) and intra-event (second and third rows) residuals 

of the predictive model for Iranian data. 

 

 

Figure 3.9 Comparisons of inter-event (left panel) and intra-event (right panel) 

sigmas for the entire period range for the Turkish and Iranian datasets. The 

comparisons are done for Mw 5.0 and Mw 7.5. 

 

Figure 3.10 compares the distance scaling of the ground-motion model for Iran and 

Turkey. The comparisons are given for magnitudes ranging between Mw 4 and Mw 

8. The chosen spectral ordinates are PGA and PSA at T = 0.2s, T = 1.0s and T = 
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3.0s. The median trends in Figure 3.10 are computed for reference rock (VS30 = 

750m/s) conditions. The faulting mechanism is strike-slip. The estimated spectral 

ordinates are higher for Iran and the difference in the depth distribution of crustal 

earthquakes in Turkey and Iran can be one of the main reasons behind this 

observation (see discussions on Figures 3.4 and 3.5). The distance-dependent decay 

rates of Iranian and Turkish ground-motions also show differences, particularly, for 

moderate-to-small magnitudes: a more gradual decay is observed in the Iranian 

ground motions that can be the attributed to the higher Q factors in Iran. Studies by 

Akıncı and Eyidoğan (1996), Horasan et al. (1998) and Horasan and Boztepe-

Güney (2004) indicate lower Q factors in Turkey with respect to those computed 

from different regions in Iran (e.g., Zafarani et al., 2012; Hassani et al., 2011; 

Zafarani and Soghrat, 2012). 

 

 

Figure 3.10 Distance scaling of the proposed GMPE for Iran and Turkey for 

reference rock (VS30 =750m/s) at different strike-slip spectral ordinates (PGA, PSA 

at T = 0.2s, 1.0s and 3.0s). The plots are given for a magnitude range of Mw 4 - 8. 
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The uneven distribution of small magnitude events (Mw < 5) in the Iranian and 

Turkish databases may affect the above observations. Thus, another set of 

regressions were run by limiting both datasets with earthquakes above Mw 5. 

Figure 3.11 compares the magnitude scaling of these new GMPEs with the one 

obtained from the original ground-motion model. The comparisons are done for 

PGA (Figure 3.11.a) and PSA at T = 1.0s (Figure 3.11.b) at a distance of RJB = 10 

km from a strike-slip fault. The site is once again chosen as reference rock site 

(VS30 = 750m/s). The plots also show the observed data scaled to mimic the above 

earthquake scenario. The scaling is done by using the new GMPEs developed for 

Mw > 5. No appreciable differences are observed from the median estimates of new 

ground-motion model and the original GMPE. Therefore, the discussions on the 

regional differences between SACRs in Iran and Turkey reflect the actual data 

trends. The magnitude scaling plots in Figure 3.11 also provide visual information 

about the hinging magnitude (c1) differences between the two datasets. The 

magnitude saturation commences at slightly larger magnitudes ( Mw 7) in the 

Iranian data (more noticeable in the observed PGA data) and the predictive model 

imposes c1 = 0.25 to appreciate this difference while estimating the ground 

motions in Iran. 

 

 

Figure 3.11 Magnitude-scaling comparison of the original GMPE with the new 

model developed from Mw > 5 empirical data. The comparisons are done for a rock 

site (VS30 = 750m/s) at a distance of RJB = 10km from a strike-slip fault. 
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The strike-slip spectral acceleration estimates of Iran and Turkey for 0.0 s ≤ T ≤ 4.0 

s are shown in Figure 3.12. The panels in the first row compare the median PSA 

values for Mw 6. The bottom row panels make similar comparisons for median + 

sigma spectral accelerations for Mw 8. The site conditions are represented by VS30 = 

225 m/s in the scenario events. The spectral accelerations are plotted for 1 km ≤ 

RJB ≤ 30 km. It is noted that the Mw 8 case pushes the ground-motion model out of 

its limits as the maximum magnitude in the database is Mw 7.6. The larger spectral 

estimates from Iran are the immediate observation in this figure. This observation 

is highlighted in the other comparative figures in this section. The Iranian pseudo-

acceleration spectra display a wider plateau in the acceleration sensitive spectral 

region. The faster decay of short-period spectral ordinates for Turkey reduces the 

width of acceleration plateau in the Turkish spectrum. This characteristic is more 

notable for the Mw 6 case. The Turkish spectral envelops also decay faster in the 

long-period range. 

 

The differences in kappa behavior can contribute to the observed discrepancies in 

the spectral shapes, magnitude and distance scaling of Turkish and Iranian ground 

motions. The variation of kappa in the ground-motion database is given in Figure 

3.13. Anderson and Hough (1984) were used in kappa computations by fitting a 

linear line to Fourier acceleration spectrum between 5 Hz and fx that corresponds to 

a fraction of low-pass filter frequency to minimize the filtering effects on the 

Fourier acceleration components. The fraction that were used for fx is based on the 

recommendations by Akkar et al. (2011). The choice of 5 Hz as the starting 

frequency of linear fits is parallel with the studies of Anderson and Hough (1984) 

and Douglas et al. (2010). The trends given in Figure 3.13 indicate that the Turkish 

data display higher kappa towards smaller magnitudes (Mw ≤ 6), larger distances 

(RJB > 50 km) and softer sites (VS30 ≤ 400 m/s). These attributes would play a role 

in the faster decaying of short-period spectral ordinates in the Turkish data as given 

in Figures 3.10 and 3.12. The differences in the spectral shapes of Turkey and Iran 

can also stem from the regional discrepancies in the near-surface velocity profiles. 



 

103 

 

Figure 3.12 Comparison of spectral ordinates between Turkey (first column) and 

Iran (second column) for Mw 6 (top row) and Mw 8 (bottom row). The scenario 

earthquake is assumed to take place on a strike-slip fault at sites with distances 

ranging between 1 km ≤ RJB ≤ 30 km. The site condition is represented by VS30 = 

225 m/s in the plots. 

 

 

Figure 3.13 Variation of kappa in terms of magnitude, distance and VS30 for 

Turkish and Iranian data. 
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3.6. Comparison of Proposed Ground Motion Model with Other GMPEs 

 

The ground-motion model was compared with the global GMPEs developed from 

Europe as well as NGA-West2 project (Bozorgnia et al., 2014). Figure 3.14 

compares normal-to-strike slip (NM/SS, left panel) and reverse-to-strike slip 

(RV/SS, right panel) ratios of the predictive model with Akkar et al. (2014b) 

(ASB14), Bindi et al. (2014) (Bnd14), Abrahamson et al., 2014 (ASK14), Boore et 

al. (2014) (BSSA14), Campbell and Bozorgnia (2014) (CB14) and Chiou and 

Youngs (2014) (CY14) GMPEs. ASB14 and Bnd14 were developed from the 

subsets of the most recent pan-European database, RESORCE (Akkar et al., 

2014c). The other global GMPEs (ASK14, BSSA14, CB14 and CY14) were 

developed from the different datasets of updated PEER-NGA database (Ancheta et 

al, 2014). A moment magnitude value of Mw 7.0 for ASK14, CB14 and CY14 is 

used as their style-of-faulting ratios are magnitude dependent. The style-of-faulting 

ratios given in Figure 3.14 draw a complicated picture even for global GMPEs that 

are developed from different subsets of the same strong-motion database. The 

NM/SS ratios also depict differences for the Iranian and Turkish data. This fact 

once again emphasizes the dependence of SoF function on the strong-motion 

database (Akkar et al., 2012) that may reflect some regional effects on ground-

motion amplitudes as part of other factors. Although disparities in NM/SS are 

significant among the compared GMPEs, their general tendency is lower NM 

ground motions with respect to SS. The exception to this trend is the new GMPE 

for the Turkish data and Bnd14. They estimate higher NM ground-motions for 

certain intervals of spectral periods. Note that RR/SS ratios display a wider scatter 

among the compared GMPEs. The ground-motion model estimates lower RV 

ground-motion amplitudes with respect to SS at short periods. On average, the RV 

and SS ground-motion amplitudes attain the same values towards longer periods in 

the GMPE. The RR/SS ratios of the proposed model do not indicate significant 

differences for the Turkish and Iranian data. These trends carry some similarities 

with the RV/SS ratios of BSSA14 and ASK14 at short and long periods, 
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respectively. The rest of the GMPEs display different RV/SS patterns that could be 

considered as the indications of complexity in SoF ratios. 

 

 

Figure 3.14 Period-dependent a) normal-to-strike-slip (NM/SS), b) reverse-to-

strike-slip (RV/SS) ratios for selected local and global GMPEs. Style-of-faulting 

ratios of NGA-West2 GMPEs are calculated for Mw 7.0. 

 

The comparisons of total sigma given in Figure 3.15 indicate that the GMPE yields 

similar standard deviations with those of NGA-West2 GMPEs both for small (Mw 

4.5, left panel) and large (Mw 7.5, right panel) magnitudes. Note that standard 

deviations in the proposed ground-motion model and NGA-West2 GMPEs are 

heteroscedastic although the latter GMPEs describe the behavior of their standard 

deviations with more complicated models. The sigma model depends on Mw for 

each spectral period of interest whereas NGA-West2 GMPEs relate sigma with the 

variations in soil behavior, magnitude and distance. The sigma terms in Bnd14 and 

ASB14 only depend on spectral periods. They are comparable with the small-

magnitude sigma of the proposed GMPE. The discrepancy between the sigma 

values of the proposed model and these two GMPEs are significant at large 

magnitudes (e.g., Mw 7.5) for the differences in sigma modelling. The magnitude-

dependent sigma of the proposed model results in reductions in sigma levels at 

large magnitudes. 
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Figure 3.15 Total standard deviation comparisons of the proposed GMPE with 

global ground-motion models: a) Mw 4.5, b) Mw 7.5. 

 

Figure 3.16 shows the comparisons between the proposed model and NGA-West2 

GMPEs in terms of magnitude scaling. The NGA-West2 GMPEs are developed for 

Mw > 3 and most of the small magnitude events in their datasets were compiled 

from California. Their overall trends are similar to each other for the spectral 

ordinates (PGA, PSA at T = 0.2s, 1.0s, 3.0s) considered in the comparisons. The 

magnitude scaling of the GMPE shows a different pattern with respect to NGA-

West2 GMPEs that is particularly notable at short (PSA at T = 0.2s) and very short 

(PGA) periods. The source of discrepancies between the magnitude-dependent 

decay rates of the model and NGA-West2 GMPEs can be two folded. The 

differences in the lower magnitude bounds of the GMPE and NGA-West2 GMPEs 

can be one of these sources. Bommer et al. (2007) concluded that lower magnitude 

limits (Mlow) of datasets control the ground-motion estimates at small magnitudes. 

GMPEs developed from datasets with higher Mlow would predict larger short-

period spectral ordinates towards small magnitudes with respect to those developed 

from the ground-motion datasets of smaller Mlow. The predictive model developed 

for Mw ≥ 5 was used to verify the likely influence of this factor. The ground-motion 

estimates computed from the model developed from Mw ≥ 5 dataset (dotted lines) 

do not show significant differences from the original model developed for Mw ≥ 4. 
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least for Mw ≥ 4. The other source of difference between the proposed model and 

NGA-West2 GMPEs could be the influence of regional differences that is 

discussed throughout this paper. The number of Turkish and Iranian accelerograms 

in the NGA-West2 database is insignificant and NGA-West2 GMPEs may not fully 

describe the variation of SACR earthquakes in the regions covered by Iran and 

Turkey. It is believed that the magnitude scaling of the proposed model and NGA-

West2 GMPEs has similar levels of complexity. Thus, the differences addressed in 

this figure are unlikely to depend on the number of estimator parameters in the 

functional forms. The discrepancy between the magnitude-dependent variation of 

the ground-motion estimates and NGA-West2 GMPEs tends to disappear towards 

intermediate-to-large spectral periods (i.e., T = 1.0s and T = 3.0s, respectively). 

 

The distance scaling of the GMPE is compared with the recent pan-European (first 

column; ASB14 and Bnd14) and NGA-West2 (second column; ASK14, BSSA14, 

CB14 and CY14) ground-motion models in Figure 3.17. As in many comparative 

scenarios of this article, the chosen site represents reference rock conditions (VS30 = 

750m/s) and the causative fault is strike-slip. The comparisons are based on median 

PSA at T = 0.2s for Mw 6.0 (top row) and Mw 7.5 (bottom row). These magnitudes 

can represent moderate-to-large shallow active crustal events in Iran and Turkey. 

The discrepancies between ground-motion estimates of the proposed model and 

NGA-West2 GMPEs are pronounced for Mw 6.0 for the entire distance range. They 

tend to diminish in the large magnitude case (Mw 7.5) but one would still note the 

differences in distance scaling patterns after RJB > 20 km. The pan-European 

GMPEs almost overlap with ground-motion estimates of the proposed model for 

Turkey as their datasets for strike-slip events are dominated by the Turkish 

accelerograms after Mw 6.0. However, the distance scaling of pan-European 

GMPEs draw a significantly different pattern with respect to the ground-motion 

estimates for Iran. The pan-European datasets of Bnd14 and ASB14 include few 

reverse, large-magnitude Iranian events that may partially explain this observed 

difference. 
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Figure 3.16 Magnitude scaling comparisons of the proposed GMPE with NGA-

West2 ground-motion models for (a) PGA, (b) PSA at T = 0.2s, (c) PSA at T = 1.0s 

and (d) PSA at T = 3.0s. The plots are drawn for reference rock condition (VS30 = 

750m/s) for a site located at RJB = 10km from a vertical strike-slip fault. The dotted 

curves show the ground-motion estimates of a GMPE developed from 

accelerograms with Mw ≥ 5 in the considered dataset. 
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Figure 3.17 Distance scaling of the GMPE and its comparisons with the pan-

European (ASB14 and Bnd14) GMPEs (1st column panels) as well as NGA-West2 

GMPEs (2nd column panels) for Mw 6.0 (top row) and Mw 7.5 (bottom row). The 

comparisons are done for median PSA at T = 0.2s for a strike-slip fault. The site 

represents the reference rock conditions (VS30 = 750m/s). 
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m/s. The amplitude differences due to major fault mechanisms are also considered 

in the estimated ground-motion intensities. 

 

The emphasis of the proposed model is the consideration of regional differences in 

the variations of estimated ground motions in terms of magnitude and distance 

scaling as well as spectral shapes. The observations suggest that the depth 

distribution of shallow active crustal earthquakes in Iran and Turkey, the 

differences in near-surface velocity profiles, Q-factors, the variations in kappa as a 

function of magnitude, distance and VS30 result in different patterns in the 

estimated spectral intensities of Iran and Turkey. The ground motions in Iran are 

larger in spectral amplitude and their decay rates are slower at short- and long-

period spectral ordinates for factors indicated above. Inherently, these factors lead 

to differences between predictions of the proposed model and those of global 

NGA-West2 and pan-European GMPEs. The differences between estimations of 

the proposed model and global GMPEs are not only observed in small magnitudes 

and distant sites but also for large magnitudes. Note that the discussions about 

regional effects on ground-motion estimates still constitute an important research 

topic and the observations in this paper would trigger more systematic studies to 

better address these effects in GMPEs. 
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CHAPTER 4 

 

 

A NEW PROCEDURE FOR SELECTING AND RANKING 

GROUND-MOTION PREDICTION EQUATIONS (GMPES): THE 

EUCLIDEAN-DISTANCE BASED RANKING (EDR) METHOD 

 

 

 

Adapted from Kale Ö and Akkar S (2013). A New Procedure for Selecting and 

Ranking Ground-Motion Prediction Equations (GMPEs): The Euclidean Distance-

Based Ranking (EDR) Method. Bulletin of the Seismological Society of America, 

103, no. 2A, 1069-1084. 

 

 

 

This chapter introduces a procedure for selecting and ranking of ground-motion 

prediction equations (GMPEs) that can be useful for regional or site-specific 

probabilistic seismic hazard assessment (PSHA). The methodology is called as 

Euclidean-Distance Based Ranking (EDR) as it modifies the Euclidean distance 

concept for ranking of GMPEs under a given set of observed data. The Euclidean 

distance is similar to the residual analysis concept. Its modified form, as discussed 

in this paper, can efficiently serve for ranking the candidate GMPEs. The proposed 

procedure separately considers the ground-motion uncertainty (i.e., standard 

deviation of the ground-motion model) and the bias between the observed data and 

median estimations of candidate GMPEs (i.e., model bias). Indices computed from 

the consideration of aleatory variability and model bias or their combination can 

rank GMPEs to design GMPE logic-trees that can serve for site-specific or regional 

PSHA studies. These features are discussed through a case study and ranked a suite 

of GMPEs under a specific ground-motion database. The case study indicated that 
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separate consideration of ground-motion uncertainty (aleatory variability) and 

model bias or their combination can change the ranking of GMPEs. The ranking of 

GMPEs also showed that the ground-motion models having simpler functional 

forms generally rank at the top of the list. It is believed that the proposed method 

can be a useful auxiliary tool to improve the decision making stage while 

identifying the most proper GMPEs according to the specific objectives of PSHA. 

 

4.1. Introduction 

 

Ground-motion prediction equations (GMPEs) are the main tools in estimating 

ground-motion intensities that are used to assess seismic hazard in a seismic prone 

region. The increasing size and quality of the ground-motion databases in recent 

years has resulted in a significant number of new local and global predictive 

models. Consequently, engineering seismologists have started to propose a number 

of statistical and probabilistic procedures to rank and select GMPEs to properly 

address the seismotectonic features of the region considered for hazard assessment. 

One of the major objectives of these efforts is to reduce the uncertainty in ground-

motion variability that, essentially, affects the computed hazard at long return 

periods. 

 

There are many methods in the statistical literature to test the agreement between 

observed and predicted data (e.g., chi-square test, Kolmogorov-Smirnov test, 

variance reduction, Pearson’s correlation coefficient and Nash-Sutcliffe efficiency 

coefficient). Recently, these methods have been evaluated by various studies to 

understand the suitability of a given predictive model under a set of collected 

ground motions (e.g., Scherbaum et al., 2004; Kaklamanos and Baise, 2011). That 

said, the most common methodology for assessing predictive model performance 

remains as classical residual analysis. This statistical method determines the 

existence of bias by means of mean residuals as well as the slopes of the straight 

lines fitted to the different residual components (i.e., between-event, within-event 

or total residuals) as functions of estimator parameters such as magnitude and 
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source-to-site distance. Studies like Bindi et al., (2006); Scassera et al., (2009); 

Shoja-Taheri et al., (2010) used residual analysis to evaluate GMPEs under 

different ground-motion databases. The recent likelihood-based testing and ranking 

techniques proposed in Scherbaum et al. (2004) (likelihood; LH method) and 

Scherbaum et al. (2009) (log-likelihood; LLH method) have also appealed the 

seismological and engineering community as they are easy to implement with well-

tailored outcomes to envisage the best performing GMPEs for a given ground-

motion dataset. The LH method calculates the normalized residuals for a set of 

observed and estimated ground-motion data. It assumes that the predictive model 

residuals are log-normally distributed and it calculates the exceedance probabilities 

of residuals as likelihood (LH) values. The suitability of candidate GMPEs is 

identified through the median LH value that is described as LH index, which takes 

values between 0 and 1. For an optimum case LH values are evenly distributed 

between 0 and 1, and the median of LH is about 0.5. The LLH method is an 

information-theoretic model selection procedure and it is based on the log-

likelihood approach to measure the distance between two continuous probability 

density functions f(x) and g(x). The distribution of f(x) that is supposed to exist for 

each individual data point in the observed ground-motion dataset is not known a 

priori. This method calculates the average log-likelihood of a predictive model 

whose distribution, g(x), is known through its median and standard deviation 

(sigma). The method computes the occurrence probability of observed data point 

by using the probability distribution of candidate GMPE. This way it computes the 

LLH value as the model selection index. 

 

Among the testing and ranking methods proposed by Scherbaum and his co-

workers the LH method was initially applied to the border region of France, 

Germany and Switzerland for a small set of observed data (Scherbaum et al., 

2004). Later Hintersberger et al. (2007) extended the dataset for the same region 

and implemented the same method using the same candidate GMPEs as of the 

former study. These two studies obtained similar ranking results for the same set of 

candidate GMPEs advocating the robustness of LH indices for selecting the proper 
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GMPEs in hazard analysis. Stafford et al. (2008) evaluated the applicability of 

Next Generation Attenuation (NGA; Power et al., 2008) GMPEs to Euro-

Mediterranean region by using LH as well. This method was also considered in 

Kaklamanos and Baise (2011) as supplementary to the results of Nash-Sutcliffe 

model efficiency coefficient (Nash and Sutcliffe, 1970) to validate the NGA 

GMPEs by making use of a ground-motion dataset assembled from the recent 

earthquakes recorded in California. The information-theoretic LLH approach that 

supersedes the LH technique was used for the selection and ranking of GMPEs in 

various studies as well (e.g., Delavaud et al., 2009; Delavaud et al., 2012a; 2012b; 

Mousavi et al., 2012; Beauval et al., 2012a; 2012b). Of these studies the Delavaud 

et al. (2012b) paper uses LLH as an adjunct tool to determine the logic-tree weights 

of the GMPEs that are used in assessing the hazard in Europe and south 

Mediterranean regions under the framework of SHARE (Seismic Hazard 

HARmonization in Europe) project. 

 

This study presents an alternative testing and ranking approach for a pre-selected 

set of GMPEs. Although the working stage of this methodology is inspired by the 

LH and LLH methods, an approach different than those of LH and LLH methods is 

utilized while considering the model bias and aleatory variability in the estimated 

ground motions. The proposed method uses the Euclidean distance: the absolute 

difference between the observed and estimated data (analogous to the residual 

analysis concept) to account for the trend (model bias) between the observed and 

estimated ground-motion data. The method also employs Euclidean distance to 

account for the aleatory variability in ground motions (addressed by the standard 

deviation of GMPE) through an approach similar to that of PSHA. These two 

features: consideration of model bias and aleatory variability make the method 

appealing for PSHA projects that carry different types of objectives (e.g. regional 

vs. site-specific PSHA studies). The method presents ranking results that are 

normalized by the total number of data, which can be considered as an additional 

strength while selecting and ranking of GMPEs for regions of sparse data. The 

following sections first summarize some important observations on the most 
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frequently used testing and ranking methodologies and then describe the 

fundamental concepts of the proposed method. The paper ends with a case study to 

show the practical implementation as well as the specific features of the proposed 

methodology. It is believed that the proposed procedure can be used efficiently 

while identifying the proper suites of GMPEs for hazard studies of different 

objectives. However, it is also believed that the sole use of the procedure for testing 

and ranking of GMPEs would be insufficient as a rigorous selection methodology 

should be an integrative process that considers multiple statistical measures. The 

decision-making process could be improved significantly with the consideration of 

additional testing methods as well as the conventional residual analysis that is 

especially helpful as a visual tool. 

 

4.2. Summary of Some Observations on the Current Testing and Ranking 

Methods: 

 

Scherbaum et al. (2004) studied the simple statistical measures such as significance 

tests, variance reduction and Pearson’s correlation coefficient while proposing the 

LH method. In their paper, the authors indicated that these methods do not produce 

consistent outcomes to properly rank the performance of candidate GMPEs for a 

given ground-motion dataset. The direct implementation of conventional residual 

analysis, despite of its visual efficiency in explaining the level of agreement 

between the median predictions and observed data (model bias), will also not 

provide flexible options for ranking candidate GMPEs. The model efficiency 

coefficient (Nash and Sutcliffe, 1970) is a major improvement over the goodness-

of-fit statistics that are discussed above because it directly quantifies the amount of 

bias in a model (Pearson’s correlation coefficient, for example, is not sensitive to 

additive and multiplicative biases). However, it does not quantify how well the 

aleatory variability (sigma) of the observations is predicted by the models. 

 

Although the LH method was proven to be a robust approach for ranking the 

candidate GMPEs its dependence on the data size and subjectivity in choosing the 
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threshold LH-value led Scherbaum et al. (2009) to propose the LLH method that 

overcomes these weaknesses. The LLH method treats GMPEs as probability 

distributions by means of their medians and standard deviations. Provided the 

specific features of the ground-motion dataset used in testing, this method may 

favor GMPEs with larger standard deviations as they can predict the outlier 

observations with higher probabilities. Such a case can be observed, for example, 

during the testing of two GMPEs having fairly similar median estimations and 

different standard deviations. The LLH method can lead to better performance of 

the predictive model with larger sigma, in particular, if the observed data are 

accumulated away from the median estimations of the two GMPEs. Consistent 

with the underlying theory in LLH, the competing predictive model with larger 

sigma would yield larger probabilities of occurrence indicating that it can capture 

these outliers better than its alternative.  

 

The above discussions about LLH are illustrated by a case study as presented in 

Figure 4.1. Figures 4.1.a and 4.1.b show the observed vs. estimated PGA data in 

natural logarithms for two candidate GMPEs (Akkar and Çağnan (2010) and Özbey 

et al. (2004) that are designated as models A and B, respectively). The observed 

dataset is extracted from a strong-motion databank that is compiled for the 

Earthquake Model of the Middle East project (EMME). Detailed information 

about this strong-motion databank is given in the latter parts of the paper. The 

scatter plot in the second row compares the median estimations of these two 

models for the same dataset indicating almost identical median trends. The almost 

exact matching of median estimations of the two GMPEs is also verified by 

calculating the model efficiency coefficient, E (Nash and Sutcliffe, 1970). The E 

values from models A and B are exactly the same (63%). The standard deviation of 

model A (σmodelA = 0.832) is larger than the standard deviation of model B (σmodelB 

= 0.599). The LLH testing results of these GMPEs are 1.91 (model A) and 2.21 

(model B) for the given dataset pointing that LLH favors model A against the 

performance of B (Smaller LLH values can be interpreted as the accurate 

description of aleatory variability posed by the ground-motion dataset). Note that, 
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of the same GMPEs, the LLH method would have chosen the GMPE with smaller 

sigma if the observed data displays a closer distribution to the median estimations 

of the considered GMPEs. 

 

 

Figure 4.1 Natural logarithms of observed vs. estimated PGA data corresponding to 

(a) model A and (b) model B. Panel (c) shows the scatter plot comparisons of the 

ground-motion estimations of these 2 models for the observed data. The sigma 

values of models A and B are 0.832 and 0.599, respectively. 

 

Discussions on the LLH method in the above paragraphs indicate that this method 

(as well as its predecessor, the LH method) focuses on selecting a suite of GMPEs 
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that can accurately represent the aleatory variability of the ground-motion dataset 

used in testing. As given in the above case study, this objective may favor GMPEs 

with large sigmas that may result in conservative probabilistic seismic hazard for 

long-return periods (Restrepo-Velez and Bommer, 2003). The proposed method 

provides an alternative approach to describe the aleatory uncertainty featured by 

the used ground-motion dataset. The dispersion of the ground-motion dataset and 

uncertainty of the estimations computed from the GMPE are considered together. 

This is achieved by computing the occurrence probabilities of differences between 

the observed data and a range of model estimations that are described for an 

interval of sigma values. Besides, the method accounts for model bias by using a 

factor computed from residual analysis. The method then combines these two 

separate effects as an index to rank the overall performance of GMPE. The effects 

of aleatory uncertainty and model bias can also be considered separately depending 

on the specific purposes of the PSHA study. The derivation of the proposed method 

as well as its specific properties is discussed in the subsequent sections of the 

paper. 

 

4.3. Proposed Testing and Ranking Method: 

 

The highlighted observations on the likelihood methods as well as other statistical 

measures revealed to present an alternative testing and ranking methodology that 

can lead to a practical and robust strategy for selecting the most appropriate set of 

GMPEs for a given size-independent ground-motion dataset. The interpretation 

from background studies advocate that a versatile ranking and selection procedure 

should account for the influence of sigma on the estimated ground motions and 

measure the bias between the observed data and median estimations. Accordingly 

these features are the central aspects for detecting a proper set of GMPEs to be 

used in probabilistic seismic hazard analysis (PSHA) that serve for different 

objectives such as site-specific or regional studies. Moreover, the competency of 

the method should not be limited to the data size because finding large numbers of 

ground-motion data might not be possible for some seismic prone regions. 
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The proposed methodology is called as the Euclidean-Distance Based Ranking 

(EDR) method as it is based on the Euclidean distance (DE) definition given in 

Equation 4.1. The Euclidean distance is a statistical index where square root of sum 

of squares of the differences between N data pairs (pi, qi) is calculated. The 

parameters pi and qi in Equation 4.1 designate the observed and estimated ground 

motion data in the methodology that will be explained in detail in the subsequent 

sections. In the proposed ranking method, DE definition is slightly modified 

considering some basic probability rules to account for the criteria mentioned in the 

previous paragraph. These modifications and the theory behind are discussed in the 

following subsections. 

 

  
N

1i
2

ii
2 )qp(DE      (4.1) 

 

4.3.1. Consideration of Sigma: Uncertainty in Ground-Motion Estimations 

 

While considering the influence of standard deviation (sigma), an analogy is made 

from the implementation of GMPEs in PSHA. The GMPEs are used for a range of 

sigma values in PSHA to address the randomness in ground motion estimations. In 

the proposed methodology, the estimated ground-motion intensity for a single data 

point (that consists of a certain magnitude, distance, style-of-faulting and site class) 

is assumed to take a set of values that are computed from a predetermined range of 

standard deviation of the considered GMPE. In other words, for a single observed 

data, the candidate GMPE can estimate a range of values due to the aleatory 

variability in ground motions. The differences between the observed point and the 

range of estimations for that single point result in a probability distribution. The 

procedure considers this distribution while assessing the performance of the 

candidate GMPE under the considered dataset. The following paragraphs describe 

the background theory of this approach. 

 

The EDR method assumes that the natural logarithm of the predictive model as 

well as the Euclidean distances computed for each data point is normally 
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distributed. Let D in Equation 4.2 denotes the difference between the natural 

logarithms of an observed (a) and estimated (Y) data point. In this expression, a is 

scalar quantity (single observation) whereas Y, the estimator for a predictive model, 

is a Gaussian random variable with mean, µY, and variance, σ2
Y. From the basic 

principles of the summation of random variables, D can be proven to be a normally 

distributed variety (Devore, 2004) with parameters given in Equations 4.3. 

 

YaD       (4.2) 

 

YD a        (4.3.a) 

2
Y

2
D        (4.3.b) 

 

For each single point, the square of D values contributing to DE are non-negative. 

If an analogy between D and DE is wanted to establish, the probability distribution 

of the absolute values of D [i.e., Pr (|D|)] must be considered. Equation 4.4 shows 

the probability of |D| being less than a certain value d [i.e., Pr (|D| < d)], which is 

actually the difference between Pr (D < d) and Pr (D < -d) as shown in Figure 4.2. 

The parameter  denotes normal cumulative distribution function in Equation 4.4. 

This equation will be used to derive the probability distribution of |D|. 
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Figure 4.2 Probability distribution definitions given in Equation 4.4: (a) Pr (D < d), 

(b) Pr (D < -d), (c) Pr (|D| < d). 

 

For discrete values of D, which are denoted by dj in this terminology, the 

occurrence probability of dj [i.e., Pr (dj)] is described within an infinitesimal 

bandwidth dd around dj [i.e., Pr (dj-dd/2 < D < dj+dd/2)]. As the method considers 

the occurrence probabilities of dj via analogy made between DE and D, this 

probability have to be modified as Pr (|dj-dd/2| < |D| < |dj+dd/2|). Such a 

relationship can be derived by making use of Equation 4.4 and it is given in 

Equation 4.5. Figure 4.3 and its caption describe the meanings of each term in 

Equation 4.5. 
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Figure 4.3 Probability distribution definitions given in Equation 4.5: (a) Pr (-

|dj+dd/2| < D < |dj+dd/2|), (b) Pr (-|dj-dd/2| < D < |dj-dd/2|), (c) difference 

between the probabilities given in (a) and (b); total discrete probability, Pr (|dj-

dd/2| < |D| < |dj+dd/2|), (d) probability density function of |D|. The probabilities 

of (a) and (b) are equivalent to Pr (|D| < |dj+dd/2|) and Pr (|D| < |dj-dd/2|), 

respectively. The gray shaded area in (d) represents the summation of the discrete 

probabilities in negative and positive sides of the probability density function in (c) 

[i.e., Pr (|dj-dd/2| < |D| < |dj+dd/2|)]. D is normally distributed random variable 

with µD and σ2
D while |D| is a non- negative random variable. 

 

The probability-based average for a set of |dj| values is called as Modified 

Euclidean distance (MDE) in this procedure. Equation 4.6 defines the discrete 

Modified Euclidean Distance (MDEd) when |D| is described in discrete points. In 

this equation, n is the number of discrete points that depends on the bandwidth of 

dd (Figures 3c and 3d) and the maximum value of |d| (i.e., |d|max). If |D| is assumed 
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to be continuous, the integral expression given in Equation 4.7 is used to calculate 

the continuous Modified Euclidean Distance (MDEc). 
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MDE can be considered as a probability-based average that is used as an index to 

account for the effect of sigma while testing the performance of GMPEs under a 

given ground-motion dataset (Equations 4.6 and 4.7). The entire methodology is 

based on the Euclidean distance concept that is very similar to residual analysis. 

Euclidean distance is preferred instead of residual analysis, as it results in non-

negative differences between observations and estimations that can be easily 

transformed into an index. 

 

For practical applications of the proposed method it is suggested that |d|max value 

should be selected in accordance with the following relationship: 

 

)xmax(d DDmax
     (4.8) 

 

In Equation 4.8, x denotes the multiplier of sigma and |d|max depends on the value of 

this parameter. If x is selected as 3, the procedure would approximately cover 

99.7% of the differences between the observed and estimations of a candidate 

ground-motion model provided that the normality assumption holds for the 

considered variables in the methodology. Note that the distribution of D is 

unsymmetrical about zero unless there is a one-to-one match between the observed 

data point and the corresponding median estimation. On the other hand the |dj| pairs 



 

124 

(i.e., |dj| and -|dj|) are always symmetric about zero. These remarks are illustrated in 

Figure 4.3.c. 

 

Table 4.1 provides an insight about the variation of MDE for a set of x and dd 

values by considering an arbitrary ground-motion model and a sample dataset. The 

MDE values are computed by considering the probability distribution of D either as 

discrete (MDEd) or continuous (MDEc). The results given in Table 4.1 are derived 

for µD = 0.75 and σD = 0.5. They suggest that when x is 3 and bandwidth of dd is 

0.1, MDEd and MDEc almost overlap each other. Thus, taking x = 3 and dd = 0.1 

can be considered as sufficient for reliable calculation of MDE while testing the 

performance of a candidate GMPE. Numerous other case studies were also 

conducted for various µD - σD pairs and they did not change the major observations 

presented in Table 4.1. Therefore, choosing x > 3 to cover a larger ground-motion 

estimation range or taking dd < 0.1 for a better approximation of continuous 

probability distribution of D will only increase the computational burden but will 

not result in improvements in the computed MDE. 

 

Table 4.1 Comparison of MDE values for discrete and continuous probability 

distributions by considering the variations in bandwidths (dd) and number of sigma 

(x). 

x 
MDEd * 

MDEc 
† 

dd=0.1 dd=0.05 dd=0.01 

3 0.7754 0.7762 0.7761 0.7761 

4 0.7796 0.7793 0.7792 0.7792 

6 0.7797 0.7794 0.7793 0.7793 

9 0.7797 0.7794 0.7793 0.7793 
* MDEd: MDE values for discrete probability (calculated from Equation 6) 
† MDEc: MDE values for continuous probability (calculated from Equation 7) 

 

Some sensitivity analyses were also conducted by generating synthetic ground-

motion datasets to see the variations in MDE when the intricate relation between 

the distributions of ground-motion datasets and GMPE estimations are of concern. 
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These sensitivity analyses indicated that the median and standard deviation of 

model estimations play a significant role on MDE values. Based on the sensitivity 

analyses, it is found that the index varies between 0.5 and 3.2 depending on the 

consistency of above two parameters with the overall trend and scatter of observed 

ground-motion dataset. Details of discussions on the results of sensitivity analyses 

are given in the following paragraphs. 

 

Assuming log-normal distribution, the synthetic datasets are generated for different 

numbers of data. The number of data varies between 30 and 210 with increments of 

30. The synthetics mimic the observed ground-motion datasets in these analyses. 

Figure 4.4 shows the distributions (histograms) of a sample set of synthetic datasets 

generated for  = 0.5 and  = 0.5 (median and standard deviation of the generated 

synthetic dataset, respectively). The synthetic data that represent the observed 

values are plotted in logarithmic scale in this figure. 

 

Figure 4.5 shows the variations in MDE (i.e.,  
N

1i
2
iMDE

N

1
) in terms of different 

sample sizes of synthetic data. The median, , is taken as 0.5 in all cases whereas  

is varied as 0.5, 0.7, 0.8 and 1.0 while generating the synthetic data for each set. 

The standard deviations of model estimations (Y) are assumed to follow the 

standard deviations of the generated synthetic datasets (i.e., Y = ). The medians 

of model estimations (Y) systematically take different values in each case. Four 

different y levels are considered in the sensitivity analyses: Y = , Y =  + , Y 

=  + 2 and Y =  + 3. The plots in Figure 4.5 summarize the changes in MDE 

for the entire sensitivity analyses by making use of above cases. 
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Figure 4.4 A sample set of synthetic datasets with different data sizes (NS). 

 

One can infer that MDE is independent of data size from the plots in Figure 4.5. 

When median and standard deviations of model estimations are very similar to the 

average trend and scatter of observed data (i.e., Y =  and  = Y), MDE attains 

values between 0.5 and 1.2 depending on the level of scatter in the observed data. 

In other words as the scatter in observed data increases MDE starts to increase even 

if the standard deviations of model estimations follow very similar trends to those 

of observed data. MDE varies between 1.5 and 3.2 when the model estimations 

significantly differ with respect to the observed data (i.e., Y =  + 3). The 

increase in MDE depends on the dispersion of observed ground-motion dataset as 

in the previous case. 
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Figure 4.5 Variation of MDE (i.e.,  
N

1i
2
iMDE

N

1
) for different scenarios in terms 

of ground-motion model estimations with different median (Y) and standard 

deviations (Y) that are adjusted by considering the median () and standard 

deviations () of generated synthetic datasets. 

 

Given two GMPEs, the MDE index computed for the small-sigma predictive model 

will always be smaller with respect to the other one provided that the median 

estimations of these GMPEs follow similar patterns. The EDR method selects |d|max 

by considering the area under the normally distributed parameter D that gives the 

difference between the absolute value of natural logarithms of observed and 

estimated data points (Equation 4.2). The value of |d|max depends on the standard 

deviation of GMPE (Equation 4.8) and the probabilities of discrete dj that are 

greater or less than |d|max are almost zero if the area to be considered under this 

probability distribution is chosen as 99.7%. Figure 4.6 shows the normally 

distributed D parameters of two models having the same median estimations but 

different standard deviations. The standard deviation of Model 2 is greater than the 

standard deviation of Model 1 that results in higher dmax in Model 2 (i.e., |d|max,2 > 



 

128 

|d|max,1). As depicted in Figure 4.6, dj values that are close to median of both models 

attain small values with high occurrence probabilities. The occurrence probabilities 

of dj values become smaller as they start shifting away from the median. When dj 

takes larger values between -|d|max,2 and -|d|max,1 or |d|max,1 and |d|max,2, their 

occurrence probability is almost zero for Model 1 but is still significant for Model 

2. From these discussions and the expression used for computing MDE (Equation 

4.6) one can infer that MDE value computed for Model 1 will always be smaller 

than that of Model 2. In addition to that, a detailed clarification of selecting small 

sigma predictive model is given in Appendix B. 

 

 

Figure 4.6 Comparisons between two GMPEs (predictive models) having the same 

medians and different standard deviations. 

 

4.3.2. Consideration of Trend between Observed and Estimated Data: Model 

Bias 

 

A significant trend between the observed data and corresponding median 

estimations can be interpreted as the biased representation of the ground-motion 

data by the candidate predictive model. In the proposed method the κ parameter 

(Equation 4.9.a) is introduced to measure the level of bias between the observed 

and estimated data. Unlike MDE, this parameter should be computed using the 

entire ground-motion database. This parameter is the ratio of original (DEoriginal) 

and corrected (DEcorrected) Euclidean distances that are given in Equations 4.9.b and 

Model1
Model2

|d|max,2-|d|max,2 |d|max,1-|d|max,1
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4.9.c. Note that the squared Euclidean distances in Equations 4.9.a and 4.9.b are 

equivalent to the sums of the squared residuals. 

 

corrected
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In the above equations ai and Yi are the natural logarithms of the ith observed and 

estimated data, respectively. N denotes the total data number in the assembled 

ground-motion database. The parameter Yc,i stands for the corrected estimation of 

the ith data after modifying Yi with the straight line fitted on the logarithms of the 

estimated and observed data. Equation 4.10 shows the calculation of Yc,i. 

 

)aY(YY ii,fitii,c      (4.10) 

 

where Yfit,i is the predicted value from the regression of Yi on ai. 

 

Note that the optimum value of κ is 1.0 and it occurs when estimations take very 

close values to the corresponding observations. Illustrations for the computation of 

κ for 2 representative predictive models (Model 1 and Model 2) are given in Figure 

4.7. The κ values of the example cases in Figure 4.7 are 1.18 and 3.41 for Model 1 

and Model 2, respectively. As inferred from the left-hand side panels on this figure, 

κ increases when the fitted straight line on ai vs. Yi becomes more noticeable, 

which indicates the dominant bias in the estimations of the considered GMPE 

(Model 2 for the cases given in Figure 4.7). In this ranking method, κ penalizes the 

predictive model by comparing the DE values obtained from original and corrected 

residual trends. The overall calculation of EDR index is described in the following 

section. 
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Figure 4.7 Original scatter plots of the natural logarithms of observed data, a, and 

corresponding median estimations, Y, obtained from Model 1 and 2 [Panels (a) and 

(c), respectively]. These scatter plots also show the thick straight lines fitted on the 

logarithms of observed and estimated data (given on the lower right corner of each 

plot). Panels (b) and (d) show the relationship between the corrected median 

estimations (Yc) and observed data for Model 1 and 2, respectively. Corrected 

estimations of each model are calculated by using the corresponding straight-line 

fits given on the panels (a) and (c). The κ value for each model is the ratio of DE 

values computed from original and corrected median estimations. 

 

4.3.3. Final Form of the EDR Index and Its Use in Ground-Motion Logic-Tree 

Applications 

 

The calculations presented for a single data point while describing MDE should be 

repeated for the entire ground-motion database as EDR index must represent the 
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overall probability of the differences between the estimated and observed data. 

This probability should then be modified by κ to penalize the considered predictive 

model according to the level of bias detected between the median estimations and 

overall trend in empirical data. To eliminate the dependency of EDR results on data 

size the compound effect of κ and MDE should be normalized by the total data 

number, N, in the ground-motion dataset. Equation 4.11 shows the mathematical 

expression of EDR. It is noted that EDR index is the square root of the expression 

given in Equation 4.11. A smaller EDR value implies better representation of the 

ground-motion dataset by the predictive model. 

 

2

i
N

1i
2 MDE

N

1
EDR      (4.11) 

 

4.4. Implementation of EDR: Influence of κ and MDE on the Ranking of 

GMPEs: 

 

The main emphasis up to this point is the consideration of sigma (aleatory 

variability) and detection of model bias on the overall observed data for optimum 

ranking of candidate GMPEs. This section presents a case study to show how the 

proposed procedure accounts for these two components separately while ranking 

the predictive models. The case study uses an empirical ground-motion dataset8 

compiled for ground-motion model selection and ranking under the framework of 

the Earthquake Model of the Middle East (EMME) project. The database 

comprises of 1703 horizontal-component accelerograms from active shallow-

crustal regions of Turkey (984 records), Iran (602 records), Caucasus (100 

records), Jordan (6 records) and Pakistan (11 records). The moment magnitude 

(Mw) vs. Joyner-Boore distance (RJB; closest distance to the surface projection of 

fault rupture) scatter plots of the used database in terms of country, style-of-

                                                 
8 This database is a preliminary version of the EMME strong-motion database given in Chapter 2. 
Although this version shows some differences with respect to number of data and metadata 
information from the final version of the EMME database, it reflects the main seismological 
features well. 
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faulting and site class distributions are given in Figure 4.8. The information 

revealed from the scatter diagrams in Figure 4.8 indicates that Turkey and Iran are 

the major data providers to the database. The dominant rupture mechanism is 

strike-slip (S) that is followed by reverse (R) and normal (N) fault events. The 

number of reverse and normal style-of-faulting accelerograms is close to each other 

but strike-slip recordings are approximately equal to the total number of normal 

and reverse faulting data. Accelerograms of B and C soil categories according to 

Eurocode 8 (CEN, 2004) site classification dominate the site conditions. 

Notwithstanding there are quite a few accelerograms (14% of total data) satisfying 

rock conditions (described as site class A in Eurocode 8) in the database. Almost 

95% of the accelerograms pertain to events with hypocentral depths less than 30km 

as shown in Figure 4.9. Events with hypocentral depths greater than 30km (up to 

60km) are located either in eastern Turkey or different parts of Iran. None of the 

deep events from Iran fall into the Makran region whose seismotectonic settings 

generate subduction type earthquakes (Engdahl et al., 2006). The event- and 

record-based information of the database was compiled from various local and 

international sources that are listed in Table 4.2. Style-of-faulting and important 

fault-rupture geometries of almost all events were determined from double-couple 

fault solutions that are mainly retrieved from global centroid moment tensor 

(GCMT) solutions of Harvard (see Data and Resources section). To this end it can 

be advocated that the computed extended-source distance metrics (i.e., RJB and 

RRUP: closest distance to the ruptured fault surface) are fairly reliable. This feature 

of this database is important because most of the recent GMPEs make use of 

extended-source distance measures while describing the variation of ground-

motion amplitude as a function of source-to-site distance. A uniform data 

processing procedure that is based on 4th-order acausal Butterworth band-pass 

filtering is implemented. The high-pass and low-pass filter cut-off values were 

mainly identified by following the discussions in Akkar and Bommer (2006) and 

Akkar et al. (2011). 

 

 



 

133 

 

Figure 4.8 Magnitude (Mw) vs. Joyner-Boore distance (RJB) scatter plots of the 

considered database in terms of (a) country, (b) rupture mechanism and (c) site 

class distributions. Eurocode 8, EC8, (CEN, 2004) site classification is adopted for 

soil definitions: Site classes A, B, C and D refer to VS30 (average shear velocity in 

the upper 30m of the soil profile) intervals of VS30 ≥ 800m/s, 360m/s ≤ VS30 < 

800m/s, 180m/s ≤ VS30 < 360m/s and VS30 < 180m/s, respectively. Country or 

region abbreviations TR, IR, CA, JO and PA stand for Turkey, Iran, Caucasus, 

Jordan and Pakistan, respectively. The abbreviations S, R and N denote strike-slip, 

reverse and normal style-of-faulting on the middle panel. Numeric values next to 

each legend describe the number of data in that group. 

 

 

Figure 4.9 Hypocentral depth distributions in terms of (a) accelerograms and (b) 

earthquakes. 
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Table 4.2 Major information sources for each country-based strong-motion data. 

Database 
Country 

Sources of 
Strong-Motion 

Data * 
Catalog References † 

Sources of Fault Plane 
Solutions ‡ 

Turkey 
AFAD 
ESMD 

IERREWS 

Akkar et al. (2010), 
Sandıkkaya et al. (2010), 

Erdik et al. (2003), 
Harmandar (2009) 

Akkar et al. (2010), 
NEMC 

Iran 
ISMN 
ESMD 

EMME and SHARE progress 
reports (2011) 

Ghasemi et al. (2009), 
GCMT 

Caucasus 
GNAS 

NSSPRA 
ESMD 

EMME and SHARE progress 
reports (2011) 

WSM, GCMT 

Pakistan 
PMD 

WAPDA 
MSSP 

EMME 
progress reports (2011) 

GCMT 

Jordan JSO 
EMME 

progress reports (2011) 
GCMT 

* AFAD: Disaster and Emergency Management Presidency, ESMD: European Strong-Motion 
Data, GNAS: Georgian National Academy of Sciences, IERREWS: Istanbul Earthquake Rapid 
Response and Early Warning System, ISMN: Iran Strong Motion Network, JSO: Jordan 
Seismological Observatory, MSSP: Micro Seismic Study Project under Pakistan Atomic Energy 
Commission, NSSPRA: National Survey for Seismic Protection under the Government of the 
Republic of Armenia, PMD: Pakistan Meteorological Department, WAPDA: Pakistan Water 
and Power Development Authority 
† EMME: Earthquake Model of the Middle East Region Project, SHARE: Seismic Hazard 
Harmonization in Europe Project 
‡ GCMT: Global Centroid Moment Tensor, NEMC: National Earthquake Monitoring Centre, 
WSM: World Stress Map Project 

 

The candidate GMPEs for testing are devised for shallow active crustal regions. 

They are compiled from ground-motion models that are developed either from 

local databases or from datasets that comprise of accelerograms from multiple 

countries or regions. The latter ground-motion models are denoted as global 

predictive models among the model developers. Figure 4.10 presents the country-

based distributions of ground-motion datasets used in developing the candidate 

GMPEs considered in this chapter. As it can be inferred from these statistics the 

global models mainly contain data from one or two countries or regions. The 

selected GMPEs satisfy the Cotton et al. (2006) criteria that set a priori rules to 

preserve a certain level of quality control on the selected GMPEs. These criteria are 

further improved by Bommer et al. (2010) but these were not be used in order not 

to restrict the number of candidate GMPEs to a shorter list. It is noted that the 

GMPEs developed by Zhao et al. (2006) and Ambraseys et al. (2005) do not fully 

comply with the Cotton et al. (2006) criteria. Zhao et al. (2006) lack the complete 
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documentation of their model and ground-motion dataset. The model developed by 

Ambraseys et al. (2005) is recently superseded by the GMPE published in Akkar 

and Bommer (2010). These two GMPEs were not disregarded because they were 

evaluated in other regional hazard studies (e.g., Delavaud et al., 2012b). The 

important features of the 14 selected GMPEs are listed in Table 4.3. Most of these 

GMPEs use extended-source distance measures in their functional forms. Their 

moment magnitude range generally varies between 5 and 7.5. They are devised for 

estimating PGA and 5%-damped pseudo-spectral acceleration (PSA). The chosen 

ground-motion models generally account for major rupture mechanisms and their 

soil amplification terms are either continuous functions of VS30 or they make use of 

generic site definitions via dummy variables. The selected GMPEs use different 

horizontal component definitions; most of which are geometric mean (GM) or 

rotation independent average horizontal component (GMRotI50 defined in Boore et 

al., 2006). The original source-to-site distance, site class and horizontal component 

definition of each ground-motion model are used while testing their performance. 

This approach is overruled for GMPEs that use GMRotI50 and treated their 

ground-motion estimations as GM because, on average, the predicted ground 

motions from these 2 horizontal component definitions do not differ from each 

other (Beyer and Bommer, 2006). Note that while computing the ground-motion 

estimations of NGA GMPEs The software developed by Dr. D.M. Boore (one of 

the bi-products of Kaklamanos et al. (2010) report and Kaklamanos et al. (2011) 

paper) were used. While testing the selected GMPEs, the whole database were 

utilized without considering the magnitude and distance limitations imposed by 

each ground-motion model. The general practice in many PSHA studies requires 

extrapolation of GMPEs outside of their magnitude and distance ranges as few 

predictive models can satisfy all the magnitude and distance constraints imposed by 

each specific project. This fact is the major motivation behind the above decision 

and it is also implemented by other studies (e.g., Delavaud et al., 2012b; Arango et 

al., 2012). 
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Figure 4.10 Countries or regions contributing to the databases used in the 

development of candidate GMPEs tested in this study. CA: California, EU: Europe, 

GR: Greece, IR: Iran, IT: Italy, J: Japan, ME: Middle East, TA: Taiwan, TR: 

Turkey, WE: West Eurasia, WUS: Western United States. 
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Table 4.3 General features of considered GMPEs. 

GMPE 
GMPE 

Acronym 
Main Region(s) 

No of records 
and events 

No of 
estimators 

Mw 
interval 

R type and 
Rmax (km) * 

Component † 
Style-of-
faulting ‡ 

Site 
effect 

Akkar and Çağnan (2010) AC10 Turkey 433, 137 4 5.0 - 7.6 R
JB

, 200 PGA, PGV, PSA 
in GM 

S, N, R VS30 

Özbey et al. (2004) Oetal04 
Northwestern 

Turkey 
195, 17 3 5.0 - 7.4 R

JB
, 300 PGA, PSA 

in GM 
U 

Dummy 
variable 

Kalkan and Gülkan (2004) KG04 Turkey 112, 57 3 4.0 - 7.4 R
JB

, 250 PGA, PSA 
in L 

U VS30 

Akkar and Bommer (2010) AB10 
Europe and the 

Middle East 
532, 131 4 5.0 - 7.6 R

JB
, 100 PGA, PGV, PSA 

in GM 
S, N, R 

Dummy 
variable 

Ambraseys et al. (2005) Aetal05 
Europe and the 

Middle East 
595, 135 4 5.0 - 7.6 R

JB
, 99 PGA, PSA 

in L 
S, N, T, O 

Dummy 
variable 

Zhao et al. (2006) Zetal06 Japan 4726, 269 5 5.0 - 8.3 R
RUP

, 300 PGA, PSA 
in GM 

S, N, R 
Dummy 
variable 

Fukushima et al. (2003) Fetal03 West Eurasia 740, 50 3 5.5 - 7.4 
R

RUP 
and 

R
HYP

, 235 
PGA, PSA 

in B 
U 

Dummy 
variable 

Bindi et al. (2010) Betal10 Italy 561, 107 3 4.0 - 6.9 
R

JB and REPI
, 

100 

PGA, PGV, PSA 
in L 

PGA, PGV, PSA 
in V 

U 
Dummy 
variable 

Ghasemi et al. (2009) Getal09 Iran 716, 200 3 5.0 - 7.4 
R

RUP 
and 

R
HYP

, 100 
PSA 

in GMRotI50 
U 

Dummy 
variable 

Cauzzi and Faccioli (2008) 
and Faccioli et al. (2010) 

CF08 Japan 1164, 60 4 5.0 - 7.2 R
RUP

, 150 PGA, PSA 
in GM 

S, N, R 
Dummy 
variable 
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Table 4.3 Cont’d. 

GMPE 
GMPE 

Acronym 
Main Region(s) 

No of records 
and events 

No of 
estimators 

Mw 
interval 

R type and 
Rmax (km) * 

Component † 
Style-of-
faulting ‡ 

Site 
effect 

Abrahamson and Silva 
(2008) 

AS08 
Western US and 

Taiwan 
2754, 135 13 5.0 - 8.5 R

RUP
, 200 PGA, PGV, PSA 

in GMRotI50 
S, N, R VS30 

Boore and Atkinson (2008) BA08 
Western US and 

Taiwan 
1574, 58 5 5.0 - 8.0 R

JB
, 200 PGA, PGV, PSA 

in GMRotI50 
S, N, R VS30 

Campbell and Bozorgnia 
(2008) 

CB08 
Western US and 

Taiwan 
1561, 64 9 4.0 - 8.5 R

RUP
, 200 PGA, PGV, PSA 

in GMRotI50 
S, N, R VS30 

Chiou and Youngs (2008) CY08 
Western US and 

Taiwan 
1950, 125 12 4.0 - 8.5 R

RUP
, 200 PGA, PGV, PSA 

in GMRotI50 
S, N, R VS30 

* R: distance, Rmax: maximum distance, REPI: epicentral distance, RHYP: hypocentral distance, RJB: Joyner-Boore distance, RRUP: closest distance 
† GM: geometric mean of horizontal components, L: larger horizontal component, GMRotI50: rotation-independent average horizontal component (Boore et al., 2006),  

B: both horizontal components, V: vertical component 
‡ S: strike-slip faulting, N: normal faulting, R: reverse faulting, O: oblique faulting, U: unidentified 
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Figure 4.11 shows the testing results of candidate GMPEs for a spectral period 

band ranging from T = 0.0s (PGA) to T = 2.0s. 8 discrete period values are used 

(i.e., T = 0.0s, 0.1s, 0.2s, 0.5s, 0.75s, 1.0s, 1.5s, 2.0s) within this period band in 

order to fully understand the performance of each candidate model under the 

assembled ground-motion database. Figures 4.11.a and 4.11.b show the 

components of EDR index separately (i.e.,  
N

1i
2
iMDE

N

1
and  ) to understand 

the significance of sigma (ground-motion uncertainty) and agreement between the 

median estimations and overall data trend (model bias) for the general performance 

of each candidate GMPE. The last panel on this figure, Figure 4.11.c, displays the 

product of these two components; the actual EDR index. Table 4.4 presents a 

similar type of information as Figure 4.11. This table lists the average values of 

EDR components as well as the average EDR value computed for each predictive 

model over the entire period range of interest. The immediate observation from 

Figure 4.11 and Table 4.4 is that given the ground-motion database the 

performance of GMPEs shows differences in terms of addressing the aleatory 

variability and model bias. For example AB10, Zetal06 as well as CF08 and CY08 

perform better while addressing the aleatory uncertainty for the considered strong-

motion database. The ground-motion models Betal10, AC10, AB10, and CF08 

better represent the general trend of the observed data with respect to other 

candidate GMPEs. When the influence of these two factors is considered together 

the method favors the performances of AB10, Zetal06, AC10 and Betal10. It is 

believed that these observations are important since PSHA studies can follow 

different strategies depending on the specific objectives of each project. For 

example, site-specific hazard projects may prefer separate consideration of sigma 

influence and success of GMPEs in estimating reasonable median ground motions. 

To this end such projects may design two GMPE logic-trees having different sets 

of GMPEs that perform better in median ground-motion estimations and sigma. 

Separate consideration of MDE and  indices may be useful for such type of 

objective-specific hazard studies. In particular, MDE would provide valuable 

information in site-specific hazard studies if the concern is very long return periods 
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(e.g., TR > 2500 years). It might also be speculated that the overall EDR index can 

be more favorable to identify the most suitable set of GMPEs for regional hazard 

studies because fairly better performance of GMPEs in representing the overall 

data trend and aleatory variability may yield more realistic hazard results for return 

periods that are of interest by regional hazard programs (e.g., TR ≤ 2500 years). In 

passing, it is noted that a separate regional project (SHARE) designed the ground-

motion logic-tree for PSHA by selecting AB10, Zetal06, CY08 and CF08 that are 

also listed among the top-ranked GMPEs in this chapter (see details in Delavaud et 

al., 2012b for SHARE GMPE logic-tree). The SHARE project proposed these 

GMPEs by a two-step approach that is composed of expert elicitation and model 

evaluation through LLH methodology. The ground-motion dataset used in SHARE 

is different than the one used in this chapter. This remark may suggest the 

proximity of LLH and EDR methods, even if they conceptually differ. The other 

important observation that is extracted from this remark is the effectiveness of 

statistical tools (such as EDR or LLH) in providing valuable supplementary 

information to hazard experts while deciding on the most suitable predictive 

models for the specific purposes of PSHA studies. 

 

Table 4.4 Performances of tested GMPEs for each individual component of EDR as 

well as the EDR index. 

GMPEs  
N

1i
2
iMDE

N

1    EDR 

AB10 1.05 1.10 1.15 
AC10 1.14 1.09 1.24 

Aetal05 1.22 1.19 1.45 
AS08 1.22 1.26 1.54 
BA08 1.14 1.25 1.42 

Betal10 1.17 1.06 1.25 
CB08 1.18 1.31 1.55 
CF08 1.12 1.13 1.27 
CY08 1.12 1.15 1.29 

Fetal03 1.60 1.59 2.55 
Getal09 1.16 1.21 1.41 
KG04 1.40 1.59 2.24 

Oetal04 1.27 1.16 1.46 
Zetal06 1.08 1.14 1.23 

The reported indexes are the averages over spectral ordinates of interested 
period range. Top 4 best performing models are shown in bold. 
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Figure 4.11 Separate EDR components: (a)  
N

1i
2
iMDE

N

1
, (b)  , (c) the actual 

EDR index. 

 

Another interesting observation from the testing results is the relatively better 

performance of GMPEs with simpler functional forms (i.e., predictive models 

containing the most basic estimator parameters to describe the source, path, site 

and rupture mechanism). Examples to such simple-format GMPEs are AB10, 

AC10, CF08 or Zetal06. It is believed that the metadata of the basic estimator 
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parameters used by these GMPEs was elaborated in a careful manner prior to their 

complete development. In other words, their strong-motion databases (either local 

or global) can be considered as reliable in that sense. The reliability of metadata 

information is important and if it is inconsistent (or rather old), then predictive 

models can yield lower performance even if their functional forms are simpler. 

Typical examples to this case are KG04 (derived from an older version of Turkish 

strong-motion database, which is recently updated as documented in Akkar et al., 

2010) and Fetal03 (whose metadata information for the same events features 

inconsistencies with the database used in this study that is compiled from the most 

recent seismological information). Ground-motion models of complex functional 

forms (more complicated NGA models such as AS08, CB08 and CY08) require 

reasonable assumptions (such as those suggested in Kaklamanos et al., 2011) for 

most of their estimator parameters. This additional effort is necessary since the 

current strong-motion databases, even if they are assembled after significant 

efforts, would not contain all the required metadata information for the consistent 

execution of such GMPEs. Thus, the testing methods would not be able to 

acknowledge the merits of such complicated models unless the ground-motion and 

seismic-source information is determined in all details for the study area. 

Kaklamanos and Baise (2011) drew the same conclusion on the model-complexity 

vs. model-performance stating that the more complicated NGA models do not have 

a predictive improvement over the simpler NGA models. The experiences in 

strong-motion database and earthquake catalog compilation suggest that the state of 

seismological knowledge in many seismic prone regions is currently insufficient 

for the efficient use of complex GMPEs. However, this comment is not meant to 

discourage the use or development of such high-quality GMPEs. On the contrary 

the seismological community is fully supported to conduct long-term research to 

improve the metadata information for developing well-constrained GMPEs to 

better address the contribution of source, path and site effects in hazard 

estimations. 
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4.5. Summary and Conclusions: 

 

In this chapter an alternative testing procedure for selecting and ranking of GMPEs 

that can be used for designing GMPE logic-trees in PSHA studies is proposed. The 

method is based on the Euclidean distance concept that carries similar features with 

the conventional residual analysis. It is believed that the method can be a good 

guide to build ground-motion logic-trees from properly ranked GMPEs, if it is used 

together with other well-designed testing methods as well as visual tools, such as 

residual analysis. 

 

The proposed procedure accounts for aleatory variability in ground motion 

estimations (through standard deviations of GMPEs). It also considers the bias 

between median estimations and observed ground-motion data (model bias). The 

bias between the median ground-motion estimations and general variation of 

observed data is identified by the  parameter that makes an analogy to the residual 

analysis concept. The uncertainty in ground-motion variability is addressed by 

finding the probability distribution of the differences between the observed data 

and corresponding estimations for a range of sigma values. This approach is 

different than the one in the LLH method (Scherbaum et al., 2009) because LLH 

computes the occurrence probability of the observed data point by using the 

corresponding estimation that is assumed to be log-normally distributed with 

median and sigma values of the candidate GMPE.  

 

A case study is presented to illustrate the general features of the proposed 

procedure using a database that is compiled from the shallow active crustal 

recordings of the Middle East, Caucasus and Pakistan. 14 GMPEs for the presented 

case study that are suitable for estimating the ground-motion intensities of 

seismotectonic features mimicked by the strong-motion database are selected. The 

results of the case study suggest that the aleatory uncertainty (i.e., sigma) and the 

bias between median estimations and observed ground-motion data (model bias) 

play separate roles on the performance of GMPEs to properly represent the selected 
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ground-motion dataset. The proposed procedure is capable of providing this useful 

information to the seismic hazard analyst. Such information can be used in 

different ways to establish the GMPE logic-tree depending on the objective of the 

hazard project that can be either forecasting the regional or site-specific hazard. 

The case study also indicated that GMPEs having simpler functional forms rank 

better than those whose predictive equations contain complicated estimator 

parameters. If the metadata of the strong-motion database lacks information about 

these estimator parameters, they should be computed by making reasonable 

assumptions. However, no matter how reasonable these assumptions are they 

impose additional uncertainty to the estimations of such complicated GMPEs that 

in turn affects their performance. 
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CHAPTER 5 

 

 

AN AUXILIARY TOOL TO BUILD GROUND-MOTION LOGIC-

TREE FRAMEWORK FOR PROBABILISTIC SEISMIC HAZARD 

ASSESSMENT 

 

 

 

In the context of this chapter, an alternative approach is proposed to build 

predictive model logic-tree applications for site-specific or regional probabilistic 

seismic hazard assessments. The use of logic-tree framework within probabilistic 

seismic hazard assessments is a standard practice to properly characterize the 

epistemic uncertainty in ground-motion estimates which causes of insufficient 

knowledge. The application of this method is based on seismic hazard sensitivity 

analyses conducting with respect to alternative logic-tree frameworks. It is 

suggested that the proposed method should be used in combination with the 

existing predictive model selection approaches. This practical tool needs a set of 

ground-motion prediction equations (GMPEs) that reflects the main characteristics 

of the site or region being examined. These GMPEs are then utilized for 

establishing alternative logic-trees with various predictive model groups and sub 

groups including different weighting schemes of the GMPEs in the main group. 

The spectral quantities of each alternative logic-tree for a specific return period 

obtained from seismic hazard analyses are normalized with respect to their median 

value. This process is repeated for each site under consideration. The method aims 

at selecting the logic-tree framework which yields normalized spectral values about 

the median value (i.e., unity). The application of the new tool is discussed through 

site-specific and regional case studies. The results of the case studies emphasize 

that although logic-tree set-ups are established from the selected GMPEs which are 

the best representatives among the candidates to the site or region of interest, some 
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combinations may result in excessive spectral amplitudes. The proposed method 

accomplishes capturing those unforeseeable trends in hazard outcomes. 

 

5.1. Introduction 

 

Empirical ground-motion prediction equations (GMPEs) are developed through 

some regression analyses by using recorded ground-motion accelerograms from the 

past earthquakes. However, their mission is to predict potential future earthquakes 

by assuming that they mimic the behavior of the past ones. At this point, size and 

data distribution in ground-motion datasets of predictive models would make a 

concession to them. Even though a substantial effort is devoted to develop dense 

and uniformly distributed local and global strong-motion datasets, no such an 

immaculate database can be obtained yet because of the randomness in earthquake 

process and coverage of accelerograph networks. That is, although there are no data 

in some magnitude-distance bins that constrain the predictive model, GMPE 

estimates of those earthquake scenarios are included in the hazard integral 

(Bommer, 2012). 

 

The nature of ground-motion prediction introduces two types of uncertainties to 

probabilistic seismic hazard assessment (PSHA) that are classified as aleatory or 

epistemic. The former is considered as intrinsic variability and represented by the 

standard deviation of the predictive model residuals which follow a normal 

distribution in logarithmic space. Taking into account the aleatory variability in 

hazard integral instead of using only median estimates is firstly coming into 

consideration by Bender (1984). Within the following PSHA applications, 

neglecting the aleatory variability cannot be regarded as genuine seismic hazard 

practices (Scherbaum et al., 2005). The latter uncertainty emerges as a result of 

incomplete knowledge. An indispensable tool to handle the epistemic uncertainty is 

ground-motion logic-tree framework which is firstly introduced by Kulkarni et al. 

(1984) to the realm of PSHA. In the conciseness of the current situations of strong-

motion databanks, it is obvious that predictive model estimates still have slight or 
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considerable epistemic uncertainties (Scherbaum et al., 2005; Bommer, 2012; 

Douglas, 2012). An inevitable consequence to surpass this fact is to use ground-

motion logic-tree framework with two or more predictive models in hazard 

applications. 

 

In ground-motion logic-trees, although epistemic uncertainty cannot be handled 

using only one of the available GMPEs (Bommer and Scherbaum, 2005), an 

opposite case, keeping lots of predictive models (more than five) to consider 

epistemic uncertainty, is also an unacceptable situation since introducing 

complexity to hazard calculations (Delavaud et al., 2012). There is a consensus on 

using three or four GMPEs in current practice of PSHA in order to capture the 

ground-motion variability. In recent years; however, the developments in 

engineering seismology increase the number of ground motion prediction equations 

(GMPEs) that results in the selection process of the predictive models being too 

complicated. Accordingly, testing the applicability of predictive models to study 

area becomes more important in site specific or regional seismic hazard analyses in 

order to reduce the selection alternatives. 

 

General conception and practice details of seismic source and ground-motion logic-

tree frameworks were discussed in several peer-reviewed papers (Bommer et al., 

2005; Scherbaum et al., 2005; Bommer and Scherbaum, 2008; Scherbaum and 

Kuehn, 2011; Bommer, 2012). Under the common consideration of logic trees, 

combination of predictive models within a ground-motion logic-tree framework to 

properly handle the epistemic uncertainty and to suitably predict the future ground 

excitations is the vital step of a hazard analysis (Bommer et al., 2005). In this 

respect, careful selection of GMPEs and their logic-tree weights play a significant 

role on the hazard results. Sabetta et al. (2005), Scherbaum et al. (2005) and 

Bommer et al. (2005) claim that increasing number of predictive models in a logic-

tree branch decreases the importance of their weights; however, the weights 

significantly change the hazard results until a certain number of GMPEs (generally 

four or more) are included in the ground-motion logic tree. That is to say, they 
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emphasize that the importance of careful selection of GMPEs for logic trees has 

more impact on hazard results than the logic-tree branch weights assigned to each 

predictive model. In this instance, we come back to the problem of determining the 

appropriate predictive models to location of interest. 

 

Several methods on selection and ranking of predictive relations were published in 

the last decade. These methods would be evaluated separating them as non-data-

driven (or pre-selection) and data-driven testing methods. Cotton et al. (2006) as 

well as its updated and extended version Bommer et al. (2010) constitute the 

former group, whereas Nash and Sutcliffe (1970), Scherbaum et al. (2004, 2009) 

and Kale and Akkar (2013) are in the latter group methods. Non-data-driven 

approaches are serving for predictive model selection by considering their general 

characteristics (strong-motion database, seismotectonic regime, etc.) and intrinsic 

formulation details (regression method, explanatory variables, types of coefficients, 

etc.). The second group approaches use recorded strong-motion data and rank 

predictive models with respect to calculated scores. Besides, their dependency on 

size and distribution of the ground-motion datasets should not be forgotten by 

considering the requirements of the site under consideration. 

 

Despite the pros and cons of the selection methods, the use of them would 

significantly help to hazard analysts during the decision making process and then 

an appropriate number of candidate GMPEs would be retained for logic-tree 

branches. Now the challenge herein is how many and which predictive relations 

will be included in the logic-tree framework. This is also a formidable task as much 

as the process of testing and selecting appropriate GMPEs to logic tree. At this 

stage, various approaches would be regarded to construct the final form of the 

ground-motion logic-tree framework such as expert opinions, final ranks of the 

selected GMPEs based on data-driven testing methods, seismic hazard sensitivity 

analyses, studies in literature, giving equal weights to predictive models if there are 

not so many selected GMPEs as in Petersen et al. (2008), detecting the trends in 
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ground-motion estimates of the selected models as proposed by Stewart et al. 

(2014). 

 

In this section, an alternative approach is proposed to properly handle the epistemic 

uncertainty in seismic hazard assessment. The use of the proposed tool is suitable 

after the pre-selection and data-driven testing methods are applied and a set of 

GMPEs that exhibit well the general characteristics of the region of interest are 

obtained. The method evaluates the effects of the predictive models selected for 

logic tree and the weights assigned to them on PSHA results. To evaluate the 

properness of the predictive relations and their weights in logic tree, the method 

proposes to construct various logic trees which include different GMPEs with 

different weighting schemes by considering the approaches listed in the previous 

paragraph. The proposed method can be considered as an auxiliary tool to the 

current approaches because hazard analyst can apply it in combination with them. 

 

5.2. Popular Approaches to Establish Ground-Motion Logic Trees 

 

Hazard analysts and researchers follow some alternative ways while selecting the 

most appropriate GMPEs and assigning branch weights to them in logic trees. The 

GMPEs mentioned here, as a reminder, are selected via pre-selection and data-

driven testing methods and now regarded as suitable for the site or region of 

interest. 

 

Recently, while characterizing the ground-motion logic-tree framework, combining 

the pre-selection and data-driven test results with expert opinion gain popularity in 

PSHA. As an up-to-date example, SHARE (Seismic Hazard HARmonization in 

Europe, http://www.share-eu.org/) project followed this way while establishing the 

ground-motion logic tree for PSHA in Euro-Mediterranean region (Delavaud et al., 

2012). Firstly, they selected the candidate GMPEs and then, expert judgment of a 

research group and data-driven test results of Scherbaum et al. (2009) method were 

combined and final set of GMPEs were determined. After that, ground-motion 
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logic tree were built according to seismic hazard sensitivity analyses by 

considering different set of predictive model weights. 

 

The studies that focus on testing the applicability of GMPEs to seismic prone 

regions sometimes help the hazard analyst on building logic trees. During the 

ground-motion relations selection for GEM (Global Earthquake Model, 

http://www.globalquakemodel.org/) project, several studies in literature were 

considered as a supplementary tool for establishing ground-motion logic trees 

(Stewart et al., 2014). In addition, Stewart et al. (2014) have some proposals that 

may help to construct the final form of the ground-motion logic tree. They 

recommend three main criteria to select the GMPEs: i) the predictive relations 

derived from global or internationally reviewed local datasets should be favored; ii) 

the predictive models which include recent improvements such as magnitude 

saturation, magnitude-dependent distance decay in their functional forms should 

have more emphasis; iii) provided that the candidate GMPEs are definitely 

appropriate for the region of interest but represent dissimilar spectral behaviors, the 

selection should be made to represent the overall trends of candidate models to 

properly capture the epistemic uncertainty. First two of them, in fact, mimic the 

criteria of non-data-driven approaches whereas the last one proposes a new 

perspective for constructing ground-motion logic trees. 

 

As another fact, a different situation may also be encountered once constructing the 

ground-motion logic trees as in the case of 2008 national hazard map of western 

United States (Petersen et al., 2008). There were limited numbers of predictive 

models that are applicable to the region. Therefore, the ground-motion variability 

in this project was captured by three NGA GMPEs (Boore and Atkinson, 2008; 

Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008) which are developed 

from a common database and whose estimates do not exhibit different trends for 

significant earthquake scenarios. Accordingly this case may result in potential 

underestimation of epistemic uncertainty in PSHA. To surpass this fact, additional 

branches which are aimed to compensate the uncertainties coming from magnitude-
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distance bins with sparse data were added to the ground-motion logic trees. Once 

Petersen et al. (2008) uses the number of data in different magnitude-distance bins 

to scale the estimates of NGA GMPEs, more elaborated studies that considers 

variance of regression coefficients and within-model uncertainties are proposed by 

Arroyo and Ordaz (2011) and Al Atik and Youngs (2014), respectively. 

 

5.3. Theoretical Framework of the Proposed Method 

 

It is strongly recommended to end users that the proposed method should be 

applied considering all selection methods mentioned in previous sections and 

should be considered as an auxiliary tool for establishing ground-motion logic trees 

in all types of seismic hazard applications (i.e., classical PSHA and PSHA with 

additional uncertainty branches [Petersen et al., 2008]). Despite plenty of methods 

and approaches in the literature, the main reason of proposing a new method is to 

portray a new picture to hazard analysts during the predictive model selection for 

PSHA. 

 

In this study, the third proposal of Stewart et al. (2014) is highly appreciated; 

however, the GMPEs that draw the epistemic uncertainty bounds may alter with 

respect to dominancy of earthquake scenarios for the considered sites. For site 

specific studies, capturing the behavior of the models is easy because dominant 

earthquake scenario (or scenarios) can be obtained from disaggregation but the 

capturing process is more complicated for regional seismic hazard analyses. At this 

point, the sensitivity analyses applied in SHARE project (Delavaud et al., 2012) in 

order to assign the weights of the GMPEs can be helpful. However, one could have 

a different opinion from SHARE project that the sensitivity analyses should also be 

used for selecting GMPEs to handle the effects of using different predictive models 

in logic tree and to prevent subjectivity in decision making. 

 

In this article, a seismic hazard sensitivity-based method for building ground-

motion logic trees is proposed. The method is based on basic statistical and 
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mathematical basis and reflects the effects of selected GMPEs and assigned 

weights to them on PSHA results in a numerical and pictorial form. This method 

enables hazard analyst to choose GMPEs and their weights that prevent a particular 

GMPE dominating the hazard. The need preventing the dominancy of a predictive 

model is relevant to the inherent form of the logic-tree framework. When a 

particular GMPE come into prominence in logic tree, handling the epistemic 

uncertainty process is committed by that predictive model which conflicts the 

belief of what logic tree works as mentioned in the previous sections. 

 

In the proposed method, the selected GMPEs that exhibit the general 

seismotectonic settings of the study area are used to establish N major predictive 

model groups. Each major group is then divided into M different sub-groups by 

varying the weights of GMPEs in that group. In essence, NxM different GMPE 

logic-trees (from LT-1 to LT-NxM) are established for the sensitivity analyses. If N 

= 4 major group predictive models with M = 3 different weighting schemes are 

considered, 12 sets of logic tree are obtained and the node structure of this 

arrangement is displayed as in Figure 5.1. 

 

 

Figure 5.1 Node structure of sensitivity analyses. 
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Given a spectral period of interest, NxM hazard curves are computed similar to the 

above established logic-trees for a previously determined site or a set of sites in the 

region under consideration. Spectral accelerations (SAs) corresponding to 

alternative logic trees take different values for a specific return period. Given a site, 

spectral accelerations corresponding to the selected return period are normalized 

with their median (SAmed) to obtain NxM normalized SAs (NSAs). Finally, the 

normalized SAs of all sites for a particular return period and spectral period are 

binned according to the logic trees given in Figure 5.1. The trends in the binned 

normalized SAs are evaluated for obtaining the most proper set of GMPEs and 

corresponding weights for the hazard calculations. If the scatters of a logic-tree 

branch fluctuate about unity, it can be said that none of the individual GMPEs 

within the considered logic-tree branch dominate the hazard results. To numerically 

evaluate the results for a considered site, the absolute differences of NSAs to unity 

are calculated for each alternative logic tree by Equation 5.1 where i represent the 

logic-tree number and takes values from 1 to NxM. When the regional scale is of 

concern, the differences are calculated for each site similar to Equation 5.1 and 

then their square root of sum of squares are calculated and normalized by the 

number of site (Equation 5.2) to represent the overall trend in numerical form. In 

Equation 5.2, i is similar to that of Equation 5.1 whereas j denotes the number of 

sites (Nsite) in the region of interest. At the end, the logic tree with minimum DLT,i 

indicates the most suitable logic-tree set up to handle the epistemic uncertainty. 

 

i,LTi,LT NSA1D       (5.1) 

 

 


Site
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N
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2
j
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N

1
D      (5.2) 

 

Among the rational logic-tree alternatives, this method proposes to favor the logic 

tree that gives the median hazard spectrum for a given return period instead of 

supporting mean, minimum or maximum trends. Therefore, it uses the normalized 

spectral values with respect to their median once evaluating the logic-trees. The 
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reason of selecting median spectral quantity is that the median is less sensitive to 

the most severe trends (i.e., upper and lower bounds) of the alternative logic-trees. 

The use of the normalized values with respect to mean spectral acceleration may 

push the hazard analyst to select a logic tree close to boundaries mostly at long 

return periods. A similar situation is emphasized for disadvantages of using mean 

hazard curve instead of median or other fractiles by Abrahamson and Bommer 

(2005). As another option, selecting the minimum- or maximum-trend logic-trees 

would produce underestimated or overestimated hazard results, respectively. 

 

Figure 5.2 shows 9 hazard curves obtained from 3 major group GMPEs and 

corresponding 3 sub-groups by mimicking the node structure given in Figure 5.1 

for two specific sites at different locations to seismic sources. In this figure, the 

focus is only on the obtained results for different levels of return periods. Thus, the 

details of setting up the major groups and sub-groups are not stated here but are 

going to be discussed in the following sections within the light of site specific and 

regional case studies. In this figure, the hazard curves corresponding to the logic 

trees yield different spectral accelerations in a bandwidth for a selected return 

period level. The disparity of hazard estimates is minimal for short return periods 

whereas the bandwidth is widened by increasing return period. The site in Figure 

5.2.a displays more dispersive behavior than that of Figure 5.2.b. Although all 

predictive models considered in these cases are reliable models and identical node 

structures are used, the established logic trees yield dissimilar spectral behaviors. 

The importance of using mean-normalized or median-normalized spectral 

quantities is more pronounced in Figure 5.2.a at long return periods. When mean-

normalized values are used to evaluate the logic trees, the most appropriate logic-

tree application is obtained as shown with red dashed line (LT-5) whereas 

considering median-normalized estimates proposes to select the logic tree 

assembled with solid red line (LT-4). If it is accepted that the logic-tree 

applications produced by Group 3 models significantly overestimate the hazard, 

favoring LT-4 provides more rational hazard estimates. 

 



 

155 

 

Figure 5.2 Hazard curves for two distinct seismic prone sites with respect to same 

sensitivity-based node structure. 

 

5.4. Site-specific and Regional Case Studies 

 

In this part, application of the proposed method is explicitly introduced by the help 

of site-specific and regional probabilistic seismic hazard case studies that are 

conducted to a region including the North Anatolian Fault (NAF) zone of Turkey. 

The studies in literature are considered to select the most reliable GMPEs for 

region being studied in order to establish the alternative logic trees. Thus, Akkar et 

al. (2014) - ASB14, Akkar and Çağnan (2010) - AC10, Cauzzi and Faccioli (2008) 

- CF08, Chiou and Youngs (2008) - CY08 and Zhao et al. (2006) - Zh06 predictive 

models are selected to be used for building ground-motion logic tree alternatives 

considering the proposals of Delavaud et al. (2012), Kale and Akkar (2012), Kale 

(2014) and Stewart et al. (2014). All of the cited references regard at least one of 

the selection approach mentioned in the previous sections of this study. The 

epistemic uncertainty can be well represented by the selected models because the 

constituted GMPE set includes local Turkish model (AC10), Pan-European model 

(ASB14), Japanese-data based models (CF08 and Zh06) and global model (CY08). 
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The trellis chart showing the median and median + 2 sigma trends of candidate 

predictive models for PGA and moment magnitudes (M) of 4.5, 6.0 and 7.5 is 

displayed in Figure 5.3. This chart assists to capturing epistemic uncertainty with 

respect to the approach given in Stewart et al. (2014). As a general perspective, it 

can be concluded from the ground-motion trends that AC10 draws the lower bound 

of epistemic uncertainty whereas the maximum bound is constituted by CF08 and 

Zh06. The median trend for epistemic uncertainty is denoted by ASB14 and CY08. 

Once establishing the major groups of logic trees, more emphasis is given to 

predictive models of AC10 and ASB14 as they contain Turkish strong-motion data 

in their model generating datasets. In addition, the GMPEs that shows median trend 

(ASB14 and CY08) are favored while assigning end branch weights. 

 

 

Figure 5.3 Trellis chart showing median (top row) and median + 2 sigma (bottom 

row) distance scaling of the selected GMPEs for magnitudes of 4.5 (first column), 

6.0 (middle column) and 7.5 (last column), VS30 = 760m/s and strike-slip fault 

mechanism. 

 

The node structure of the sensitivity analyses is similar to the illustration given in 

Figure 5.1. The selected 5 GMPEs are used to establish 4 major GMPE groups. The 
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first major group contains two best representative GMPEs (ASB14 and AC10) and 

global NGA model of CY08. The next two major groups include these GMPEs as 

well as an additional one from the other two upper bound predictive models (Zh06 

and CF08). The last group represents the minimum, median and maximum trend 

predictive models (AC10, ASB14 and Zh06). Then, each major group is divided 

into 3 different sub-groups by assigning the various branch weights to GMPEs in 

that group. In essence, 12 different GMPE logic-trees (from LT-1 to LT-12) are 

established for the sensitivity analyses. The logic-tree structure of 4 major groups 

with their corresponding 3 weighting schemes is listed in Table 5.1. 

 

Table 5.1 Weighting schemes applied to the predictive models. 

GMPE 
Group 1 Group 2 Group 3 Group 4 

LT1 LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12 

AC10 0.20 0.30 0.10 0.20 0.20 0.10 0.20 0.20 0.10 0.30 0.25 0.25 

ASB14 0.40 0.35 0.45 0.35 0.30 0.40 0.35 0.30 0.40 0.40 0.50 0.60 

CF08 - - - - - - 0.10 0.20 0.10 - - - 

CY08 0.40 0.35 0.45 0.35 0.30 0.40 0.35 0.30 0.40 - - - 

Zh06 - - - 0.10 0.20 0.10 - - - 0.20 0.25 0.15 

 

Figure 5.4 displays the location of selected sites as well as the area of interest in 

regional hazard case study and the area sources used for seismic hazard 

calculations. OpenQuake Engine (Pagani et al., 2014) was used to conduct hazard 

analyses. The area sources are taken from the EMME (Earthquake Model of the 

Middle East Region, http://emme-gem.org/) area source model. 
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Figure 5.4 Illustration of the selected sites and region of interest with considered 

area sources. 

 

The first case study demonstrates the functionality of the logic-tree based 

sensitivity method for site-specific PSHA. Accordingly, two specific sites are 

selected from the region of interest to evaluate what is offered by the application of 

the proposed method to the hazard analyst. Figures 5.5.a and 5.5.b show the site-

specific hazard curves obtained from different logic-tree applications given in 

Table 5.1 for Site-A and Site-B, respectively. It is immediately apparent that in 

both cases the behaviors of Group 3 logic trees are almost entirely different than 

those of others which are explained by the dominance of CF08 predictive model. 

The observed effect is more prominent for the close distance site (i.e., Site-B) to 

the North Anatolian Fault (NAF) zone. Another interesting observation can be 

made evaluating the hazard curves of Group 4 logic-tree applications. When short 

return period levels are considered for both cases, Group 4 hazard curves draw the 

lower bound; however, at long return periods, these hazard curves tend to climb 

across the Groups 1 and 2 curves. This observation is directly relevant to the 

different behaviors of the considered GMPEs in logic trees with respect to the 

exceedance levels. The point differentiating the Group 4 from the Groups 1 and 2 is 

that Group 4 does not include CY08 which has lower standard deviations with 

respect to other predictive models used in this case study. Thus, the effect of 
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standard deviation on hazard curves is observed for long return periods as depicted 

by Restrepo-Velez and Bommer (2003). 

 

 

Figure 5.5 Hazard curves for the sites shown in Figure 4: a) Site-A, b) Site-B. 

 

The general findings of this site-specific case study indicate that the selected 

GMPEs for logic-tree framework can significantly alter the seismic hazard results 

although they are ratified by the selection methods and experts. This case is 

identified clearly by the trends of Group 3 hazard curves in Figures 5.5.a and 5.5.b 

on which CF08 has greater impact. For the hazard outcomes, the effects of the 

predictive model selection are more influential than those of the ground-motion 

logic-tree branch weights in parallel to the findings of Sabetta et al. (2005), 

Scherbaum et al. (2005) and Bommer et al. (2005). Besides, assigning the relative 

weights to the branches results in diverse spectra for a specific return period even if 

none of the predictive models are biased for the case of interest (Figure 5.a). In 

addition to the findings, it can be inferred from the different trends between Figures 

5.5.a and 5.5.b that the GMPEs would behave contrarily with respect to the 

location of the sites and considered return period. The imposed effect by CY08 to 

the assembled logic trees is an objective proof of the importance of considered 
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exceedance level. The importance of location of the site is again related to the logic 

trees including CF08 model in the considered case studies. 

 

When regional or a large scale PSHA is of concern, the suggested method is 

applied to the pre-selected sites within the considered area (NAF). Accordingly, the 

region given in Figure 5.4 surrounded by red lines is selected in order to exemplify 

the regional application of the method. In this region, 880 discrete sites are 

assembled provided that they cover the entire area. The same process followed on 

the site-specific case study is repeated for the assembled sites. Resultantly, 12 

hazard curves and corresponding NSAs with respect to return periods of 475 and 

2475yrs are obtained for each pre-selected site in the NAF region. Figures 6 and 7 

represent the NSAs of each logic-tree framework given in Table 5.1 for 475 and 

2475yrs, respectively. The x-axes in these figures depict the site IDs numbered 

from 1 to 880. The illustrative plots in Figures 5.6 and 5.7 are for normalized PGA. 

In these figures, if the scatters of a logic-tree branch fluctuate about unity, the 

resulting hazard is close to the median hazard curve (i.e., none of the individual 

GMPEs within the considered logic-tree branch dominate the hazard results). When 

fluctuations of the scatters take place above or below the median level, considering 

the aim of the proposed method, it can be deduced that the related logic-tree 

framework overestimate or underestimate the hazard, respectively. 

 



 

161 

 

Figure 5.6 Results of logic-tree based sensitivity analysis of the selected region for 

PGA and return period of 475yrs. The solid gray line represents the median of 

NSAs whereas dashed gray lines show median ± standard deviation corresponding 

to the worst case among all alternatives. 

 

The quick observation from Figures 5.6 and 5.7 is that given the binned NSAs the 

performance of alternative logic trees displays differences in terms of addressing 

the epistemic uncertainty. In parallel to the observations for site-specific cases, 

CF08 model significantly jump the hazard results above the median level. The 

NSAs of Group 4 logic trees are considerably below the median hazard level for 

475yrs whereas the trends of the scatters get closer to the median level with 

increasing return period. The fluctuations of the scatters within the same logic-tree 

group display slight or considerable differences depending on the weighting 
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schemes of the predictive models. When both return periods are considered, LT-4 

performs better while addressing the epistemic uncertainty for the considered 

region without any domination of a predictive model to the hazard results. 

 

 

Figure 5.7 Results of logic-tree based sensitivity analysis of the selected region for 

PGA and return period of 2475yrs. The solid gray line represents the median of 

NSAs whereas dashed gray lines show median ± standard deviation corresponding 

to the worst case among all alternatives. 

 

Table 5.2 presents the numerical information of case studies given in Figures 5.5, 

5.6 and 5.7 instead of evaluating the alternatives by visual inspection. This table 

lists the logic-tree differences calculated from Equations 5.1 or 5.2 for each case 

study with respect to the return periods of 475 and 2475yrs. The immediate 
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observation from Table 5.2 is that the performances of logic-tree set-ups show 

differences with respect to the return period and region or site being considered. 

For example LT-1 performs better while considering both return periods for Site-A 

and the short return period for Site-B and region of interest, whereas when the long 

return period is of concern, the performances of LT-5 and LT-4 for Site-B and 

region, respectively, are more appreciated by the given method. To this end, the 

results of the case studies dictate that the logic-trees can be built having different 

sets of GMPEs and relative weights with regard to the sites and regions as they are 

objective-specific hazard components. 

 

Table 5.2 Logic-tree distances (in terms of %) for the site-specific and regional 

hazard case studies for return periods (TR) of 475 and 2475 yrs. The best 

performing logic-trees in each case are shown in bold. 

DLT,i 
Site-A Site-B Region 

TR 
475 yrs 

TR 
2475 yrs 

TR 
475 yrs 

TR 
2475 yrs 

TR 
475 yrs 

TR 
2475 yrs 

DLT,1 0.01 0.01 0.00 0.15 1.44 3.07 
DLT,2 0.04 0.07 0.03 0.27 3.07 4.78 
DLT,3 0.14 0.01 0.08 0.07 3.28 2.19 
DLT,4 0.04 0.00 0.01 0.06 1.24 1.42 
DLT,5 0.07 0.01 0.03 0.01 2.45 1.87 
DLT,6 0.21 0.03 0.11 0.02 3.95 1.94 
DLT,7 0.24 0.11 0.28 0.34 4.85 4.62 
DLT,8 0.73 0.49 1.11 3.89 9.55 12.21 
DLT,9 0.55 0.22 0.53 0.57 7.50 6.29 
DLT,10 2.13 0.65 1.86 0.52 12.86 8.67 
DLT,11 0.38 0.04 0.38 0.04 5.93 2.85 
DLT,12 0.85 0.15 0.71 0.15 8.23 4.43 

 

5.5. Summary and Conclusions 

 

To handle the epistemic uncertainty in PSHA, there are several ways for 

establishing ground-motion logic trees in the open literature; however, the numbers 

of studies still cannot provide solid guidance on that issue. Rational contributions 

to that topic progressively enrich the relevant literature and would be appreciated 

by the seismological community. Correspondingly, in the present study, a new tool 

is offered to suitably capture the epistemic uncertainty in seismic hazard studies by 
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evaluating the performances of alternative logic-tree frameworks. The method is 

strongly recommended to be used in combination with such advances in the 

literature since the objective of proposing this approach is being conducive to build 

more reliable logic-tree applications. 

 

Among the candidate predictive models, the proposed approach uses the selected 

GMPEs which are the best in representing the ground-motion trends for the site and 

region being studied. The alternative logic-tree frameworks are built considering 

the selected GMPEs and their relative weights in order to decrease the objectivity 

in decision making. The spectral ordinates for a predetermined exceedance rate and 

for a given logic-tree branch are normalized with respect to the median quantity. 

Then the trends in the obtained NSAs are evaluated for obtaining the most proper 

set of GMPEs and corresponding weights to properly handle the epistemic 

uncertainty for PSHA. The resultant set of predictive models and their weighting 

scheme are tailored such that none of the selected GMPEs dominate the hazard at a 

particular location. 

 

A set of case studies are conducted to illustrate the application of the proposed 

logic-tree tool considering a region located along a part of the North Anatolian 

Fault zone. The considered case studies clearly demonstrate that although the 

selected GMPEs for establishing logic-tree applications are the best representative 

ones in the region, some of the alternative combinations yield extreme spectral 

quantities with respect to other alternatives. The case studies also depict that the 

importance of selected GMPEs and their weights in a logic-tree framework varies 

from site to site. The proposed auxiliary tool achieves to capture those issues in the 

considered case studies and would constitute an appreciable contribution to the 

field of PSHA. Nevertheless, it is believed that to improve the guidance on logic-

tree topic, such contributions should be active as long as logic-tree framework is 

used for incorporating epistemic uncertainty into PSHA. 
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CHAPTER 6 

 

 

GROUND-MOTION LOGIC TREE FRAMEWORK FOR 

PROBABILISTIC SEISMIC HAZARD ASSESSMENT IN EMME 

REGION 

 

 

 

The major objective of WP-3 of the EMME (Earthquake Model of the Middle East 

Region) project is to describe the ground-motion model that is used in the hazard 

calculations of the EMME region (i.e., Caucasus, Middle East and western Asia). 

In this respect, a ground-motion logic-tree framework for shallow active crustal 

regions considering predictive model testing methods and logic-tree based 

sensitivity approach are proposed by the WP-3 of EMME project. The candidate 

ground-motion prediction equations (GMPEs) are selected considering the 

proposals of Cotton et al. (2006) and tested under a strong-motion database 

compiled in the framework of this project. The data-driven testing methods of NSE 

(Nash and Sutcliffe, 1970), LH (Scherbaum et al., 2004), LLH (Scherbaum et al., 

2009) and EDR (Kale and Akkar, 2013) are used to test the ground-motion models. 

The evaluation of these methods leads to a set of GMPEs that can be applied 

confidently in seismic hazard studies for the EMME region extending from Turkey 

to Pakistan. At the final stage of establishing logic-tree application, the logic-tree 

based sensitivity method given in Chapter 5 is applied by using the final set of 

GMPEs. Then, the final ground-motion logic-tree framework for the hazard 

computations of shallow active crustal regions in the EMME is established. The 

selected predictive models and corresponding logic-tree weights are totally based 

on the procedures which are well accepted by the seismological community in 

order to prevent the subjective decision-making process. For subduction regions in 

the project area, the GMPEs selected in the SHARE project (acronym for the 
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Seismic Hazard HARmonization in Europe; one of the regional projects of GEM) 

are used as there are no recorded subduction accelerograms in the EMME database 

for applying data-driven testing procedures. 

 

6.1. Introduction 

 

The Middle East region is placed in the junction of the African, Arabian and 

Eurasian active tectonic plates which produce periodically high seismic activities. 

This region has been suffered from several destructive earthquakes. In the 

consciousness of the effects of these disasters, a regional project called as 

Earthquake Model of the Middle East Region (EMME; http://emme-gem.org/) 

started in 2009 with a 4-year budget. The partner countries in the project are 

Armenia, Georgia, Iran, Jordan, Pakistan and Turkey. This project which was 

completed in late 2013 focused on the assessment of regional seismic hazard, the 

associated risk and the effects of relevant mitigation processes in the Middle East 

region in accordance with the Global Earthquake Model (GEM; 

http://www.globalquakemodel.org/) project. 

 

The ground-motion modeling part of the EMME regional seismic hazard 

assessment from which WP-3 is responsible, covers (a) identifying a set of ground-

motion prediction equations (GMPEs) that characterize the overall neotectonic 

features of the EMME region of abundant strong-motion data, (b) adopting these 

GMPEs for the EMME region of sparse data via host-to-target relationships, and 

(c) modifying rock ground motions obtained from (a) and (b) for different soil 

conditions by a proxy site characterization method. However, this chapter only 

presents the details of the first target (i.e., establishing ground-motion logic-tree 

framework for seismic hazard analyses in this region). 

 

The former regional projects such as GSHAP (Global Seismic Hazard Assessment 

Program; Giardini, 1999), SESAME (Seismotectonics and Seismic Hazard 

Assessment of the Mediterranean Basin; Jimenez et al., 2001) had a limited number 
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of predictive model options to be used in seismic hazard analyses. In general, the 

compatibility of model-developing datasets of the candidate GMPEs to region 

being studied are the primary factor for taking them into hazard analyses. After 

2000, the number of predictive models significantly increases in parallel with the 

improvements in strong-motion catalogs and ground-motion data as illustrated in 

Figure 1.7. These seismological developments bring with them the necessity of 

selection and testing the appropriateness of candidate GMPEs to the region of 

interest. Recently, such efforts were conducted in some regional projects to 

properly handle the epistemic uncertainty in probabilistic seismic hazard 

assessment (PSHA). In the SHARE (Seismic Hazard HARmonization in Europe) 

project, the GMPE selection for ground-motion logic-tree framework was based on 

the expert elicitation and the results of data-driven log-likelihood testing method 

(LLH; Scherbaum et al., 2009). Besides, the logic-tree branch weights of the 

predictive models are determined from some PSHA sensitivity analyses. The 

ground-motion logic-trees were proposed for PSHA in stable continental regions, 

subduction zones and shallow active crustal regions of Euro-Mediterranean region 

(Delavaud et al., 2012). The GEM (Global Earthquake Model) project was also 

proposes global ground-motion logic-tree set-ups for the same tectonic regimes in 

the SHARE project. To construct the globally applicable logic-tree frameworks, 

they considered some pre-defined criteria, literature review and trellis plots of 

GMPEs with respect to response spectra, magnitude and distance scaling for 

different periods and earthquake scenarios (Stewart et al., 2014). 

 

The ground-motion models for EMME regions of abundant data are going to be 

identified by testing a set of candidate GMPEs using a ground-motion dataset (see 

Chapter 2) compiled from the earthquake recordings of the EMME region. The 

compilation of EMME strong-motion databank has come to its final stage by 

collecting the accelerograms from Armenia, Georgia, Iran, Jordan, Pakistan and 

Turkey. More than 30 GMPEs are identified that can represent the general 

seismotectonic features of the region. Of these GMPEs, a set of 16 models are 

extracted by applying the pre-selection procedures (Cotton et al., 2006; Bommer et 
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al., 2010) and tested by the data-driven selection and testing methods (Nash and 

Sutcliffe, 1970; Scherbaum et al., 2004, 2009; Kale and Akkar, 2013) in the project 

period to select the most efficient group of GMPEs to be used in hazard 

estimations. The logic-tree based sensitivity analyses (explained in Chapter 5) 

proposes the final set of GMPEs and their corresponding weights that can be 

utilized in the logic-tree applications to address the epistemic uncertainty in 

ground-motion modeling. 

 

This chapter, first, details the fundamental features of the mentioned selection and 

ranking methods. Then, for a pre-selected set of local and global GMPEs, the 

ranking results of these procedures are compared by using EMME ground-motion 

database that consists of 1869 recordings from 418 events recorded in EMME 

region. Within the following step of the study, the testing results are evaluated in 

conformity with the trellis charts of the predictive models to suggest a set of 

GMPEs that can be used in the logic-tree based sensitivity analysis. In the final part 

of this chapter, PSHA sensitivity analyses are conducted for a set of logic-tree 

framework established by the selected GMPEs and the final version of the logic-

tree set-up is proposed to be confidently used in seismic hazard applications for 

EMME region. 

 

6.2. Pre-Selection and Data-Driven Testing Methods of GMPEs 

 

The testing procedures are capable of selecting and ranking the candidate GMPEs 

by assessing their intrinsic functionalities such as features of the database, 

regression type, functional form etc. or quantifying their performance from a 

ground-motion dataset compiled from the recorded accelerograms in the region of 

interest. The regional ground-motion dataset compiled for this purpose is given in 

Chapter 2 that consists of accelerograms recorded within the EMME region, which 

is considered to delineate the conspicuous seismic sources for the subject PSHA 

studies. The following paragraphs briefly describe each testing methodology except 

for EDR method (Kale and Akkar, 2013) as it is explained elaborately in Chapter 4. 
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6.2.1. Cotton et al. (2006) Pre-selection Method 

 

Pre-selection of the local and global GMPEs is done by following the criteria 

described in Cotton et al. (2006) study. This method suggests that the GMPEs 

should be eliminated if 1) the model is from irrelevant tectonic regime, 2) the 

predictive model is not PEER-reviewed, 3) the documentation and dataset is 

insufficient, 4) the model has been superseded, 5) the period range is not 

appropriate, 6) the functional form is inappropriate, 7) the regression method or 

coefficients are inappropriate. 

 

Although a more stringent set of GMPEs selection criteria is recently proposed in 

Bommer et al. (2010), they are not implemented at this stage since their application 

may significantly reduce the number of candidate GMPEs for testing. 

 

6.2.2. LH (Likelihood) Method 

 

LH method, which is proposed by Scherbaum et al. (2004), calculates the 

normalized residuals for a set of observed and estimated ground-motion data by 

considering that GMPEs are normally distributed in natural logarithm unit. The 

exceedance probabilities corresponding to calculated residuals are determined as 

LH values (Figure 5.1.a). By following Scherbaum et al. (2004), this likelihood 

parameter can be expressed by Equation 5.1: 
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   (6.1) 

 

where z0 represents the normalized residuals and Erf(z) is the error function while 

integrating the standard normal distribution. To describe the suitability of candidate 

GMPEs, the median LH values are reported as the resultant LH index that takes 

values between 0 and 1. For an optimum case, LH values are evenly distributed 

between 0 and 1, and the median of LH is about 0.5. 
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Figure 6.1 Illustrations of the probability calculations of (a) LH and (b) LLH 

methods. The summation of the shaded areas under the probability density function 

of Z is reported as LH index. Computation of LLH index is based on the 

occurrence probability of xi by using median and sigma values of GMPE (µGMPE 

and σGMPE, respectively). 

 

6.2.3. LLH (Log-Likelihood) Method 

 

LLH method, which is an information-theoretic model selection method developed 

by Scherbaum et al. (2009) is based on log-likelihood approach to measure the 

distance between two continuous probability density functions f(x) and g(x). The 

function f(x) represents the distribution of an observed data point in the ground-

motion dataset. The distribution of the estimated data point is described by g(x) and 

it is assumed as log-normal with the median and standard deviation of the 

considered GMPE. The distribution of f(x) is not known a priori and it is assumed 

to be log-normal with the same features of g(x). To obtain a model selection index, 

this approach calculates the average log-likelihood of the considered predictive 

model (Equation 5.2) using the observed dataset. An illustration of the probability 

consideration of LLH method is represented in Figure 5.1.b. 
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In Equation 5.2, xi represents the observed data for i = 1,…, N. The parameter N is 

the total number of data. A small value of LLH ranking index indicates a better 

relationship between the observed and estimated ground-motion data. 

 

6.2.4. NSE (Nash and Sutcliffe Efficiency Coefficient) Method 

 

The model efficiency coefficient, NSE, (Nash and Sutcliffe, 1970) is a major 

improvement over the goodness-of-fit statistics because it directly quantifies the 

amount of bias in a model. However, it does not quantify how well the aleatory 

variability (sigma) of the observations is predicted by the models. The coefficient 

of efficiency is calculated from Equation (5.3) in logarithmic space. 

 

 

 





N

1i
2

i

N
1i

2
ii

)YlnY(ln
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where N is the total number of ground-motion data, Yi values are the observed 

data, iŶ  values are the estimated median values of predictive models and Yln  is 

the mean value of the logarithms of the observed data. The NSE coefficient may 

take values between -∞ and 1. The higher values of NSE coefficient indicate better 

agreement between observed and estimated data (Kaklamanos and Baise, 2011). 

 

6.3. Selection and Testing of Candidate GMPEs for EMME Region 

 

The EMME database is a collection of shallow active crustal accelerograms from 

Turkey, Iran, Caucasus (Georgia and Armenia), Pakistan and Jordan. The sources 

of the strong-motion accelerograms in the database are national seismological 

agencies and projects as well as recently compiled global strong-motion databanks. 

The EMME database includes 1869 strong-motion accelerograms recorded from 

418 events and 611 strong-motion stations. The moment magnitude (Mw) and 

source-to-site distance (RJB) ranges of the recordings are 4.0 ≤ Mw ≤ 7.6 and RJB ≤ 
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200km, respectively. The site classification of accelerograms is based on measured 

and inferred VS30 values. The database mainly consists of recordings from soft and 

stiff sites that correspond to a VS30 range of 180m/s < VS30 ≤ 800m/s. Half of the 

accelerograms in the database that are from strike-slip events dominate the 

database. The other half is almost equally distributed between normal (23%) and 

reverse (27%) events. The acausal band-pass filtering procedure is applied in data 

processing. The filter cut-offs are determined from the frequency content of raw 

data. 

 

The candidate GMPEs for shallow active crustal regions (SACRs) are collected 

from conference proceedings and peer-reviewed journals. Afterwards they are 

subjected to a further elimination based on the criteria proposed in Cotton et al. 

(2006) that results in 16 candidate GMPEs which are used in the data-driven testing 

of predictive models for seismic hazard analysis. These pre-selected candidate 

ground-motion models that fairly represent the primary seismotectonic settings of 

the region are listed in Table 6.1 with their acronyms and general features. Note 

that, among the candidate GMPEs, the criteria of Cotton et al. (2006) are not 

entirely complied by the predictive models proposed by Zhao et al. (2006), 

Ambraseys et al. (2005), Akkar and Bommer (2010) and Kale and Akkar (2013). 

Zhao et al. (2006) is suffered from incomplete documentation of their model-

developing dataset. Akkar et al. (2014) predictive model supersedes the ground-

motion relations developed by Ambraseys et al. (2005) and Akkar and Bommer 

(2010). These three GMPEs are not disregarded because they are evaluated in other 

regional hazard studies (e.g., Delavaud et al., 2012; Stewart et al., 2014). In 

addition, although Kale and Akkar (2013)9 model is not PEER-reviewed, this 

predictive model is developed within the context of EMME WP-3 studies and 

tested in this part to evaluate its performance on EMME strong-motion database. 

The data-driven test results of these predictive models are given in the appendix of 

this chapter. 

                                                 
9 The predictive model proposed by Kale and Akkar (2013) was published in a Turkish national 
conference and mostly different from the GMPE given in Chapter 3. 
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Table 6.1 General features of the candidate GMPEs. 

GMPE 
GMPE 

Acronym 
Main Region(s) 

Number of 
records and 

events 

Number of 
estimators 

Mw 
interval 

R type and Rmax 
(km) * 

Component † 
Period 

interval 

Style-of-
faulting 

‡ 

Site 
effect 

Akkar and Çağnan (2010) AC10 Turkey 433, 137 4 5.0 - 7.6 R
JB

, 200 PGA, PGV, PSA 
in GM 

0 - 2s S, N, R VS30 

Özbey et al. (2004) Oetal04 
Northwestern 

Turkey 
195, 17 3 5.0 - 7.4 R

JB
, 300 PGA, PSA 

in GM 
0 - 4s U 

Dummy 
variable 

Kalkan and Gülkan (2004) KG04 Turkey 112, 57 3 4.0 - 7.4 R
JB

, 250 PGA, PSA 
in L 

0 - 2s U VS30 

Akkar and Bommer (2010) 
and 

Bommer et al. (2012) 
AB10 

Europe and the 
Middle East 

532, 131 4 5.0 - 7.6 R
JB

, 100 PGA, PGV, PSA 
in GM 

0 - 2s S, N, R 
Dummy 
variable 

Ambraseys et al. (2005) Aetal05 
Europe and the 

Middle East 
595, 135 4 5.0 - 7.6 R

JB
, 99 PGA, PSA 

in L 
0 - 2.5s 

S, N, T, 
O 

Dummy 
variable 

Zhao et al. (2006) Zetal06 Japan 4726, 269 5 5.0 - 8.3 R
RUP

, 300 PGA, PSA 
in GM 

0 - 5s S, N, R 
Dummy 
variable 

Fukushima et al. (2003) Fetal03 West Eurasia 740, 50 3 5.5 - 7.4 
R

RUP 
and R

HYP
, 

235 
PGA, PSA 

in B 
0 - 2s U 

Dummy 
variable 

Bindi et al. (2010) Betal10 Italy 561, 107 3 4.0 - 6.9 R
JB and REPI

, 100 PGA, PGV, PSA in L 
PGA, PGV, PSA in V 

0 - 2s U 
Dummy 
variable 

Ghasemi et al. (2009) Getal09 Iran 716, 200 3 5.0 - 7.4 
R

RUP 
and R

HYP
, 

100 
PSA 

in GMRotI50 
0.05 - 3s U 

Dummy 
variable 

Cauzzi and Faccioli (2008) 
and Faccioli et al. (2010) 

CF08 Japan 1164, 60 4 5.0 - 7.2 R
RUP

, 150 PGA, PSA 
in GM 

0 - 20s S, N, R 
Dummy 
variable 
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Table 6.1 Cont’d. 

GMPE 
GMPE 

Acronym 
Main Region(s) 

Number of 
records and 

events 

Number of 
estimators 

Mw 
interval 

R type and Rmax 
(km) * 

Component † 
Period 

interval 

Style-of-
faulting 

‡ 

Site 
effect 

Abrahamson and Silva 
(2008) 

AS08 
Western US and 

Taiwan 
2754, 135 13 5.0 - 8.5 R

RUP
, 200 PGA, PGV, PSA 

in GMRotI50 
0 - 10s S, N, R VS30 

Boore and Atkinson (2008) BA08 
Western US and 

Taiwan 
1574, 58 5 5.0 - 8.0 R

JB
, 200 PGA, PGV, PSA 

in GMRotI50 
0 - 10s S, N, R VS30 

Campbell and Bozorgnia 
(2008) 

CB08 
Western US and 

Taiwan 
1561, 64 9 4.0 - 8.5 R

RUP
, 200 PGA, PGV, PSA 

in GMRotI50 
0 - 10s S, N, R VS30 

Chiou and Youngs (2008) CY08 
Western US and 

Taiwan 
1950, 125 12 4.0 - 8.5 R

RUP
, 200 PGA, PGV, PSA 

in GMRotI50 
0 - 10s S, N, R VS30 

Akkar et al. (2014) ASB14 
Europe and the 

Middle East 
1041, 221 4 4.0 - 7.6 R

JB
, 200 PGA, PGV, PSA 

in GM 
0 - 4s S, N, R VS30 

Kale and Akkar (2013) KA13 Turkey 692, 178 4 4.0 - 7.6 R
JB

, 200 PGA, PGV, PSA 
in GM 

0 - 4s S, N, R VS30 

* R: distance, Rmax: maximum distance, REPI: epicentral distance, RHYP: hypocentral distance, RJB: Joyner-Boore distance, RRUP: closest distance 
† GM: geometric mean of horizontal components, L: larger horizontal component, GMRotI50: rotation-independent average horizontal component (Boore et al., 2006),  

B: both horizontal components, V: vertical component 
‡ S: strike-slip faulting, N: normal faulting, R: reverse faulting, O: oblique faulting, U: unidentified 
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In this part of the study, the selected 16 local and global candidate GMPEs are 

tested under the ground-motion dataset for the spectral period band of interest (0.0s 

≤ T ≤ 4.0s). After this point, the candidate GMPEs is cited with their acronyms 

which are given in the second column of Table 6.1. While the data-driven testing 

methods are applied, the implementation of the GMPEs such as considering 

magnitude and distance limitations, horizontal component definitions etc. are done 

by following the same process given in the Chapter 4. Different approaches are 

implemented during the testing of GMPEs. These approaches are categorized as 

consideration of entire EMME database, country- or region-based datasets (Turkey, 

Iran, and Caucasus), and fault mechanism-based datasets (normal, reverse, and 

strike-slip). The average testing results of all GMPEs for each of the testing 

approaches with respect to EDR components (  
N

1i
2
iMDE

N

1
which is shown as 

MDE in the rest of the document and ), actual EDR index, NSE coefficient, LH 

and LLH indexes and are tabulated in Appendix C (Tables C.1 to C.7). The average 

results given in these tables represent the overall performances of the GMPEs for a 

spectral period band that comprises of T=0.0s (PGA), 0.1s, 0.2s, 0.5s, 0.75s, 1.0s, 

1.5s and 2.0s. The upper limit of the period is selected as 2.0s for obtaining average 

values as all predictive models in the list yield spectral values until this period 

level. After 2.0s some of the GMPEs do not estimate the spectral ordinates. The 

performances of the predictive models after 2.0s are visually inspected from the 

figures given in the Appendix C. The general performances of the predictive 

models at each selected period and T=3.0s and 4.0s for each of the approaches are 

shown in the figures (Figures C.1 to C.7) given in Appendix C. 

 

The tables and figures given in Appendix C depict that given the different 

combinations of the databases Zetal06, AB10 and KA13 models perform well with 

respect to regarded testing results, whereas the performance of Aetal05 is lower 

than the performances of the other GMPEs. ASB14 model which supersedes 

Aetal05 and AB10 is mostly positioned at the top of the ranking lists. Therefore, in 

the final evaluation of the predictive models, both Aetal05 and AB10 GMPEs were 
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extracted from the list of the candidate predictive models. KA13 and Oetal04 

models were also not included in the final list because KA13 model was not as 

comprehensive as being practiced in a regional hazard analysis, and Oetal04 model 

was derived from a limited data (only Northwestern Turkey) and showed weak 

performance on the considered database. To this end, the model performances of 

the 12 candidate GMPEs are evaluated for the period band of interest. Figure 6.2 

presents the period-based scatters of the testing indexes for entire EMME database. 

In fact, this figure contains same information with the Figure C.1 given in the 

appendix but the performances of the extracted models (Oetal04, Aetal05, AB10 

and KA13) are not included in this version. Table 6.2 displays the top ranked 

models (first five GMPEs) with respect to the average test results of GMPEs in 

terms of EDR components and actual EDR index, NSE coefficient, LH and LLH 

ranking indexes. In this list, the five predictive models that perform better with 

respect to the overall rankings are shown in bold fonts. Tables 6.3 to 6.8 presents 

the same information with Table 6.2 for different database approaches (i.e., 

country- or region-based and style-of-faulting-based sub-datasets) implemented 

during the testing of GMPEs.  

 

The summaries of data-driven test results given in Tables 6.2 to 6.8 show that 

EDR, NSE, LH and LLH methods generally yield similar rankings. One particular 

advantage of EDR method is that it not only provides an idea on the overall 

performance of the tested predictive models but also informs the analyst about the 

individual contributions of model sigma (i.e., the level of aleatory variability) and 

bias in median estimations to overall performance of GMPEs. For example, when 

testing results of entire database is of concern, BA08 performs better in terms of 

aleatory variability (MDE component in EDR). However, AC10 supersedes BA08 

when the overall EDR index is considered. Accordingly, EDR offers different 

levels of information to the analyst for considering the aleatory uncertainty, degree 

of bias between observed and median estimations and combination of these two 

components. 
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Figure 6.2 Performances of candidate GMPEs at the selected period levels when 

the entire EMME database is used for testing of GMPEs. Top row shows the 

components of EDR index (  
N

1i
2
iMDE

N

1
and ), middle row shows the actual 

EDR and NSE, and bottom row shows the LH and LLH indexes. 
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Table 6.2 Rankings of the top 5 GMPEs for the entire EMME database. The first 5 

predictive models that perform better in this case are shown in bold. 

GMPE MDE κ EDR NSE LH LLH 
Fetal03       
KG04       

Zetal06 2  3 2 5 4 
CF08 5 4 4 4 4 3 
AS08       
BA08 3      
CB08       
CY08 4 5 2 5   

Getal09       
Betal10  1   2 5 
AC10  3 5 3 1 2 

ASB14 1 2 1 1 3 1 
 

Table 6.3 Rankings of the top 5 GMPEs for the Turkish sub-database. The first 5 

predictive models that perform better in this case are shown in bold. 

GMPE MDE κ EDR NSE LH LLH 
Fetal03       
KG04       

Zetal06 3  5 4 5 4 
CF08 2 4 2 3 3 3 
AS08       
BA08       
CB08       
CY08 5 5 4 5   

Getal09       
Betal10  2   4 5 
AC10 4 3 3 2 1 2 

ASB14 1 1 1 1 2 1 
 

Table 6.4 Rankings of the top 5 GMPEs for the Iranian sub-database. The first 5 

predictive models that perform better in this case are shown in bold. 

GMPE MDE κ EDR NSE LH LLH 
Fetal03       
KG04    5 4 2 

Zetal06 5    3 4 
CF08       
AS08 3 4 3 4 5 3 
BA08 2 5 1 3  5 
CB08 1  2 1   
CY08  3 5    

Getal09 4  4 2 1 1 
Betal10  1   2  
AC10       

ASB14  2     
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Table 6.5 Rankings of the top 5 GMPEs for the Caucasian sub-database. The first 5 

predictive models that perform better in this case are shown in bold. 

GMPE MDE κ EDR NSE LH LLH 
Fetal03       
KG04       

Zetal06 5   5 5  
CF08 1 4 2 2 2 2 
AS08       
BA08       
CB08       
CY08  5 5    

Getal09      5 
Betal10 4 2 3 3 3 3 
AC10 2 1 1 1 1 1 

ASB14 3 3 4 4 4 4 
 

Table 6.6 Rankings of the top 5 GMPEs for the normal faulting sub-database. The 

first 5 predictive models that perform better in this case are shown in bold. 

GMPE MDE κ EDR NSE LH LLH 
Fetal03       
KG04       

Zetal06 3   4 5 5 
CF08 2 5 3 2 3 3 
AS08       
BA08 4      
CB08       
CY08  4 5    

Getal09       
Betal10  1 4 5 4 4 
AC10 5 3 2 3 2 2 

ASB14 1 2 1 1 1 1 
 

Table 6.7 Rankings of the top 5 GMPEs for the reverse faulting sub-database. The 

first 5 predictive models that perform better in this case are shown in bold. 

GMPE MDE κ EDR NSE LH LLH 
Fetal03       
KG04       

Zetal06 3 2 5 3  4 
CF08   4  5  
AS08       
BA08 1 3  2   
CB08 4      
CY08 5   4   

Getal09 2 4  1 3 1 
Betal10  5 1 5 2 2 
AC10   3  1 3 

ASB14  1 2  4 5 
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Table 6.8 Rankings of the top 5 GMPEs for the strike-slip faulting sub-database. 

The first 5 predictive models that perform better in this case are shown in bold. 

GMPE MDE κ EDR NSE LH LLH 
Fetal03       
KG04       

Zetal06 3  3 2 5 3 
CF08 5 3 4 4 4 4 
AS08       
BA08 4      
CB08       
CY08 1 5 2 3  5 

Getal09       
Betal10  2   2  
AC10  4 5 5 1 2 

ASB14 2 1 1 1 3 1 
 

When the entire EMME database (Table 6.2) or Turkish sub-dataset (Table 6.3) are 

considered, Zetal06, CF08, CY08, AC10, and ASB14 perform better according to 

EDR and NSE procedures. LH and LLH methods reports Betal10 model instead of 

CY08 among the five best performing GMPEs while rest of the models are same 

with the rankings of EDR and NSE procedures. As another example, the results 

obtained for the reverse-faulting dataset indicate that the test methods yield 

different rankings. Therefore, to objectively combine the ranking results and decide 

on the most populated GMPEs for all ground-motion datasets, the five predictive 

models which are mostly preferred by each test method are identified for each 

dataset case. These GMPEs are indicated in bold fonts in the associated tables. At 

the end, when all ranking results are considered among these seven cases, the better 

performing GMPEs are chosen as Zetal06, CF08, BA08, CY08, AC10 and ASB14. 

Although the model performance of Betal10 is promoted in some cases, this model 

is not incorporated into the better performing models as it does not consider style-

of-faulting effects on its ground-motion estimates and its upper magnitude limit 

(Mw 6.9) is biased for application to the EMME region in which there are 

numerous seismic sources with a maximum magnitude of about 8.0. 

 

The above six GMPEs can be reduced further, if ground-motion variability is 

accepted to be addressed by 3 or 4 predictive models in GMPE logic-tree 
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applications. The strong-motion database is divided into different Mw and RJB bins. 

The bins range from small to large magnitude earthquakes with various RJB 

intervals spanning near- to far-distance accelerograms. Figure 6.3 shows the 

generated bins as well as the number of accelerograms in each bin. The Mw-RJB 

bins are called with the numbers given in the horizontal axis of this figure. The 

individual performances of the six GMPEs are re-evaluated using these Mw-RJB 

bins. The bin-dependent performances of the GMPEs are also important as the 

PSHA disaggregation results would identify different magnitude and distance 

values depending on the level of activity and proximity of seismic sources. 

 

 

Figure 6.3 Data histograms of the generated Mw-RJB bins. Intervals of Mw and RJB 

are given next to each legend. Different magnitude intervals are represented by 

different colors while different patterns identify the distance intervals. For 

example, the 7th bin (i.e., Mw-RJB bin Id=7) represents the data for 6 < Mw < 7 and 

50 < RJB < 100 km. 

 

The GMPEs that show fairly stable ranking results for bin-based data as considered 

here can be used in the GMPEs logic-tree applications for the considered region. 

Figures 6.4 and 6.5 show the testing results of six GMPEs for the selected levels to 

assess their bin-based performances. Figure 6.4 represent the performances of the 

GMPEs in terms of MDE component of EDR approach. The similar comparisons 

for LLH method is shown in Figure 6.5. An immediate observation depicted from 
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MDE and LLH figures that almost all GMPEs show jagged behaviors in moderate 

and large magnitude - near distance bins (i.e., No.9 and No.13). The qualification 

of the GMPEs with respect to their performances in these bins is not a fair 

judgment since the scarce number of accelerograms that prevent reliably evaluating 

the models. Among the considered GMPEs, the LLH ranking indexes of BA08 do 

not display stable behavior especially for the small-magnitude bins. AC10 model 

shows slightly poor performance for bins of small magnitude and far-distance 

recordings (i.e., No.4). Another interesting observation from the presented results is 

the unstable performance of CF08 for close- and far-distances and moderate-

magnitude recordings (i.e., No.5, No.8 and No.12). However, these models display 

fairly good performance for the rest of the bins. ASB14, CY08 and Zetal06 

predictive models perform relatively better for all the bins. Under the light of these 

observations, GMPE logic-tree based sensitivity analysis to construct the final 

logic-tree application in EMME region can consider all GMPEs (i.e., Zetal06, 

BA08, CF08, CY08, AC10, and ASB14) for consistent hazard results. In the 

further step, these GMPEs are investigated using trellis charts to study their 

earthquake scenario based behaviors. 
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Figure 6.4 Mw-RJB bin performances of the GMPEs at selected periods in terms of 

MDE index. 
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Figure 6.5 Mw-RJB bin performances of the GMPEs at selected periods in terms of 

LLH index. 
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6.4. Trellis Charts of the Selected GMPEs 

 

In addition to prior observations on testing of predictive models, the selected six 

GMPEs that represents relatively better performances among the candidate 

predictive models should examined with respect to trellis charts for different 

earthquake scenarios. Trellis charts are prepared to capture the general behaviors of 

the ground-motion estimates in multi-dimensional space (magnitude, distance, 

spectral period). Accordingly, they provide a captivating insight into the candidate 

predictive models while evaluating them. These charts help to hazard analyst for 

identifying the different trends (i.e., lower, median and upper bound behaviors) of 

candidate predictive models. 

 

Within the context of this study, such kind of appraisals is important to obtain a 

proper set of GMPE logic-tree alternatives for conducting logic-tree based 

sensitivity approach. In this context, the spectral ordinate estimates of these 

particular GMPEs are plotted for different earthquake scenarios in Figures 6.6 and 

6.7 for strike-slip, and Figures C.8 to C.11 for normal and reverse fault 

mechanisms. Each figure contains twenty panels and each panel shows the spectral 

ordinate estimates of the selected six GMPEs for a particular Mw-RJB pairs. The 

selected moment magnitude values are Mw 5, Mw 6, Mw 7 and Mw 8 whereas the 

distance measures are RJB 2.5km, RJB 10km, RJB 25km, RJB 100km and RJB 200km. 

The site condition is represented with a VS30 value of 760m/s (i.e., generic rock) in 

the earthquake scenarios. Among the considered predictive relations, the distance 

metric used by Zetal06, CF08 and CY08 are RRUP whereas the other three GMPEs 

are based on the RJB distance measure. To compute the ground-motion estimates of 

Zetal06, CF08 and CY08, the RRUP distances corresponding to the RJB values are 

calculated by the help of fault rupture parameters (i.e., depth-to-top of rupture, dip 

angle, hypocentral depth and rupture dimensions). First three of these parameters 

are estimated from the relationships proposed in Kaklamanos et al. (2010; 2011) 

whereas Wells and Coppersmith (1994) is used to estimate the rupture dimensions. 

The spectral amplitude estimations are for median (50 percentile) and 
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median+2sigma (96 percentile) in Figures 6.6, C.8, C.10 and Figures 6.7, C.9, 

C.11, respectively. 

 

In general, for median ground-motion estimates, CY08, BA08, Zetal06 and CF08 

constitute the upper bounds in various Mw-RJB based earthquake scenarios. AC10 

predictive model seems to draw lower bound spectral estimates whereas median 

trend is represented by ASB14. When 96 percentile (median+2sigma) trellis charts 

are of concern, the aleatory variability component of the ground-motion models is 

more prominent. In these cases, CF08 and Zetal06 seem to be the upper bound 

predictive models for most of the earthquake scenarios. Although BA08 model can 

be included in the upper bound predictive model list for small-to-moderate 

magnitude and far distance cases (Mw 5-6, RJB 100km-200km), the general trend of 

this model is considered to draw lower bound together with AC10 predictive 

model. The GMPEs of CY08 and ASB14 are regarded to represent median 

behavior of the spectral estimates. The gradually increased spectral amplitudes of 

BA08 and CY08 models with respect to the other GMPEs can be explained with 

their lower standard deviations especially for the large magnitude earthquake 

scenarios. 

 

The overall observations from the earthquake scenario plots suggest that the 

predictive model estimates of CF08 and Zetal06 are relatively larger than the other 

GMPEs. The ground-motion relations of CY08 and ASB14 seem to draw a median 

spectral amplitude band along the overall period range of interest, whereas lower 

bound can be assembled by AC10 and BA08 models. These classifications of the 

predictive models (i.e., upper, median and lower bound) guide the selection of 

models to capture the modeling (epistemic) uncertainty in ground-motion estimates 

fairly well. Thus, in the next step, these explorations are regarded to tailor the final 

set of GMPEs to be used in PSHA studies for the EMME region. 
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Figure 6.6 Trellis chart for PSA response spectra of the GMPEs (strike-slip events, median estimates and VS30=760m/s).
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Figure 6.7 Trellis chart for PSA response spectra of the GMPEs (strike-slip events, median+2sigma estimates and VS30=760m/s).
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6.5. Logic-tree Based Sensitivity Analysis 

 

The GMPEs and their branch weights that are used in the final EMME ground-

motion model logic-tree application are decided according to the seismic hazard 

sensitivity tests. Figure 6.8 displays the background areal sources and selected 

regions from Turkey for conducting PSHA. The considered area source model 

shows some minor differences from the final version of the EMME source model 

as this issue was still alive while conducting the logic-tree based sensitivity 

analyses. The selected regions reflect low-to-moderate seismicity (Mersin region) 

and high seismicity (Aegean and North Anatolian Fault - NAF regions) levels. The 

OpenQuake platform (Pagani et al., 2014) was used as hazard engine in 

probabilistic seismic hazard calculations. While conducting the seismic hazard 

analyses, the areal seismic sources are treated as line sources instead of modeling 

them as point sources in the seismic hazard engine. 

 

 

Figure 6.8 Illustration of the selected regions and background area sources 

considered in the PSHA. 

 

The node structure of the sensitivity analyses is illustrated in Figure 6.9. The 

selected six GMPEs are used to establish four major GMPE groups. The first major 

group contains three best representative GMPEs (ASB14, CY08 and AC10) from 

all data-driven testing studies and trellis charts. The other major groups include 
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these GMPEs as well as an additional one from the other 3 predictive models 

(Zetal06, BA08 and CF08). Each major group is then divided into 3 different sub-

groups by varying the logic-tree branch weights of the GMPEs in that group. In 

essence, 12 different GMPE logic-trees (from LT#1 to LT#12) are established for 

the sensitivity analyses and listed in Table 6.9. Among these logic-tree alternatives, 

Groups 1 and 3 are comprised from the GMPEs exhibiting median and lower 

bound behaviors, whereas Groups 2 and 4 combinations are capable of displaying 

overall trends (i.e., lower, median and upper bounds). 

 

 

Figure 6.9 Node structure of the logic-tree based sensitivity analyses. 

 

Table 6.9 Details of the logic trees established for the sensitivity analyses. 

GMPE 
Group-1 Group-2 Group-3 Group-4 

LT1 LT2 LT3 LT4 LT5 LT6 LT7 LT8 LT9 LT10 LT11 LT12 

Zetal06 - - - 0.10 0.20 0.10 - - - - - - 

BA08 - - - - - - 0.10 0.20 0.10 - - - 

CF08 - - - - - - - - - 0.10 0.20 0.10 

CY08 0.40 0.35 0.45 0.35 0.30 0.40 0.35 0.30 0.40 0.35 0.30 0.40 

AC10 0.20 0.30 0.10 0.20 0.20 0.10 0.20 0.20 0.10 0.20 0.20 0.10 

ASB14 0.40 0.35 0.45 0.35 0.30 0.40 0.35 0.30 0.40 0.35 0.30 0.40 

 

One might be criticized that ASB14, CY08 and AC10 predictive models are 

included in all alternative logic-tree applications. In this respect, there are quite 

reasonable explanations for these speculative selections. Firstly, these three 
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GMPEs are promoted by most of the data-driven testing methods for several test 

scenarios in this thesis. The observations getting from trellis charts are another 

justification for this selection. Finally, the model-developing datasets of these 

models are capable of reflecting the seismotectonic features of the region being 

studied. AC10 model developed using accelerograms from Turkey which covers 

large area in the entire EMME region. ASB14 pan-European predictive model uses 

a large amount of data from the region of interest. Among the candidate models, 

CY08 is the best representative of global ground-motion models for shallow active 

crustal regions. Thus, these three models are decided on considering in all logic 

trees with different weighting schemes. 

 

Given a spectral period of interest, 12 hazard curves are computed from the above 

established logic trees for a set of previously determined sites in the selected 

regions. The total number of sites in Aegean, NAF and Mersin regions are 941, 881 

and 953, respectively. The considered spectral periods are PGA, T=0.2s, 1.0s and 

2.0s to compute seismic hazard in the regions. For each site and spectral period of 

interest, spectral accelerations (SAs) corresponding to a specific return period yield 

discrete spectral values as shown in Figure 6.10. Given a site, the spectral 

accelerations corresponding to the selected return period are normalized with their 

median (SAmedian) to obtain 12 normalized SAs. Finally, the normalized SAs of all 

sites for a particular return period and spectral period are binned according to the 

logic trees given in Figure 6.9 and Table 6.9. The trends in the binned normalized 

SAs are evaluated for obtaining the most proper set of predictive models and 

corresponding branch weights for the regional hazard calculations in the EMME 

project. 

 

Figure 6.11 represents the normalized SAs of each alternative logic tree given in 

Figure 6.9 and Table 6.9 for the pre-selected sites in the Aegean region. The 

illustrative plots in Figure 6.11 are for normalized spectral accelerations of T=0.2s 

and T=1.0s to reflect the short and intermediate period trends. In these sub-figures 

each row displays the pre-defined GMPE major groups whereas each column 
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presents the weighting schemes of these groups. The return period is selected as 

2475yrs as any significant difference is not observed between 475yrs and 2475yrs 

plots. Figures 6.12 and 6.13 represent the same information with Figure 6.11 for 

NAF and Mersin regions, respectively. The rest of the figures for pre-selected 

periods (PGA, T=0.2s, 1.0s and 2.0s), return periods of 475yrs and 2475yrs and 

considered regions are illustrated in Appendix D (Figures D.1 to D.9). In these 

evaluation plots, if the normalized data scatters of a logic-tree branch fluctuate 

about median line (i.e., unity), the resulting hazard is close to the median hazard 

curve. In other words, the seismic hazard results are not controlled by any of the 

particular GMPEs within the considered logic-tree set-up. The numerical 

information for these figures are given in Tables 6.10 and 6.11 in terms of absolute 

differences (DLT,i) of logic-tree based sensitivity analysis results (see Chapter 5 for 

details of DLT,i calculations) for return periods of 475yrs and 2475yrs.  

 

 

Figure 6.10 Site-specific hazard curves obtained from different logic-trees. 

 

The examinations of individual normalized spectral acceleration scatters for each 

selected logic-tree framework alternatives given in Figures 6.11 to 6.13 and the DLT 
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values of the logic-tree applications given in Tables 6.10 and 6.11 suggest that the 

considerations of BA08 and CF08 substantially alter the hazard results. While 

CF08 increase the hazard results, BA08 results in yielding lower hazard 

estimations for the sites of interest. Those effects are more prominent for LT#8 and 

LT#11 because, as shown in Table 6.9, the branch weights of these GMPEs in 

these cases are higher than the other cases (i.e., LT#7, LT#9, LT#10 and LT#12). 

To conclude, it can be mentioned that CF08 and BA08 predictive models dominate 

the hazard. The logic-tree applications belonging to Groups-1 and -2 seem to draw 

a reasonable scatter trend along the all sites being considered and they can be 

regarded as reliable candidates to represent the modeling (epistemic) uncertainty in 

ground-motion estimations fairly well. Among the best performing logic trees, the 

rankings indicated in Tables 6.10 and 6.11 depict that the logic-tree frameworks of 

LT#1 (Group-1), and LT#4 and LT#6 (Group-2) are the best alternatives for 

probabilistic seismic hazard applications in the EMME project.  
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Figure 6.11 Results of logic-tree based sensitivity analysis of Aegean region for 

return period of 2475yrs and T=0.2s (top group), T=1.0s (bottom group). Solid line 

displays the median trend whereas dashed lines show median ± sigma bounds. 
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Figure 6.12 Results of logic-tree based sensitivity analysis of NAF region for return 

period of 2475yrs and T=0.2s (top group), T=1.0s (bottom group). Solid line 

displays the median trend whereas dashed lines show median ± sigma bounds.
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Figure 6.13 Results of logic-tree based sensitivity analysis of Mersin region for 

return period of 2475yrs and T=0.2s (top group), T=1.0s (bottom group). Solid line 

displays the median trend whereas dashed lines show median ± sigma bounds.
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Table 6.10 Absolute differences (DLT,i) of logic-tree based sensitivity analysis results for 475yrs return period. The top 3 logic-tree 

frameworks that perform better are shown in bold. 

Region Period DLT01 DLT02 DLT03 DLT04 DLT05 DLT06 DLT07 DLT08 DLT09 DLT10 DLT11 DLT12 

Aegean 
Region 

PGA 0.008 0.026 0.014 0.010 0.017 0.009 0.029 0.053 0.011 0.027 0.060 0.044 

T=0.2s 0.010 0.011 0.010 0.003 0.013 0.003 0.024 0.042 0.024 0.025 0.056 0.024 

T=1.0s 0.017 0.016 0.019 0.005 0.009 0.008 0.027 0.037 0.029 0.034 0.085 0.032 

T=2.0s 0.012 0.019 0.006 0.005 0.006 0.004 0.021 0.032 0.015 0.021 0.056 0.028 

NAF 
Region 

PGA 0.012 0.049 0.023 0.011 0.015 0.017 0.033 0.046 0.007 0.026 0.073 0.052 

T=0.2s 0.018 0.038 0.028 0.004 0.030 0.012 0.029 0.034 0.019 0.024 0.073 0.033 

T=1.0s 0.020 0.023 0.021 0.007 0.010 0.007 0.026 0.032 0.026 0.033 0.092 0.035 

T=2.0s 0.013 0.032 0.022 0.012 0.012 0.003 0.026 0.031 0.016 0.032 0.087 0.042 

Mersin 
Region 

PGA 0.015 0.041 0.015 0.010 0.012 0.018 0.028 0.042 0.004 0.018 0.051 0.045 

T=0.2s 0.021 0.029 0.014 0.002 0.021 0.008 0.021 0.024 0.013 0.017 0.051 0.024 

T=1.0s 0.008 0.008 0.014 0.006 0.004 0.012 0.017 0.027 0.023 0.028 0.064 0.022 

T=2.0s 0.005 0.010 0.005 0.008 0.015 0.004 0.013 0.024 0.008 0.017 0.038 0.023 
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Table 6.11 Absolute differences (DLT,i) of logic-tree based sensitivity analysis results for 2475yrs return period. The top 3 logic-tree 

frameworks that perform better are shown in bold. 

Region Period DLT01 DLT02 DLT03 DLT04 DLT05 DLT06 DLT07 DLT08 DLT09 DLT10 DLT11 DLT12 

Aegean 
Region 

PGA 0.013 0.023 0.007 0.010 0.011 0.005 0.034 0.059 0.024 0.040 0.095 0.048 

T=0.2s 0.011 0.010 0.018 0.004 0.013 0.012 0.028 0.049 0.037 0.039 0.084 0.029 

T=1.0s 0.031 0.029 0.033 0.007 0.025 0.009 0.043 0.055 0.045 0.054 0.139 0.051 

T=2.0s 0.025 0.033 0.018 0.005 0.022 0.008 0.037 0.050 0.029 0.036 0.101 0.043 

NAF 
Region 

PGA 0.014 0.048 0.028 0.012 0.019 0.014 0.045 0.063 0.026 0.046 0.123 0.062 

T=0.2s 0.025 0.031 0.027 0.009 0.037 0.014 0.041 0.057 0.039 0.044 0.111 0.044 

T=1.0s 0.041 0.047 0.044 0.009 0.032 0.006 0.055 0.068 0.052 0.068 0.181 0.071 

T=2.0s 0.035 0.056 0.045 0.016 0.022 0.007 0.054 0.064 0.043 0.067 0.188 0.079 

Mersin 
Region 

PGA 0.012 0.031 0.008 0.010 0.011 0.009 0.031 0.051 0.013 0.030 0.071 0.047 

T=0.2s 0.013 0.014 0.013 0.003 0.014 0.004 0.026 0.041 0.027 0.028 0.070 0.028 

T=1.0s 0.020 0.019 0.022 0.006 0.011 0.009 0.035 0.052 0.038 0.047 0.110 0.045 

T=2.0s 0.015 0.025 0.008 0.009 0.012 0.005 0.033 0.053 0.023 0.036 0.086 0.046 
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6.6. Final EMME Logic-tree Frameworks 

 

The procedure described in the previous section is repeated for spectral periods of 

PGA, T=0.2s, T=1.0s and T=2.0s for 475yrs and 2475yrs return periods. The 

results of the sensitivity analyses indicate the better performances of LT#1, LT#4 

and LT#6 logic trees. The resultant PGA, T=0.2s, T=1.0s / 2475yrs hazard maps of 

these GMPE logic trees are given in Figures 6.14, 6.15 and 6.16 for the Aegean, 

NAF and Mersin regions, respectively. These figures also include the hazard maps 

of the SHARE project for comparative purposes. The SHARE logic-tree includes 

AB10, CF08, CY08 and Zetal06 GMPEs with branch weights of 0.35, 0.35, 0.20 

and 0.10, respectively. The rest of the comparisons for pre-selected spectral 

periods, and 475yrs and 2475yrs return periods for the considered regions are 

displayed in Appendix D (Figures D.10 to D.18). The comparisons indicate minor 

differences between the hazard maps of LT#1, LT#4 and LT#6. Besides, the 

SHARE hazard results are slightly more conservative with respect to those 

computed from LT#1, LT#4 and LT#6. 

 

The comparisons similar to those given in Figures 6.14, 6.15 and 6.16 for different 

return period (i.e., 475yrs) and for different spectral periods led the selection of 

LT#4 as the final ground-motion logic-tree framework in the hazard computations 

of shallow active crustal seismic regions in the EMME project. Table 6.12.a lists 

the LT#4 GMPEs and corresponding logic-tree weights. AC10 model included in 

this logic-tree framework estimates spectral ordinates for periods smaller than 2.0s 

whereas the others yield estimates up to T=4.0s. The spectral period differences 

between AC10 and the rest of the predictive models may cause a discontinuity in 

the uniform hazard spectrum. Therefore, the spectral ordinate estimations of AC10 

are extended after 2.0s. The details of this extension are described in Appendix E. 

 

As indicated previously, the SHARE project GMPE logic-tree application is used 

for the hazard analysis of subduction regions in the EMME. Table 6.12.b lists the 

corresponding subduction GMPEs and their weights for completeness. 
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Figure 6.14 Comparison of PGA (top), T=0.2s (middle) and T=1.0s (bottom) 

Aegean region hazard maps computed from LT#1, LT#4 and LT#6 for 2475yrs 

return period. The lower right panels in each group give the SHARE hazard map. 
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Figure 6.15 Comparison of PGA (top), T=0.2s (middle) and T=1.0s (bottom) NAF 

region hazard maps computed from LT#1, LT#4 and LT#6 for 2475yrs return 

period. The lower right panels in each group give the SHARE hazard map. 
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Figure 6.16 Comparison of PGA (top), T=0.2s (middle) and T=1.0s (bottom) NAF 

region hazard maps computed from LT#1, LT#4 and LT#6 for 2475yrs return 

period. The lower right panels in each group give the SHARE hazard map. 



 

203 

Table 6.12 Final EMME logic-tree for T ≤ 4.0s: a) shallow active crustal regions, 

b) subduction regions. 

a) Shallow Active Crustal 
Regions 

 
b) Subduction 

Regions* 

GMPE Weight  GMPE Weight 

ASB14 0.35  Zetal06 0.40 

CY08 0.35  AB03 0.20 

AC10 0.20  Yetal97 0.20 

Zetal06 0.10  LL08 0.20 
* Zetal06: Zhao et al. (2006) for subduction regions, AB03: Atkinson and Boore 

(2003), Yetal97: Youngs et al. (1997), LL08: Lin and Lee (2008) 
 

6.7. Summary and Conclusions 

 

In this chapter, the establishment of the EMME ground-motion logic tree 

framework is presented by the help of selection and ranking methods of GMPEs 

and logic-tree based sensitivity analyses. A total of 16 candidate GMPEs from 

shallow active crustal regions were tested with a dataset that comprises of 1869 

accelerograms from EMME region. The various testing methods (i.e., NSE, LH, 

LLH and EDR) describing also their essential features were used for selection and 

ranking of ground-motion models. Later, the best performing GMPEs were 

evaluated by trellis charts in a transparent way to capture the spectral trends of 

them. Finally, logic-tree based sensitivity analyses were conducted to the selected 

regions from Turkey which represents low-to-high seismicity levels by using the 

EMME background area source model. 

 

The selection and weighting of GMPEs were based on analytical methods as no 

expert elicitation was formulated during the course of the EMME project. The 

proposed schemes were believed to be objective. Among the candidates, the 

selected GMPEs were the best in representing the ground-motion trends. The 

weighting scheme was tailored such that none of the selected GMPEs control the 

hazard at a particular location. The preliminary comparisons indicated that the 

seismic hazard results of the SHARE and EMME in the neighboring locations were 

comparable; however, SHARE hazard results are slightly more conservative. 
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CHAPTER 7 

 

 

CONCLUSIONS 

 

 

 

7.1. Conclusions 

 

This dissertation addresses a number of practical issues related to ground-motion 

modeling in shallow active crustal regions. They would be separated into three 

main themes: a) compilation of strong-motion databases for shallow active crustal 

regions in Middle East and Turkey, b) development of regional ground-motion 

prediction equation (GMPE) and investigation of regional differences, c) 

development of practical tools for ranking and selection of GMPEs to properly 

handle the epistemic uncertainty in probabilistic seismic hazard assessment 

(PSHA) and their practical application to Middle East region. The main outcomes 

of the entire research are laid out in the following subsections. 

 

7.1.1. Strong-Motion Database 

 

 The EMME (Earthquake Model of the Middle East Region) strong-motion 

data archive covering Caucasus, Iran, Jordan, Pakistan and Turkey is of its 

first kind in the Middle East region. 

 Event (e.g., magnitude, depth, epicenter location, double-couple fault plane 

solution) and station information (e.g., station coordinates, estimated or 

VS30 based site condition) of the database are compiled from reliable 

national and international seismological agencies, reports and peer-

reviewed journal papers except for the accelerograms gathered from 

RESORCE (mainly for Turkey). 
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 The point- and extended-source distances are calculated using the moment 

tensor solutions reported by the local and global seismic agencies. The 

computations of finite-fault distance metrics (i.e., RJB and RRUP) mostly 

from actual fault-plane solutions increase the reliability of the database. 

 The acausal band-pass filtering procedure is applied to the recordings in the 

database by following the procedures explained in Akkar and Bommer 

(2006) and Akkar et al. (2011). The filter-cutoff frequency selections are 

done automatically with respect to signal-to-noise ratio for Iranian 

recordings, whereas the rest of the accelerograms are filtered by 

individually selected filter frequencies. 

 A more elaborate version of the Turkish strong-motion database, extracted 

from the EMME databank is obtained thanks to the updates according to the 

most recent metadata information provided by Kadirioğlu et al. (2014) 

catalog compilation study. 

 The supplementary data from Italy and Greece (RESORCE) and California 

(NGA-West2) significantly improve the data distribution in the database 

utilized for GMPE selection. 

 The comparisons made between model-developing datasets of the recent 

Turkish GMPEs and the latest version the Turkish database apparently 

emphasize that the Turkish metadata information is subject to significant 

modifications in the last decade through national and international research 

projects and studies. 

 The consequential strong-motion databases principally serve for conducting 

all kind of ground-motion characterization topics (e.g., developing new 

GMPEs, data-driven testing and selection of GMPEs, time history analysis). 

 

7.1.2. Ground-Motion Prediction Equation and Regional Effects 

 

 The new ground-motion model is capable of predicting 5%-damped 

horizontal spectral acceleration between 0.01s ≤ T ≤ 4.0s as well as PGA 

and PGV. 
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 The model-developing dataset of the new GMPE is bounded for Joyner-

Boore distance, magnitude and site condition ranges of RJB ≤ 200km, 4.0 ≤ 

Mw ≤ 7.6 and 150m/s ≤ VS30 ≤ 1200m/s, respectively. However, the 

functional form of the GMPE provides to extend the magnitude limit up to 

Mw 8.0. 

 The proposed GMPE accounts for anelastic attenuation and magnitude-

dependent (heteroscedastic) standard deviation. 

 The examinations emphasize that the hypocentral depth distribution of 

shallow active crustal events in Iran and Turkey, the differences in near-

surface velocity profiles, Q-factors, the variations in kappa as a function of 

Mw, RJB and VS30 result in dissimilar trends in the spectral estimates of Iran 

and Turkey. 

 The above observations result in yielding larger spectral amplitudes and 

slower attenuation rates with distance in Iranian earthquakes than those in 

Turkish events at short- and long-period spectral ordinates. 

 These facts also lead to dissimilarities between ground-motion estimates of 

the new predictive model and those of NGA-West2 and pan-European 

ground-motion relations. The differences are prominent both small and 

large magnitudes and far source predictions. 

 

7.1.3. Testing of GMPEs for PSHA and Logic-Tree Framework 

 

 The proposed method (EDR: Euclidean Distance-Based Ranking) based on 

Euclidean distance concept is capable of selection and ranking of predictive 

models for establishing ground-motion logic-tree applications in PSHA. 

 The EDR method can separately handle the aleatory variability (i.e., 

standard deviation of the GMPEs) and the model bias between the observed 

data and median estimations of the candidate GMPEs (i.e., trend). 

 The above indexes, MDE (i.e., aleatory variability) and κ (i.e., model bias), 

or their combination (i.e., actual EDR index) can be used in ranking of 

GMPEs to construct ground-motion logic-tree frameworks. 
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 Distinct utilization of MDE and κ indexes would provide meaningful 

conception for site-specific hazard studies whereas their combination EDR 

can be regarded as a useful tool for regional hazard studies. 

 The practicality of the proposed method with respect to MDE, κ and EDR 

indexes are discussed through a case study considering a suite of candidate 

GMPEs and selecting a ground-motion database. The results of the case 

study depict that the ranking of the candidate GMPEs may alter with 

respect to separate consideration of EDR components or actual EDR index. 

 The case study also indicates that the ground-motion relations with simpler 

functional forms generally rank at the top of the list. 

 The other practical tool which is offered to suitably capture the epistemic 

uncertainty in seismic hazard analysis by evaluating the performances of 

alternative logic-tree frameworks is essentially based on seismic hazard 

sensitivity analyses. 

 The new approach is intensely endorsed to be practiced together with other 

well-structured testing methods in the literature. 

 The accompanying set of ground-motion models and corresponding weights 

are established such that none of the individual GMPEs in a logic tree 

control the overall hazard at an objective-specific location. 

 The conducted practical application of the approach displays that even 

though the selected GMPEs for establishing logic-tree setups are the best 

performing ones in the region of interest, some GMPEs tend to dominate 

the resultant hazard. However, the new tool detects these undesirable cases 

in an effective manner. 

 Thanks to the data-driven testing methods (NSE - Nash and Sutcliffe, 1970; 

LH - Scherbaum et al., 2004; LLH - Scherbaum et al., 2009; EDR - Kale 

and Akkar, 2013), trellis charts and logic-tree based sensitivity analyses; the 

ground-motion logic-tree framework for PSHA applications in EMME 

region is established. 
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 The selection of GMPEs and corresponding branch weights are totally 

based on the statistical methods and reliable approaches in the open 

literature because no expert judgment or degree of belief is conveyed during 

the advance of the EMME project. Therefore the consequent logic-tree 

framework is believed to be objective. 

 The preliminary hazard outcomes point out that the seismic hazard results 

of the SHARE and EMME for the selected locations in the logic-tree based 

sensitivity analyses are comparable; however, the hazard results obtained 

from the SHARE logic-tree setup are slightly more conservative. 

 

7.2. Suggestions for Further Work 

 

The EMME database is a comprehensive representation of strong ground-motion 

data acquisition in the Middle East region. However, when the number of ground-

motion data within the entire database and the sub dataset serving for testing of 

ground-motion relations are compared, more than half of the recordings cannot be 

used in ground-motion related studies. Turkish and Iranian strong-motion data 

significantly suffer from this issue. While only 60% (1078 records) of the Turkish 

ground-motion records are included in the predictive model testing database, the 

percentage for the Iranian accelerograms is just about 20%. For Iran, 660 

recordings are used from a total number of 2988 accelerograms. This issue appears 

in a more dramatic manner for the high standard sub datasets from which predictive 

models are developed. In this case, the percentage of the usable data 39% (670 

records) and 18% (528 records) for Turkey and Iran, respectively. The main 

reasons for this issue would be listed as non existence of moment magnitude and 

double-couple fault plane solutions (particularly for small magnitude events), 

unreliable site conditions and recordings not obtained from free field stations. In 

this respect, the researchers should be fully supported for conducting 

comprehensive long-term research projects on fixing these issues in accordance 

with the improvements of existing metadata information. These advences result in 

obtaining more reliable ranking of GMPEs, developing well-constrained predictive 
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models, identifying the regional effects elaborately and reducing the epistemic 

uncertainty. 

 

The Iranian strong-motion data archive whose metadata information is compiled 

under the scope of this thesis should be incorporated into the RESORCE by 

unifying the data processing with individually selected filter cut-off frequencies. In 

addition, the Caucasusian and Jordanian accelerograms in EMME database can 

also be trasferred to the RESORCE. Besides, the metadata information of these 

databanks should be updated periodically following the advences in the related 

topics. 

 

The last suggestion is related to the subject of characterizing the epistemic 

uncertainty which is modeled by logic-tree framework deployed in seismic hazard 

applications. Although there has been numerous papers published on identifying 

the logic-tree frameworks, their establishment and application details has not been 

studied in sufficient depth. The second half of the thesis is devoted to proposing 

alternative methods on this subject. However, more systematic studies encouraged 

by the seismological community would be helpful and can provide alternative 

perspectives to the researchers. 
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APPENDIX A 

 

 

ENTIRE LIST OF THE REGRESSION COEFFICIENTS OF THE 

PROPOSED GMPE 

 

 

 

This appendix provides the entire list of the regression coefficients of the ground-

motion prediction equation given in Chapter 3 of this thesis. 
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Table A.1 Period-dependent fsite coefficients (Sandıkkaya et al., 2013). 

Period (s) sb1 sb2  Period (s) sb1 sb2 

PGA -0.41997 -0.28846 0.48 -0.94384 -0.38532 

PGV -0.72057 -0.19688 0.5 -0.95097 -0.37956 

0.01 -0.41729 -0.28685 0.55 -0.96584 -0.36610 

0.02 -0.39998 -0.28241 0.6 -0.97746 -0.35382 

0.03 -0.34799 -0.26842 0.65 -0.98670 -0.34252 

0.04 -0.27572 -0.24759 0.7 -0.99416 -0.33206 

0.05 -0.21231 -0.22385 0.75 -1.00027 -0.32233 

0.075 -0.13909 -0.17798 0.8 -1.00532 -0.31322 

0.1 -0.26492 -0.28832 0.85 -1.00956 -0.30466 

0.11 -0.31346 -0.31798 0.9 -1.01314 -0.29659 

0.12 -0.36002 -0.34246 0.95 -1.01619 -0.28896 

0.13 -0.40424 -0.36297 1 -1.01881 -0.28172 

0.14 -0.44592 -0.38036 1.1 -1.01720 -0.26827 

0.15 -0.48496 -0.39525 1.2 -1.00204 -0.25599 

0.16 -0.52137 -0.40811 1.3 -0.98810 -0.24469 

0.17 -0.55520 -0.41930 1.4 -0.97519 -0.23423 

0.18 -0.58656 -0.42911 1.5 -0.96317 -0.22449 

0.19 -0.61558 -0.43774 1.6 -0.95193 -0.21538 

0.2 -0.64239 -0.44574 1.7 -0.94136 -0.20682 

0.22 -0.69002 -0.45499 1.8 -0.93141 -0.19876 

0.24 -0.73062 -0.45939 1.9 -0.92199 -0.19112 

0.26 -0.76530 -0.45988 2 -0.91305 -0.18388 

0.28 -0.79499 -0.45739 2.2 -0.89645 -0.17043 

0.3 -0.82052 -0.45287 2.4 -0.88129 -0.15815 

0.32 -0.84256 -0.44255 2.6 -0.86735 -0.14685 

0.34 -0.86167 -0.43399 2.8 -0.85444 -0.13639 

0.36 -0.87832 -0.42592 3 -0.84242 -0.12665 

0.38 -0.89288 -0.41829 3.2 -0.83118 -0.11754 

0.4 -0.90568 -0.41105 3.4 -0.82062 -0.10899 

0.42 -0.91697 -0.40417 3.6 -0.81066 -0.10092 

0.44 -0.92698 -0.39760 3.8 -0.80124 -0.09329 

0.46 -0.93589 -0.39133 4 -0.79231 -0.08605 
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Table A.2 Period-dependent sigma coefficients ( values in parenthesis designate 

the differences in the regression coefficients between Turkey and Iran). 

Period (s) a1 (Δa1) a2 (Δa2) sd1 (Δsd1) sd2 (Δsd2) 

PGA 0.57 (0.12) 0.45 (0.05) 1.0521 (-0.0808) 0.7203 (-0.325) 

PGV 0.56 (0.14) 0.46 (-0.02) 1.0449 (-0.0597) 0.6452 (-0.3013) 

0.01 0.574 (0.116) 0.453 (0.047) 1.0444 (-0.0723) 0.715 (-0.3231) 

0.02 0.577 (0.113) 0.455 (0.045) 1.0424 (-0.0701) 0.7137 (-0.318) 

0.03 0.581 (0.109) 0.458 (0.042) 1.0459 (-0.0705) 0.7113 (-0.3143) 

0.04 0.584 (0.106) 0.46 (0.04) 1.0557 (-0.0597) 0.7155 (-0.3064) 

0.05 0.588 (0.122) 0.463 (0.037) 1.0609 (-0.07) 0.7166 (-0.277) 

0.075 0.597 (0.143) 0.469 (0.031) 1.0692 (-0.0994) 0.7677 (-0.3045) 

0.1 0.606 (0.154) 0.475 (0.025) 1.0429 (-0.0486) 0.7735 (-0.3358) 

0.11 0.61 (0.15) 0.478 (0.022) 1.0324 (-0.0299) 0.7871 (-0.3353) 

0.12 0.613 (0.147) 0.48 (0.02) 1.0208 (-0.0134) 0.7783 (-0.3139) 

0.13 0.617 (0.143) 0.483 (0.007) 1.0216 (0.007) 0.7598 (-0.2962) 

0.14 0.621 (0.139) 0.485 (-0.005) 1.0194 (0.0126) 0.7517 (-0.276) 

0.15 0.624 (0.136) 0.488 (-0.018) 1.0063 (0.0394) 0.7442 (-0.2839) 

0.16 0.628 (0.132) 0.49 (-0.03) 0.998 (0.0701) 0.738 (-0.2872) 

0.17 0.631 (0.129) 0.493 (-0.043) 0.9896 (0.0827) 0.7484 (-0.2998) 

0.18 0.635 (0.125) 0.495 (-0.045) 0.9854 (0.0952) 0.7472 (-0.3074) 

0.19 0.639 (0.121) 0.498 (-0.048) 0.9801 (0.0998) 0.731 (-0.2957) 

0.2 0.642 (0.118) 0.5 (-0.05) 0.9781 (0.1081) 0.7213 (-0.305) 

0.22 0.649 (0.111) 0.505 (-0.055) 0.9712 (0.1097) 0.712 (-0.2934) 

0.24 0.657 (0.103) 0.51 (-0.06) 0.9699 (0.0932) 0.6901 (-0.2827) 

0.26 0.664 (0.096) 0.515 (-0.065) 0.9611 (0.088) 0.6732 (-0.2711) 

0.28 0.671 (0.089) 0.52 (-0.07) 0.9466 (0.0956) 0.6714 (-0.2806) 

0.3 0.678 (0.082) 0.525 (-0.075) 0.9407 (0.0759) 0.6547 (-0.2651) 

0.32 0.686 (0.074) 0.53 (-0.08) 0.9515 (0.0568) 0.6515 (-0.2734) 

0.34 0.693 (0.067) 0.535 (-0.085) 0.9448 (0.0578) 0.649 (-0.2567) 

0.36 0.7 (0.06) 0.54 (-0.09) 0.9344 (0.0643) 0.6545 (-0.2637) 

0.38 0.7 (0.06) 0.545 (-0.095) 0.9406 (0.056) 0.6504 (-0.2487) 

0.4 0.7 (0.06) 0.55 (-0.1) 0.943 (0.0563) 0.6413 (-0.2308) 

0.42 0.695 (0.065) 0.55 (-0.1) 0.9449 (0.0541) 0.6316 (-0.2137) 

0.44 0.689 (0.071) 0.55 (-0.1) 0.9444 (0.0506) 0.6357 (-0.2121) 

0.46 0.684 (0.076) 0.55 (-0.1) 0.9438 (0.0435) 0.6483 (-0.2137) 
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Table A.2 Cont’d. 

Period (s) a1 (Δa1) a2 (Δa2) sd1 (Δsd1) sd2 (Δsd2) 

0.48 0.679 (0.081) 0.55 (-0.1) 0.9441 (0.0316) 0.6528 (-0.1932) 

0.5 0.673 (0.087) 0.55 (-0.1) 0.9519 (0.0209) 0.6496 (-0.1724) 

0.55 0.66 (0.1) 0.55 (-0.1) 0.995 (-0.0014) 0.6487 (-0.1709) 

0.6 0.647 (0.113) 0.55 (-0.1) 1.0137 (0) 0.6535 (-0.2182) 

0.65 0.633 (0.127) 0.55 (-0.1) 1.0208 (-0.0038) 0.6655 (-0.2325) 

0.7 0.62 (0.14) 0.55 (-0.1) 1.0406 (-0.0085) 0.6683 (-0.2522) 

0.75 0.62 (0.14) 0.55 (-0.0875) 1.0489 (-0.0161) 0.6582 (-0.2379) 

0.8 0.62 (0.14) 0.55 (-0.075) 1.0375 (-0.0119) 0.6562 (-0.2272) 

0.85 0.62 (0.15) 0.55 (-0.0625) 1.0394 (-0.027) 0.647 (-0.235) 

0.9 0.62 (0.16) 0.55 (-0.05) 1.0423 (-0.0403) 0.6488 (-0.273) 

0.95 0.62 (0.16) 0.55 (-0.0375) 1.0512 (-0.0595) 0.6383 (-0.2706) 

1 0.62 (0.16) 0.55 (-0.025) 1.0534 (-0.0793) 0.6342 (-0.2569) 

1.1 0.62 (0.16) 0.55 (0) 1.0679 (-0.1023) 0.6204 (-0.2664) 

1.2 0.62 (0.16) 0.55 (0.025) 1.0859 (-0.1188) 0.625 (-0.2623) 

1.3 0.62 (0.16) 0.55 (0.05) 1.0731 (-0.117) 0.6291 (-0.2512) 

1.4 0.62 (0.16) 0.55 (0.05) 1.0873 (-0.1313) 0.6199 (-0.2496) 

1.5 0.62 (0.16) 0.55 (0.05) 1.0988 (-0.1337) 0.6173 (-0.2358) 

1.6 0.62 (0.16) 0.55 (0.05) 1.1058 (-0.1317) 0.612 (-0.2193) 

1.7 0.62 (0.16) 0.55 (0.05) 1.1108 (-0.1408) 0.5923 (-0.205) 

1.8 0.62 (0.16) 0.55 (0.05) 1.1301 (-0.1764) 0.5859 (-0.1834) 

1.9 0.62 (0.16) 0.55 (0.05) 1.1503 (-0.2051) 0.5787 (-0.1626) 

2 0.62 (0.16) 0.55 (0.05) 1.1594 (-0.2183) 0.5724 (-0.1482) 

2.2 0.62 (0.16) 0.55 (0.05) 1.16 (-0.2181) 0.5943 (-0.1665) 

2.4 0.62 (0.16) 0.55 (0.05) 1.1567 (-0.2186) 0.61 (-0.165) 

2.6 0.62 (0.16) 0.55 (0.05) 1.1543 (-0.2273) 0.6053 (-0.1535) 

2.8 0.62 (0.16) 0.55 (0.05) 1.1563 (-0.2228) 0.6098 (-0.1372) 

3 0.62 (0.16) 0.55 (0.05) 1.1596 (-0.2262) 0.6251 (-0.1356) 

3.2 0.62 (0.16) 0.55 (0.05) 1.1615 (-0.2261) 0.6362 (-0.1266) 

3.4 0.62 (0.16) 0.55 (0.05) 1.1266 (-0.2638) 0.636 (-0.1887) 

3.6 0.62 (0.16) 0.55 (0.05) 1.093 (-0.2538) 0.6231 (-0.183) 

3.8 0.62 (0.16) 0.55 (0.05) 1.0749 (-0.2603) 0.6244 (-0.1667) 

4 0.62 (0.16) 0.55 (0.05) 1.0373 (-0.2279) 0.5409 (-0.0862) 
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Table A.3 Period-dependent regression coefficients of the ground-motion model ( values in parenthesis designate the differences in 

the regression coefficients between Turkey and Iran) 

Period (s) b1 (Δb1) b3 (Δb3) b4 (Δb4) b8 (Δb8) b9 (Δb9) b10 (Δb10) 

PGA 1.74221 (-0.21234) -0.07049 (-0.03826) -1.18164 (0.1721) -0.01329 (-0.11697) -0.09158 (0) -0.00156 (0.00156) 

PGV 5.58266 (0.20834) -0.13822 (-0.05505) -0.94043 (0.04886) -0.17037 (0.17037) -0.08609 (0) -0.00052 (0.00052) 

0.01 1.75746 (-0.22738) -0.06981 (-0.03877) -1.18362 (0.17408) -0.01349 (-0.11677) -0.09158 (0) -0.00156 (0.00156) 

0.02 1.78825 (-0.241) -0.07058 (-0.03674) -1.18653 (0.17587) -0.01189 (-0.11837) -0.09158 (0) -0.0016 (0.0016) 

0.03 1.87916 (-0.25702) -0.06976 (-0.0337) -1.19699 (0.16911) -0.00748 (-0.12278) -0.09158 (0) -0.0017 (0.0017) 

0.04 2.00393 (-0.2526) -0.06732 (-0.0285) -1.21315 (0.16032) 0.00788 (-0.13814) -0.09158 (0) -0.00182 (0.00182) 

0.05 2.16076 (-0.24029) -0.06226 (-0.02834) -1.24101 (0.16138) 0.03907 (-0.16933) -0.09158 (0) -0.00197 (0.00197) 

0.075 2.52625 (-0.13086) -0.05082 (-0.03978) -1.3039 (0.16548) 0.08131 (-0.21157) -0.09158 (0) -0.00235 (0.00235) 

0.1 2.72364 (-0.02321) -0.05217 (-0.03843) -1.32996 (0.15961) 0.1 (-0.23026) -0.09158 (0) -0.00267 (0.00267) 

0.11 2.79879 (-0.05859) -0.05423 (-0.03653) -1.33631 (0.17102) 0.1 (-0.23026) -0.09158 (0) -0.00277 (0.00277) 

0.12 2.87745 (-0.1335) -0.05676 (-0.03451) -1.34267 (0.18621) 0.1 (-0.23026) -0.09158 (0) -0.00285 (0.00285) 

0.13 2.89671 (-0.16885) -0.05922 (-0.03456) -1.33525 (0.19374) 0.095 (-0.22526) -0.09158 (0) -0.00291 (0.00291) 

0.14 2.91231 (-0.20629) -0.06162 (-0.03478) -1.32731 (0.20038) 0.08169 (-0.21195) -0.09158 (0) -0.00295 (0.00295) 

0.15 2.91835 (-0.23382) -0.06397 (-0.03475) -1.31888 (0.20607) 0.06727 (-0.19753) -0.09158 (0) -0.00296 (0.00296) 

0.16 2.92057 (-0.26156) -0.06626 (-0.03524) -1.30999 (0.21079) 0.0546 (-0.18486) -0.09158 (0) -0.00295 (0.00295) 

0.17 2.9155 (-0.28983) -0.0685 (-0.03551) -1.30069 (0.21458) 0.04338 (-0.17364) -0.09158 (0) -0.00292 (0.00292) 

0.18 2.90336 (-0.31207) -0.07069 (-0.03578) -1.29102 (0.21744) 0.03335 (-0.16361) -0.09158 (0) -0.00288 (0.00288) 

0.19 2.88447 (-0.32851) -0.07284 (-0.03605) -1.28102 (0.21942) 0.02435 (-0.15461) -0.09158 (0) -0.00282 (0.00282) 

0.2 2.85623 (-0.33645) -0.07494 (-0.03634) -1.27072 (0.22054) 0.0162 (-0.14646) -0.09158 (0) -0.00275 (0.00275) 

0.22 2.78548 (-0.34013) -0.07902 (-0.03692) -1.24942 (0.22046) 0.00201 (-0.08594) -0.09158 (0) -0.00258 (0.00258) 

0.24 2.70779 (-0.3387) -0.08294 (-0.03752) -1.22742 (0.2176) -0.00996 (-0.02889) -0.09158 (0) -0.0024 (0.0024) 
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Table A.3 Cont’d. 

Period (s) b1 (Δb1) b3 (Δb3) b4 (Δb4) b8 (Δb8) b9 (Δb9) b10 (Δb10) 

0.26 2.62349 (-0.33138) -0.08672 (-0.03813) -1.20502 (0.21242) -0.02021 (0.02021) -0.09158 (0) -0.00226 (0.00226) 

0.28 2.53452 (-0.31901) -0.09036 (-0.03875) -1.1825 (0.20538) -0.02913 (0.02913) -0.09158 (0) -0.00215 (0.00215) 

0.3 2.44252 (-0.30222) -0.09387 (-0.03939) -1.16008 (0.19687) -0.03697 (0.03697) -0.09158 (0.00185) -0.00204 (0.00204) 

0.32 2.34886 (-0.28152) -0.09726 (-0.04003) -1.13796 (0.18725) -0.04395 (0.04395) -0.09158 (0.00975) -0.00194 (0.00194) 

0.34 2.25469 (-0.25734) -0.10054 (-0.04068) -1.11632 (0.17687) -0.05021 (0.05021) -0.09158 (0.02148) -0.00185 (0.00185) 

0.36 2.16096 (-0.23009) -0.10372 (-0.04132) -1.09527 (0.16596) -0.05588 (0.05588) -0.09158 (0.04408) -0.00177 (0.00177) 

0.38 2.06843 (-0.20013) -0.10679 (-0.04198) -1.07492 (0.15478) -0.06106 (0.06106) -0.09158 (0.06881) -0.00168 (0.00168) 

0.4 1.97772 (-0.16785) -0.10977 (-0.04263) -1.05535 (0.1435) -0.06582 (0.06582) -0.09158 (0.09158) -0.00161 (0.00161) 

0.42 1.88929 (-0.13363) -0.11266 (-0.04328) -1.03659 (0.13226) -0.07021 (0.07021) -0.09158 (0.09158) -0.00153 (0.00153) 

0.44 1.8035 (-0.09787) -0.11547 (-0.04393) -1.01869 (0.12119) -0.0743 (0.0743) -0.0807 (0.0807) -0.00146 (0.00146) 

0.46 1.72061 (-0.06098) -0.11819 (-0.04458) -1.00165 (0.11037) -0.07813 (0.07813) -0.05565 (0.05565) -0.0014 (0.0014) 

0.48 1.64078 (-0.02333) -0.12084 (-0.04522) -0.98547 (0.09987) -0.08172 (0.08172) -0.03289 (0.03289) -0.00133 (0.00133) 

0.5 1.5641 (0.01469) -0.12342 (-0.04586) -0.97014 (0.08974) -0.08511 (0.08511) -0.01297 (0.01297) -0.00127 (0.00127) 

0.55 1.38635 (0.10888) -0.12955 (-0.04745) -0.93538 (0.06616) -0.09286 (0.09286) 0 (0) -0.00113 (0.00113) 

0.6 1.22784 (0.19792) -0.1353 (-0.049) -0.90533 (0.04522) -0.0998 (0.0998) 0 (0) -0.00099 (0.00099) 

0.65 1.08684 (0.27818) -0.1407 (-0.05051) -0.87944 (0.02683) -0.10613 (0.10613) 0 (0) -0.00087 (0.00087) 

0.7 0.96118 (0.34767) -0.14577 (-0.052) -0.85717 (0.01081) -0.11201 (0.11201) 0 (0) -0.00076 (0.00076) 

0.75 0.84856 (0.40612) -0.15056 (-0.05345) -0.83799 (-0.00312) -0.11756 (0.11756) 0 (0) -0.00066 (0.00066) 

0.8 0.74687 (0.45455) -0.15509 (-0.05485) -0.82143 (-0.01521) -0.12285 (0.12285) 0 (0) -0.00056 (0.00056) 

0.85 0.6543 (0.49481) -0.15938 (-0.05621) -0.80711 (-0.02571) -0.12796 (0.12796) 0 (0) -0.00047 (0.00047) 

0.9 0.56939 (0.5291) -0.16345 (-0.05754) -0.79468 (-0.03485) -0.13293 (0.13293) 0 (0) -0.00038 (0.00038) 

0.95 0.49101 (0.55941) -0.16731 (-0.05883) -0.78385 (-0.04282) -0.13782 (0.13782) 0 (0) -0.0003 (0.0003) 
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Table A.3 Cont’d. 

Period (s) b1 (Δb1) b3 (Δb3) b4 (Δb4) b8 (Δb8) b9 (Δb9) b10 (Δb10) 

1 0.41833 (0.58724) -0.17099 (-0.06008) -0.77438 (-0.04979) -0.14267 (0.14267) 0 (0) -0.00022 (0.00022) 

1.1 0.28765 (0.63819) -0.17784 (-0.06247) -0.75874 (-0.06129) -0.14621 (0.14621) 0 (0) -0.00008 (0.00008) 

1.2 0.17365 (0.68187) -0.18409 (-0.06473) -0.74652 (-0.07024) -0.14621 (0.14621) 0 (0) 0 (0) 

1.3 0.07306 (0.71463) -0.18983 (-0.06684) -0.73683 (-0.07731) -0.14621 (0.14621) 0 (0) 0 (0) 

1.4 -0.01759 (0.73649) -0.19511 (-0.06884) -0.72905 (-0.08295) -0.14621 (0.14621) 0 (0) 0 (0) 

1.5 -0.10161 (0.75311) -0.19999 (-0.07073) -0.72272 (-0.08751) -0.14621 (0.14621) 0 (0) 0 (0) 

1.6 -0.18105 (0.77054) -0.20452 (-0.07251) -0.71752 (-0.09124) -0.14621 (0.14621) 0 (0) 0 (0) 

1.7 -0.25586 (0.78844) -0.20873 (-0.0742) -0.71319 (-0.09432) -0.14621 (0.14621) 0 (0) 0 (0) 

1.8 -0.32454 (0.80172) -0.21266 (-0.07579) -0.70957 (-0.09687) -0.14621 (0.14621) 0 (0) 0 (0) 

1.9 -0.38743 (0.81363) -0.21633 (-0.0773) -0.7065 (-0.09902) -0.14621 (0.14621) 0 (0) 0 (0) 

2 -0.45413 (0.83361) -0.21978 (-0.07873) -0.70389 (-0.10083) -0.14621 (0.14621) 0 (0) 0 (0) 

2.2 -0.58191 (0.87641) -0.22606 (-0.08139) -0.6997 (-0.10372) -0.14621 (0.14621) 0 (0) 0 (0) 

2.4 -0.68595 (0.89547) -0.23166 (-0.08378) -0.69654 (-0.10586) -0.14621 (0.14621) 0 (0) 0 (0) 

2.6 -0.78166 (0.90619) -0.23667 (-0.08597) -0.6941 (-0.10749) -0.14621 (0.14621) 0 (0) 0 (0) 

2.8 -0.87027 (0.90982) -0.24119 (-0.08796) -0.69218 (-0.10875) -0.14621 (0.14621) 0 (0) 0 (0) 

3 -0.95276 (0.90733) -0.2453 (-0.08977) -0.69065 (-0.10974) -0.14621 (0.14621) 0 (0) 0 (0) 

3.2 -1.02993 (0.89952) -0.24903 (-0.09145) -0.6894 (-0.11054) -0.14621 (0.14621) 0 (0) 0 (0) 

3.4 -1.10242 (0.88703) -0.25246 (-0.09299) -0.68837 (-0.11119) -0.14621 (0.14621) 0 (0) 0 (0) 

3.6 -1.17077 (0.87039) -0.2556 (-0.09442) -0.68752 (-0.11172) -0.14621 (0.14621) 0 (0) 0 (0) 

3.8 -1.23542 (0.85006) -0.2585 (-0.09574) -0.68681 (-0.11215) -0.14621 (0.14621) 0 (0) 0 (0) 

4 -1.29675 (0.82641) -0.26119 (-0.09696) -0.6862 (-0.11252) -0.14621 (0.14621) 0 (0) 0 (0) 
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APPENDIX B 

 

 

CLARIFICATION OF SELECTING SMALL-SIGMA PREDICTIVE 

MODEL BY EDR METHOD 

 

 

 

Adapted from Akkar S and Kale Ö (2014). Reply to “Comment on ‘A New 

Procedure for Selecting and Ranking Ground-Motion Prediction Equations 

(GMPEs): The Euclidean Distance-Based Ranking (EDR) Method’ by Özkan Kale 

and Sinan Akkar” by Sum Mak, Robert Alan Clements and Danijel Schorlemmer. 

Bulletin of the Seismological Society of America, in press. 

 

 

 

The MDE component of EDR method (Kale and Akkar, 2013) considers the 

discrete occurrence probabilities of absolute differences between the logarithms of 

observed data (a) and a range of ground-motion estimates (yj, j = 1,…,N) computed 

from a ground-motion prediction equation (GMPE). The logarithms of ground-

motion estimates (yj) as well as the differences between the logarithms of observed 

data and ground-motion estimates (dj = a – yj) are assumed to be normally 

distributed. This concept is illustrated in Figure B.1.a. Figure B.1.b shows the 

assumed normal distribution of discrete differences given in Figure B.1.a. The 

parameter D is used as the random variable for representing the logarithmic 

differences. The mean and standard deviation of this distribution are designated as 

D and D, respectively. D is equal to the total standard deviation of the 

considered GMPE (GMPE) as given in Equation (4.3.b) in Chapter 4. Note that 

when the computed difference is zero, the observed data point and the ground-

motion estimate are equal to each other. The ground-motion estimates are 
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computed by considering a predetermined range of D. Since D and GMPE are 

equal to each other, the sigma range mimics the randomness in ground motions and 

the way it is handled by GMPEs. The use of ± 3D about D is proposed to 

account for randomness in ground motions and the effect of GMPE on ground-

motion estimates. The corresponding upper and lower bound dj values are 

designated as dmax in this procedure. Therefore, d1 and dN in Figures B.1.a and 

B.1.b are the upper and lower bound dmax values of the MDE illustration. 

 

The logarithmic differences of observed and estimated ground motions are 

analogous to residual analysis. For a set of discrete differences (i.e., dj, j = 1,..,N), 

the occurrence probability of any difference within an infinitesimal bandwidth, dd, 

is 
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The shaded area in Figure B.1.b shows the probability in Equation (B.1). However, 

the Euclidean distance based approach is preferred in this method as it yields non-

negative differences between the observed data and ground-motion estimates, 

which make it more suitable for an index definition. Thus, the above probability 

expression is modified as 
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The explicit form of Equation (B.2) is given in Equation (B.3). 

 







 






 







 






 







 

2

dd
dD

2

dd
dPr

2

dd
dD

2

dd
dPr

2

dd
dDPr

2

dd
dDPr

2

dd
dD

2

dd
dPr

jjjj

jj

jj

  (B.3) 



 

241 

 

Figure B.1 Conceptual illustration of MDE for a single data point in a given 

ground-motion database. 

 

The graphical illustrations of first and second terms in Equation (B.3) are given in 

Figures 4.3.a and 4.3.b in Chapter 4. Their difference is the occurrence probability 

of |dj| within the interval dd as given in Equation (B.2). This occurrence probability 

in terms of D and |D| are given in Figures 4.3.c and 4.3.d in Chapter 4, respectively. 

For completeness, Figures B.1.c and B.1.d show the graphical illustration of each 

term in Equation (B.3). Figure B.1.e displays the difference between these terms 
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that essentially yields the intervals considered while computing the occurrence 

probability of |dj| within a bandwidth dd in MDE. 

 

The occurrence probabilities of |dj| are the integral component of MDE index and 

their contribution underlines the likelihood of the differences between the observed 

data point and ground-motion estimates of the considered GMPE. It is believed that 

consideration of |dj| together with their occurrence probabilities, which results in a 

weighted average is a viable index for the evaluation of GMPEs for a given 

ground-motion dataset. 

 

MDE score is low for the predictive model with smaller standard deviation when 

the median estimates of candidate GMPEs are very close to each other. This case is 

discussed in Chapter 4 via Figure 4.6 for two fictitious GMPEs designated as 

Model 1 and Model 2. Both GMPEs have the same median but the standard 

deviation of Model 2 is larger with respect to the other GMPE. Figure 4.6 in 

Chapter 4 is given in a different format in Figure B.2 in this section. The normal 

distributions that account for the occurrence probability of logarithmic differences, 

dj, for these models have the same D because both GMPEs give the same median 

estimate for the observed data point. The MDE score of Model 2 will be larger than 

that of Model 1 for this case because the occurrence probabilities of large |dj| values 

will be higher for Model 2. This fact is also illustrated in Figure B.2. As indicated, 

the lower MDE score for small-sigma GMPE is conditional on the similarity of 

median ground-motion estimates of candidate predictive models. 

 

GMPEs constitute a set of functions in terms of main seismological estimator 

parameters to describe the ground-motion amplitudes of the complicated 

earthquake process. Their modeling limitations to estimate future ground motions 

should be considered carefully in their evaluation. Given a ground-motion 

database, a predictive model that yields larger occurrence probabilities to capture 

the outliers in the database does not warranty its better performance. To this end, 

the cases in which standard deviation of predictive model coincides with that of the 
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database would be meaningful only in the statistical sense. It fails to represent the 

current practice. More specifically, testing and ranking of GMPEs is a 

multidimensional problem. The MDE component of the proposed procedure 

measures the performance of candidate GMPEs in terms of modeling the 

uncertainty in ground-motion estimates. This fact is shown by the case study 

described in the following paragraphs. 

 

 

Figure B.2 Probability density functions of absolute differences for two GMPEs 

that have the same median ground-motion estimates. The sigma of Model 2 is 

larger than that of Model 1. The occurrence probability of |dj| for Model 2 is the 

sum of light and dark gray areas. The occurrence probability of |dj| for Model 1 is 

the dark gray area. 

 

Three strong-motion databases are simulated by constraining the magnitude, site 

class and faulting mechanism. The simulated datasets are generated by introducing 

different levels of uncertainty to the median rock PGA estimates of Akkar et al. 

(2014) for strike-slip earthquakes of Mw 7. The datasets are simulated for random 

source-to-site distances that take values less than 100 km. The databases are opted 

to represent the realistic trends of strong-motion data in the current GMPE studies. 

They are constrained to magnitude, site class and fault type because the aim is to 

develop simple models from each one of these datasets to estimate the distance-

dependent variation of PGAs and their associated uncertainties (GMPE). It is 

believed that constrained, but as realistic as possible, datasets together with simple 

functional forms showing the overall features of each dataset simplify our 
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discussions on the topic of interest. Equation (B.4) shows the generic functional 

form used in the models. The standard deviations of these databases and the models 

developed from them are not the same at any distance bin. This observation is 

frequently experienced by the GMPE developers. 

 

GMPE
22

21 8Rlnbb)PGAln(     (B.4) 

 

Figure B.3 shows the distance-dependent variations of each database and median ± 

GMPE estimates of corresponding ground-motion equations. Note that Model 2 has 

the largest GMPE as the corresponding database shows more dispersive features 

(Figure B.3.b). The median PGA estimates of Model 1 and Model 2 almost overlap 

each other (Figure B.3.d) as the corresponding databases picture similar median 

trends with different dispersion characteristics. Model 3 yields the lowest median 

PGA estimates as the overall data pattern shows smaller PGA amplitudes with 

respect to other two databases. 
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Figure B.3 GMPEs developed from simulated datasets and their median 

comparisons. 

 

An independent database is simulated for testing and ranking of the three GMPEs 

given in Figure B.3. The independent dataset is also constrained to the rock PGA 

estimates of Akkar et al. (2014) GMPE for Mw 7 and strike-slip fault mechanism. 

The randomness and overall PGA trends in this new database is a compromise of 

uncertainty levels in the previously simulated three datasets. Table B.1 shows the 

corresponding MDE results whereas Figure B.4 shows the details of MDE 

calculations for an arbitrary data point from the independent database. The MDE 

scores are computed for ± 3D as suggested in Chapter 4. Note that D corresponds 

to the standard deviation of each predictive model as stated previously. The listed 

MDE scores in Table B.1 suggest the better performance of Model 3 for the test-
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bed database. The MDE score of Model 3 is followed by those of Model 1 and 

Model 2. The latter two models are similar in median PGA estimations (Figure 

B.3.d) with GMPE1 < GMPE2. The standard deviation of Model 3 takes a value 

between GMPE1 and GMPE2 such that GMPE2 > GMPE3 > GMPE1. As depicted from 

the upper panel in Figure B.4 the occurrence probabilities of |dj| at the tail portion 

of |D| for Model 2 are significantly larger than those of Model 1 albeit their almost 

overlapping median PGA estimates. Notwithstanding, although the standard 

deviation of Model 3 is larger than the standard deviation of Model 1, the 

occurrence probabilities of |dj| for the latter GMPE are considerably higher for 

large |dj| values. The computed occurrence probabilities for each GMPE, when 

multiplied by the corresponding |dj| values, yield larger weighted averages for 

Model 2 that eventually leads to a higher MDE score for this GMPE. The lower 

panel in Figure B.4 illustrates the products of occurrence probabilities of |dj| with 

the corresponding |dj| for the same arbitrary data point. Eventually, for the given 

case study, the uncertainty in the ground-motion trends of the test-bed database is 

better represented by Model 3 whose standard deviation is between the other two 

candidate GMPEs. Therefore, the MDE index is not inclined to select the 

predictive model with the smallest GMPE. Such a case would only occur when the 

median trends of two or more GMPEs overlap each other. The MDE index 

combines the absolute differences between the logarithms of observed data and 

ground-motion estimates together with their occurrence probabilities to describe 

how well a GMPE can represent the ground-motion uncertainty in a given 

database. 

 

Table B.4 MDE scores of the GMPEs and their ranking for the test-bed database. 

GMPE MDE Rank 

Model-1 0.543 2 

Model-2 0.612 3 

Model-3 0.454 1 
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Figure B.4 Top panel: Probability density functions of |D| for each GMPE for an 

arbitrary point in the test-bed dataset. Bottom panel: The products of occurrence 

probabilities, |dj|, with corresponding dj for each GMPE. 
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APPENDIX C 

 

 

PERIOD DEPENDENT RESULTS OF THE DATA-DRIVEN 

TESTING METHODS AND TRELLIS CHARTS OF SELECTED 

GMPEs 

 

 

 

Figure C.1 Consideration of the entire EMME database. 

M
D

E

0.8

1.0

1.2

1.4

1.6

1.8

E
D

R

0.8

1.2

1.6

2.0

2.4

2.8

 sq
ua

re
-r

oo
t

0.8

1.0

1.2

1.4

1.6

1.8

N
S

E

-0.2

0.0

0.2

0.4

0.6

0.8

Period (s)

0 1 2 3 4

L
H

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Period (s)

0 1 2 3 4

L
L

H

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Fetal03
KG04
Oetal04
Aetal05

Zetal06
CF08
AS08 
BA08 

CB08 
CY08
Getal09
Betal10

AC10
AB10
ASB14
KA13



 

250 

Table C.1 Consideration of the entire EMME database. 

Rank GMPE MDE   Rank GMPE Kappa   Rank GMPE EDR 
1 AB10 1.035   1 Betal10 1.061   1 AB10 1.118 

2 ASB14 1.070   2 ASB14 1.066   2 ASB14 1.141 

3 Zetal06 1.073   3 AB10 1.081   3 KA13 1.198 

4 KA13 1.078   4 AC10 1.098   4 CY08 1.219 

5 BA08 1.080   5 KA13 1.112   5 Zetal06 1.219 

6 CY08 1.088   6 CF08 1.119   6 CF08 1.264 

7 CF08 1.129   7 CY08 1.120   7 AC10 1.264 

8 CB08 1.136   8 Zetal06 1.137   8 Betal10 1.268 

9 Getal09 1.142   9 Aetal05 1.143   9 BA08 1.316 

10 AC10 1.152   10 Oetal04 1.171   10 Aetal05 1.335 

11 AS08 1.165   11 Getal09 1.205   11 Getal09 1.376 

12 Aetal05 1.166   12 BA08 1.219   12 AS08 1.423 

13 Betal10 1.196   13 AS08 1.220   13 CB08 1.442 

14 Oetal04 1.303   14 CB08 1.269   14 Oetal04 1.518 

15 KG04 1.346   15 Fetal03 1.538   15 KG04 2.099 

16 Fetal03 1.512   16 KG04 1.556   16 Fetal03 2.324 

                      

Rank GMPE NSE   Rank GMPE LH   Rank GMPE LLH 
1 AB10 0.635   1 AC10 0.476   1 ASB14 2.036 

2 ASB14 0.619   2 KA13 0.459   2 KA13 2.037 

3 KA13 0.615   3 Betal10 0.447   3 AB10 2.051 

4 Zetal06 0.600   4 ASB14 0.446   4 AC10 2.067 

5 AC10 0.579   5 CF08 0.432   5 CF08 2.137 

6 CF08 0.578   6 AB10 0.418   6 Zetal06 2.150 

7 CY08 0.566   7 Aetal05 0.385   7 Betal10 2.189 

8 BA08 0.560   8 Zetal06 0.382   8 Getal09 2.266 

9 Aetal05 0.542   9 Getal09 0.359   9 Aetal05 2.274 

10 Getal09 0.539   10 CY08 0.333   10 CY08 2.375 

11 Betal10 0.539   11 BA08 0.277   11 BA08 2.553 

12 CB08 0.495   12 AS08 0.275   12 AS08 2.589 

13 AS08 0.484   13 Oetal04 0.239   13 CB08 2.985 

14 Oetal04 0.353   14 KG04 0.233   14 KG04 3.037 

15 KG04 0.315   15 CB08 0.218   15 Oetal04 3.118 

16 Fetal03 0.091   16 Fetal03 0.145   16 Fetal03 3.930 
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Figure C.2 Consideration of the Turkish sub-database. 
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Table C.2 Consideration of the Turkish sub-database. 

Rank GMPE MDE   Rank GMPE Kappa   Rank GMPE EDR 
1 KA13 0.967   1 ASB14 1.039   1 ASB14 1.025 

2 ASB14 0.986   2 Betal10 1.050   2 KA13 1.033 

3 AB10 1.014   3 AC10 1.063   3 AB10 1.098 

4 CF08 1.047   4 KA13 1.068   4 CF08 1.131 

5 Zetal06 1.064   5 CF08 1.080   5 AC10 1.141 

6 AC10 1.074   6 AB10 1.084   6 CY08 1.205 

7 CY08 1.074   7 CY08 1.121   7 Zetal06 1.220 

8 BA08 1.106   8 Oetal04 1.139   8 Betal10 1.244 

9 Aetal05 1.177   9 Zetal06 1.148   9 Aetal05 1.375 

10 Betal10 1.184   10 Aetal05 1.168   10 BA08 1.407 

11 Getal09 1.188   11 Getal09 1.249   11 Oetal04 1.448 

12 CB08 1.191   12 BA08 1.271   12 Getal09 1.485 

13 AS08 1.206   13 AS08 1.277   13 AS08 1.546 

14 Oetal04 1.271   14 CB08 1.327   14 CB08 1.584 

15 KG04 1.484   15 Fetal03 1.642   15 KG04 2.510 

16 Fetal03 1.685   16 KG04 1.685   16 Fetal03 2.764 

                      

Rank GMPE NSE   Rank GMPE LH   Rank GMPE LLH 
1 KA13 0.715   1 AC10 0.522   1 KA13 1.748 

2 ASB14 0.693   2 KA13 0.519   2 ASB14 1.813 

3 AC10 0.658   3 ASB14 0.487   3 AC10 1.888 

4 CF08 0.654   4 CF08 0.469   4 CF08 1.934 

5 AB10 0.642   5 Betal10 0.454   5 AB10 1.990 

6 Zetal06 0.592   6 AB10 0.425   6 Zetal06 2.127 

7 CY08 0.563   7 Zetal06 0.371   7 Betal10 2.163 

8 Betal10 0.546   8 Aetal05 0.369   8 Aetal05 2.315 

9 Aetal05 0.532   9 CY08 0.345   9 CY08 2.319 

10 BA08 0.507   10 Getal09 0.303   10 Getal09 2.416 

11 Getal09 0.462   11 Oetal04 0.244   11 BA08 2.684 

12 AS08 0.403   12 BA08 0.234   12 AS08 2.737 

13 CB08 0.402   13 AS08 0.220   13 Oetal04 2.959 

14 Oetal04 0.385   14 CB08 0.159   14 CB08 3.279 

15 KG04 0.099   15 KG04 0.144   15 KG04 3.619 

16 Fetal03 -0.209   16 Fetal03 0.066   16 Fetal03 4.795 
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Figure C.3 Consideration of the Iranian sub-database. 
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Table C.3 Consideration of the Iranian sub-database. 

Rank GMPE MDE   Rank GMPE Kappa   Rank GMPE EDR 
1 CB08 0.931   1 AB10 1.077   1 BA08 1.061 

2 BA08 0.947   2 Aetal05 1.088   2 CB08 1.072 

3 AS08 0.972   3 Betal10 1.106   3 AB10 1.075 

4 AB10 0.998   4 ASB14 1.108   4 AS08 1.089 

5 Getal09 1.001   5 CY08 1.118   5 Getal09 1.124 

6 Zetal06 1.017   6 AS08 1.120   6 Aetal05 1.134 

7 CY08 1.020   7 BA08 1.120   7 CY08 1.141 

8 KG04 1.024   8 Zetal06 1.124   8 Zetal06 1.143 

9 Aetal05 1.041   9 Getal09 1.124   9 ASB14 1.258 

10 Fetal03 1.060   10 CB08 1.153   10 Betal10 1.308 

11 ASB14 1.135   11 AC10 1.162   11 KG04 1.348 

12 Betal10 1.182   12 KA13 1.176   12 Fetal03 1.386 

13 KA13 1.194   13 CF08 1.195   13 KA13 1.405 

14 CF08 1.219   14 Oetal04 1.239   14 AC10 1.441 

15 AC10 1.238   15 Fetal03 1.303   15 CF08 1.460 

16 Oetal04 1.312   16 KG04 1.312   16 Oetal04 1.627 

                      

Rank GMPE NSE   Rank GMPE LH   Rank GMPE LLH 
1 CB08 0.405   1 Getal09 0.469   1 Getal09 1.858 

2 Getal09 0.395   2 Betal10 0.436   2 AB10 1.940 

3 BA08 0.395   3 Aetal05 0.433   3 KG04 1.946 

4 AS08 0.376   4 AB10 0.430   4 Aetal05 1.971 

5 AB10 0.365   5 Zetal06 0.428   5 AS08 1.973 

6 KG04 0.359   6 KG04 0.422   6 Zetal06 1.980 

7 Zetal06 0.332   7 AS08 0.395   7 BA08 2.017 

8 Aetal05 0.327   8 AC10 0.394   8 CB08 2.064 

9 CY08 0.277   9 ASB14 0.391   9 Betal10 2.161 

10 Fetal03 0.252   10 BA08 0.384   10 Fetal03 2.161 

11 Betal10 0.139   11 KA13 0.356   11 CY08 2.174 

12 ASB14 0.116   12 CF08 0.355   12 ASB14 2.235 

13 KA13 -0.003   13 CB08 0.353   13 AC10 2.291 

14 CF08 -0.023   14 Fetal03 0.352   14 KA13 2.389 

15 AC10 -0.025   15 CY08 0.345   15 CF08 2.390 

16 Oetal04 -0.292   16 Oetal04 0.234   16 Oetal04 3.260 
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Figure C.4 Consideration of the Caucasian sub-database. 
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Table C.4 Consideration of the Caucasian sub-database. 

Rank GMPE MDE   Rank GMPE Kappa   Rank GMPE EDR 
1 KA13 1.298   1 AC10 1.152   1 AC10 1.509 

2 CF08 1.307   2 KA13 1.216   2 KA13 1.583 

3 AC10 1.310   3 Betal10 1.223   3 CF08 1.662 

4 ASB14 1.372   4 ASB14 1.228   4 Betal10 1.688 

5 AB10 1.375   5 Oetal04 1.246   5 ASB14 1.689 

6 Betal10 1.380   6 CF08 1.270   6 AB10 1.759 

7 Zetal06 1.420   7 AB10 1.276   7 Oetal04 1.897 

8 BA08 1.462   8 CY08 1.325   8 CY08 1.951 

9 Getal09 1.464   9 Zetal06 1.374   9 Zetal06 1.958 

10 CY08 1.469   10 Aetal05 1.433   10 Getal09 2.135 

11 Oetal04 1.544   11 Getal09 1.455   11 BA08 2.141 

12 CB08 1.590   12 BA08 1.459   12 CB08 2.414 

13 KG04 1.605   13 AS08 1.477   13 Aetal05 2.432 

14 AS08 1.676   14 CB08 1.513   14 AS08 2.483 

15 Aetal05 1.691   15 KG04 1.682   15 KG04 2.707 

16 Fetal03 2.018   16 Fetal03 1.878   16 Fetal03 3.828 

                      

Rank GMPE NSE   Rank GMPE LH   Rank GMPE LLH 
1 AC10 0.250   1 AC10 0.463   1 AC10 2.434 

2 KA13 0.225   2 KA13 0.407   2 CF08 2.615 

3 CF08 0.211   3 CF08 0.399   3 Betal10 2.655 

4 Betal10 0.131   4 Betal10 0.387   4 KA13 2.671 

5 ASB14 0.103   5 ASB14 0.324   5 ASB14 2.969 

6 AB10 0.072   6 AB10 0.292   6 AB10 3.244 

7 Zetal06 0.011   7 Zetal06 0.262   7 Getal09 3.333 

8 Getal09 -0.057   8 Getal09 0.237   8 Zetal06 3.365 

9 CY08 -0.084   9 CY08 0.222   9 Aetal05 3.780 

10 BA08 -0.086   10 Aetal05 0.194   10 CY08 3.888 

11 Oetal04 -0.213   11 Oetal04 0.176   11 KG04 3.960 

12 KG04 -0.305   12 BA08 0.143   12 Oetal04 4.190 

13 CB08 -0.309   13 KG04 0.142   13 BA08 4.375 

14 Aetal05 -0.432   14 AS08 0.114   14 AS08 4.770 

15 AS08 -0.439   15 CB08 0.083   15 CB08 5.580 

16 Fetal03 -1.129   16 Fetal03 0.032   16 Fetal03 6.480 
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Figure C.5 Consideration of the normal faulting sub-database. 
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Table C.5 Consideration of the normal faulting sub-database. 

Rank GMPE MDE   Rank GMPE Kappa   Rank GMPE EDR 
1 KA13 0.969   1 ASB14 1.049   1 Betal10 1.067 

2 ASB14 0.975   2 KA13 1.080   2 ASB14 1.076 

3 AB10 1.012   3 AB10 1.130   3 AC10 1.094 

4 CF08 1.039   4 AC10 1.172   4 KA13 1.114 

5 Zetal06 1.056   5 CF08 1.212   5 AB10 1.119 

6 BA08 1.069   6 Betal10 1.218   6 CY08 1.133 

7 AC10 1.071   7 CY08 1.275   7 CF08 1.166 

8 CY08 1.125   8 Zetal06 1.329   8 Oetal04 1.194 

9 Betal10 1.141   9 BA08 1.405   9 Aetal05 1.242 

10 Aetal05 1.153   10 Aetal05 1.437   10 Zetal06 1.258 

11 CB08 1.170   11 Oetal04 1.510   11 BA08 1.311 

12 Getal09 1.193   12 AS08 1.606   12 AS08 1.340 

13 AS08 1.195   13 CB08 1.626   13 Getal09 1.379 

14 Oetal04 1.270   14 Getal09 1.648   14 CB08 1.387 

15 KG04 1.556   15 KG04 2.817   15 Fetal03 1.779 

16 Fetal03 1.727   16 Fetal03 3.070   16 KG04 1.804 

                      

Rank GMPE NSE   Rank GMPE LH   Rank GMPE LLH 
1 KA13 0.632   1 KA13 0.514   1 KA13 1.753 

2 ASB14 0.621   2 ASB14 0.514   2 ASB14 1.780 

3 CF08 0.562   3 AC10 0.508   3 AC10 1.885 

4 AC10 0.561   4 CF08 0.476   4 CF08 1.907 

5 AB10 0.546   5 Betal10 0.468   5 AB10 1.981 

6 Zetal06 0.488   6 AB10 0.425   6 Betal10 2.060 

7 Betal10 0.466   7 Aetal05 0.407   7 Zetal06 2.103 

8 Aetal05 0.439   8 Zetal06 0.376   8 Aetal05 2.224 

9 BA08 0.425   9 CY08 0.368   9 Getal09 2.437 

10 CY08 0.386   10 Getal09 0.303   10 CY08 2.481 

11 Getal09 0.310   11 BA08 0.278   11 BA08 2.536 

12 CB08 0.281   12 AS08 0.243   12 AS08 2.658 

13 AS08 0.271   13 Oetal04 0.238   13 Oetal04 2.951 

14 Oetal04 0.188   14 CB08 0.179   14 CB08 3.171 

15 KG04 -0.265   15 KG04 0.123   15 KG04 3.922 

16 Fetal03 -0.610   16 Fetal03 0.055   16 Fetal03 5.012 
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Figure C.6 Consideration of the reverse faulting sub-database. 
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Table C.6 Consideration of the reverse faulting sub-database. 

Rank GMPE MDE   Rank GMPE Kappa   Rank GMPE EDR 
1 AB10 1.104   1 AB10 1.236   1 Betal10 1.101 

2 BA08 1.111   2 ASB14 1.319   2 ASB14 1.103 

3 Getal09 1.129   3 Zetal06 1.335   3 AB10 1.119 

4 Zetal06 1.135   4 BA08 1.338   4 AC10 1.129 

5 CB08 1.148   5 Getal09 1.348   5 KA13 1.154 

6 CY08 1.148   6 Betal10 1.362   6 Aetal05 1.158 

7 AS08 1.184   7 CY08 1.370   7 CF08 1.171 

8 ASB14 1.194   8 AC10 1.409   8 Zetal06 1.176 

9 KG04 1.217   9 KA13 1.413   9 CY08 1.191 

10 KA13 1.224   10 Aetal05 1.423   10 Getal09 1.194 

11 Aetal05 1.226   11 AS08 1.444   11 BA08 1.201 

12 CF08 1.234   12 CF08 1.448   12 AS08 1.218 

13 Betal10 1.237   13 CB08 1.455   13 Oetal04 1.221 

14 AC10 1.248   14 Oetal04 1.685   14 CB08 1.267 

15 Fetal03 1.335   15 KG04 1.744   15 KG04 1.426 

16 Oetal04 1.383   16 Fetal03 1.926   16 Fetal03 1.434 

                      

Rank GMPE NSE   Rank GMPE LH   Rank GMPE LLH 
1 AB10 0.414   1 AC10 0.413   1 Getal09 2.225 

2 Getal09 0.405   2 Betal10 0.404   2 AB10 2.278 

3 BA08 0.377   3 Getal09 0.374   3 Betal10 2.299 

4 Zetal06 0.377   4 KA13 0.356   4 AC10 2.306 

5 CY08 0.331   5 ASB14 0.356   5 Zetal06 2.349 

6 Betal10 0.319   6 AB10 0.352   6 ASB14 2.409 

7 CB08 0.315   7 CF08 0.352   7 CF08 2.435 

8 ASB14 0.304   8 Aetal05 0.349   8 Aetal05 2.461 

9 KG04 0.295   9 Zetal06 0.337   9 KA13 2.469 

10 AS08 0.293   10 KG04 0.325   10 KG04 2.520 

11 Aetal05 0.283   11 AS08 0.285   11 CY08 2.628 

12 CF08 0.276   12 BA08 0.272   12 BA08 2.670 

13 AC10 0.274   13 CY08 0.268   13 AS08 2.707 

14 KA13 0.263   14 Fetal03 0.253   14 CB08 3.030 

15 Fetal03 0.095   15 CB08 0.233   15 Fetal03 3.134 

16 Oetal04 -0.003   16 Oetal04 0.211   16 Oetal04 3.529 
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Figure C.7 Consideration of the strike-slip faulting sub-database. 
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Table C.7 Consideration of the strike-slip sub-database. 

Rank GMPE MDE   Rank GMPE Kappa   Rank GMPE EDR 
1 AB10 1.004   1 ASB14 1.050   1 AB10 1.072 

2 CY08 1.032   2 Betal10 1.055   2 ASB14 1.086 

3 KA13 1.034   3 AB10 1.069   3 KA13 1.131 

4 ASB14 1.035   4 CF08 1.092   4 CY08 1.138 

5 Zetal06 1.043   5 KA13 1.094   5 Zetal06 1.152 

6 BA08 1.064   6 AC10 1.100   6 CF08 1.206 

7 CF08 1.104   7 CY08 1.103   7 AC10 1.243 

8 CB08 1.110   8 Zetal06 1.105   8 Betal10 1.263 

9 Getal09 1.125   9 Aetal05 1.126   9 Aetal05 1.279 

10 AC10 1.130   10 Oetal04 1.150   10 BA08 1.304 

11 Aetal05 1.136   11 Getal09 1.176   11 Getal09 1.322 

12 AS08 1.136   12 AS08 1.199   12 AS08 1.365 

13 Betal10 1.196   13 BA08 1.225   13 CB08 1.390 

14 Oetal04 1.267   14 CB08 1.250   14 Oetal04 1.454 

15 KG04 1.310   15 Fetal03 1.512   15 KG04 2.024 

16 Fetal03 1.498   16 KG04 1.541   16 Fetal03 2.264 

                      

Rank GMPE NSE   Rank GMPE LH   Rank GMPE LLH 
1 AB10 0.680   1 AC10 0.492   1 KA13 1.918 

2 KA13 0.670   2 KA13 0.482   2 ASB14 1.939 

3 ASB14 0.667   3 Betal10 0.463   3 AB10 1.952 

4 Zetal06 0.645   4 ASB14 0.460   4 AC10 2.015 

5 CY08 0.632   5 CF08 0.450   5 Zetal06 2.057 

6 CF08 0.621   6 AB10 0.446   6 CF08 2.071 

7 AC10 0.619   7 Zetal06 0.411   7 CY08 2.180 

8 Aetal05 0.591   8 Aetal05 0.392   8 Betal10 2.187 

9 BA08 0.590   9 Getal09 0.381   9 Aetal05 2.189 

10 Getal09 0.575   10 CY08 0.354   10 Getal09 2.211 

11 Betal10 0.563   11 AS08 0.285   11 AS08 2.481 

12 CB08 0.535   12 BA08 0.281   12 BA08 2.490 

13 AS08 0.527   13 Oetal04 0.254   13 CB08 2.867 

14 Oetal04 0.423   14 KG04 0.247   14 KG04 2.924 

15 KG04 0.379   15 CB08 0.233   15 Oetal04 2.967 

16 Fetal03 0.139   16 Fetal03 0.147   16 Fetal03 3.884 
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Figure C.8 Trellis chart for PSA response spectra of the GMPEs (normal events, median estimates and VS30=760m/s).
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Figure C.9 Trellis chart for PSA response spectra of the GMPEs (normal events, median+2sigma estimates and VS30=760m/s).
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Figure C.10 Trellis chart for PSA response spectra of the GMPEs (reverse events, median estimates and VS30=760m/s).

RJB=2.5km
P

SA
 (

g)

0.0

0.1

0.2

0.3

0.4

0.5
RJB=10km

0.00

0.05

0.10

0.15

0.20

0.25
RJB=25km

0.00

0.02

0.04

0.06

0.08

0.10
RJB=100km

0.000

0.004

0.008

0.012

0.016
RJB=200km

0.000

0.001

0.002

0.003

0.004

0.005

M
w
=

5

P
SA

 (
g)

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.00
0.04
0.08
0.12
0.16
0.20
0.24

0.00

0.01

0.02

0.03

0.04

0.05

0.000

0.004

0.008

0.012

0.016

M
w
=

6

P
SA

 (
g)

0.0

0.4

0.8

1.2

1.6

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.1

0.2

0.3

0.4

0.5

0.00
0.02
0.04
0.06
0.08
0.10
0.12

0.00

0.01

0.02

0.03

0.04

M
w
=

7

Period (s)
0.01 0.1 1

P
SA

 (
g)

0.0
0.3
0.6
0.9
1.2
1.5
1.8

Period (s)
0.01 0.1 1

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

Period (s)
0.01 0.1 1

0.0

0.2

0.4

0.6

0.8

1.0

Period (s)
0.01 0.1 1

0.00
0.05
0.10
0.15
0.20
0.25
0.30

Period (s)
0.01 0.1 1

0.00
0.02
0.04
0.06
0.08
0.10
0.12

M
w
=

8

Zetal06 CF08BA08 CY08 AC10 ASB14



 

 

266

 

Figure C.11 Trellis chart for PSA response spectra of the GMPEs (reverse events, median+2sigma estimates and VS30=760m/s).
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APPENDIX D 

 

 

RESULTS OF LOGIC-TREE BASED SENSITIVITY ANALYSES 

AND CONCLUDING HAZARD MAPS OF SELECTED REGIONS 

 

 

 

This appendix provides the normalized spectral acceleration scatter plots of 

Aegean, NAF and Mersin regions for each alternative logic trees given in Chapter 

6 (Figures D.1 to D.9). The comparative hazard maps of Aegean, NAF and Mersin 

regions are also given in this appendix (Figures D.10 to D.18). 
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Figure D.1 Results of logic-tree based sensitivity analysis of Aegean region for 

return period of 475yrs and PGA (top group), T=0.2s (bottom group). 
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Figure D.2 Results of logic-tree based sensitivity analysis of Aegean region for 

return period of 475yrs and T=1.0s (top group), T=2.0s (bottom group). 
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Figure D.3 Results of logic-tree based sensitivity analysis of Aegean region for 

return period of 2475yrs and PGA (top group), T=2.0s (bottom group). 
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Figure D.4 Results of logic-tree based sensitivity analysis of NAF region for return 

period of 475yrs and PGA (top group), T=0.2s (bottom group). 
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Figure D.5 Results of logic-tree based sensitivity analysis of NAF region for return 

period of 475yrs and T=1.0s (top group), T=2.0s (bottom group).  
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Figure D.6 Results of logic-tree based sensitivity analysis of NAF region for return 

period of 2475yrs and PGA (top group), T=2.0s (bottom group). 
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Figure D.7 Results of logic-tree based sensitivity analysis of Mersin region for 

return period of 475yrs and PGA (top group), T=0.2s (bottom group). 
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Figure D.8 Results of logic-tree based sensitivity analysis of Mersin region for 

return period of 475yrs and T=1.0s (top group), T=2.0s (bottom group). 
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Figure D.9 Results of logic-tree based sensitivity analysis of Mersin region for 

return period of 2475yrs and PGA (top group), T=2.0s (bottom group). 
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Figure D.10 Comparison of PGA (top), T=0.2s (middle) and T=1.0s (bottom) 

Aegean region hazard maps computed from LT#1, LT#4 and LT#6 for 475yrs 

return period. The lower right panels in each group give the SHARE hazard map. 
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Figure D.11 Comparison of T=2.0s Aegean region hazard maps computed from 

LT#1, LT#4 and LT#6 for 475yrs return period. The lower right panels in each 

group give the SHARE hazard map. 

 

 

Figure D.12 Comparison of T=2.0s Aegean region hazard maps computed from 

LT#1, LT#4 and LT#6 for 2475yrs return period. The lower right panels in each 

group give the SHARE hazard map. 
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Figure D.13 Comparison of PGA (top), T=0.2s (middle) and T=1.0s (bottom) NAF 

region hazard maps computed from LT#1, LT#4 and LT#6 for 475yrs return 

period. The lower right panels in each group give the SHARE hazard map. 
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Figure D.14 Comparison of T=2.0s NAF region hazard maps computed from 

LT#1, LT#4 and LT#6 for 475yrs return period. The lower right panels in each 

group give the SHARE hazard map. 

 

 

Figure D.15 Comparison of T=2.0s NAF region hazard maps computed from 

LT#1, LT#4 and LT#6 for 2475yrs return period. The lower right panels in each 

group give the SHARE hazard map. 

  



 

281 

 

 

  

 

 

 

Figure D.16 Comparison of PGA (top), T=0.2s (middle) and T=1.0s (bottom) 

Mersin region hazard maps computed from LT#1, LT#4 and LT#6 for 475yrs 

return period. The lower right panels in each group give the SHARE hazard map. 
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Figure D.17 Comparison of T=2.0s Mersin region hazard maps computed from 

LT#1, LT#4 and LT#6 for 475yrs return period. The lower right panels in each 

group give the SHARE hazard map. 

 

 

Figure D.18 Comparison of T=2.0s Mersin region hazard maps computed from 

LT#1, LT#4 and LT#6 for 2475yrs return period. The lower right panels in each 

group give the SHARE hazard map. 
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APPENDIX E 

 

 

EXTENDING AKKAR AND ÇAĞNAN (2010) GMPE FOR 

SPECTRAL PERIODS LONGER THAN 2.0s 

 

 

 

Akkar and Çağnan (2010) GMPE is going to be implemented in the EMME 

GMPEs logic-tree for regions of shallow active crustal earthquakes. This model 

(abbreviated as AC10 hereafter) estimates ground-motion intensities (spectral 

accelerations, SA) for periods (T) smaller than 2.0s. The other GMPEs that are 

going to be considered in the EMME GMPEs logic-tree are Akkar et al. (2014) - 

ASB14, Chiou and Youngs (2008) - CY08, and Zhao et al. (2006) - Zetal06 that 

can estimate SA for periods, at least, up to 4.0s, which is the target spectral period 

limit in EMME. The spectral period differences between AC10 and the rest of the 

GMPEs may cause a discontinuity (jump) in the uniform hazard spectrum (UHS) 

computed for the active shallow crustal EMME regions. Thus, the spectral ordinate 

estimations of AC10 are extended between 2.0 < T  4.0 to warrant a smooth 

variation of UHS in shallow active crustal regions covered by EMME. This short 

document describes the steps followed to achieve above objective. The first four 

steps describe extension of median SA estimations of AC10 for T > 2.0s. The last 

step documents the suggested period-dependent standard deviation (sigma) of 

AC10 for T > 2.0s 

 

Step #1. Compute SA(T ≥ 2.0s) / SA(T = 2.0s) ratios (abbreviated as ratios 

hereafter) for different magnitude (Mw) and distance (RJB or RRUP) 

scenarios for a generic rock site (VS30 = 760 m/s) by using ASB14, 

CY08 and Zetal06. (Note that consideration of other site classes do 

not change the results as their effects on ground-motion amplitudes 
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will be diminished while taking the ratios. Moreover EMME PSHA 

is only for generic rock sites). The earthquake scenarios consider a 

perfect strike-slip fault (dip angle is 90◦). The depth-to-top-of-

rupture (ZTOR) that accounts for the ground-motıon amplitude 

differences between buried and surface ruptures are used while 

converting the predetermined RJB distances to RRUP. CY08 and 

Zetal06 use the latter distance metric. ZTOR expression provided by 

Chiou and Youngs (2008) is used for distance conversion. Thus, the 

source-to-site distance values are consistent for each GMPE used in 

this exercise. Figure E.1 presents the variations of ratios for each 

Mw-RJB scenario and for each GMPE. The distance effect is minimal 

in the variation of ratios. 

Step #2. Then the variation of ratios by ignoring the distance effects is 

studied. The average ratios for each GMPE ( iGMPERatio , i = 1, 2, 3) 

that disregard distance effects are given in Figure E.2 for different 

magnitudes. Figure E.2 also shows the ratios computed by averaging 

3 iGMPERatio ( allGMPEsRatio ) at each magnitude level.  In a way, 

iGMPERatio disregards the ratio differences originating from each 

GMPE. The ratio trends of each GMPE (i.e., iGMPERatio ) and 

allGMPEsRatio  are similar to each other. 

Step #3. allGMPEsRatio  curves given in Figure E.2 are used to extend AC10 

estimations for T  2.0s. These are given in Figures E.3 - E.11 in 

terms of spectral displacement (SD; better illustrates the differences 

at longer periods). These figures also display the extended AC10 

spectral ordinates computed from the consideration of both 

magnitude and distance influences (already discussed in Step #1) 

that are separately provided by ABS14, CY08 and Zetal06. The 

spectral ordinate differences between the average SD curves (via 

allGMPEsRatio ) and those computed from the latter set are negligible in 

many cases. 
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Step #4. Under these observations, the magnitude-dependent (but GMPE 

independent) allGMPEsRatio  curves for extending the spectral ordinates 

of AC10 beyond T = 2.0s are proposed. These are listed in Table 

E.2. Equation (E.1) that yields very close allGMPEsRatio  values to 

those presented in Table E.2 is also provided. The coefficients of 

Equation (E.1) are given in Table E.1. As indicated both sources of 

information can equally be applicable while extending AC10 for 

periods longer than 2s. 

Step #5. Figure E.12 shows the period-dependent sigma of all GMPEs used 

in EMME GMPEs logic-tree. CY08 models sigma in terms of 

magnitude, soil behavior and event-based differences (mainshock vs. 

aftershock). The rest of the GMPEs only consider period 

dependency in sigma. AC10 sigma is plotted for periods up to 2.0s 

in Figure E.12. The overall trends indicate similar sigma patterns 

between AC10 and ASB14 for T ≤ 2.0s. This is speculatively 

expected because AC10 uses the Turkish dataset of the pan-

European dataset utilized by ASB14. Thus, the sigma ratios between 

AC10 and ASB14 are used for T ≤ 2.0s to estimate AC10 sigmas 

beyond T = 2.0s. The AC10 to ASB14 sigma ratios (Table E.3) for T 

≤ 2.0s are fairly constant and fluctuate about 1.14. However, direct 

use of 1.14 while extending AC10 sigmas beyond T = 2.0s causes an 

unexpected jump at the cutoff period (T = 2.0s). Thus, we slightly 

changed this average modification factor to obtain a smoother sigma 

variation for AC10 for T > 2.0s. In essence, the value of 1.11 is 

proposed to use as the modifying factor to estimate AC10 sigmas 

beyond T = 2.0s. The use of 1.11, instead of 1.14, does not make a 

huge impact on the estimated AC10 sigmas but results in a smooth 

transition while extending AC10 sigma for T > 2.0s. The proposed 

sigma values of AC10 for T > 2.0s are given in Table E.4. 

 

 



 

286 

 

   2
w3w21 MbMbb2

w3w21allGMPEs TMaMaaRatio     (E.1) 

 

Table E.1 Magnitude and period dependent coefficients of Equation (E.1). 

a1 a2 a3 b1 b2 b3 

15.17063 -3.38508 0.22543 -5.78063 1.12156 -0.06989 

 

Table E.2 Magnitude-dependent allGMPEsRatio  values up to 4.0s. 

Period Mw4.0 Mw4.5 Mw5.0 Mw5.5 Mw6.0 Mw6.5 Mw7.0 Mw7.5 Mw8.0 

2.1 0.898 0.907 0.916 0.925 0.932 0.939 0.943 0.946 0.946 

2.2 0.802 0.819 0.836 0.853 0.868 0.880 0.888 0.894 0.894 

2.3 0.722 0.745 0.769 0.793 0.813 0.830 0.842 0.849 0.850 

2.4 0.645 0.675 0.705 0.735 0.761 0.782 0.797 0.806 0.807 

2.5 0.580 0.614 0.649 0.683 0.713 0.737 0.754 0.764 0.765 

2.6 0.533 0.568 0.604 0.639 0.671 0.697 0.715 0.726 0.727 

2.7 0.490 0.525 0.562 0.599 0.633 0.660 0.679 0.691 0.691 

2.8 0.448 0.485 0.523 0.561 0.596 0.623 0.643 0.656 0.657 

2.9 0.410 0.447 0.485 0.524 0.559 0.588 0.608 0.621 0.621 

3.0 0.374 0.410 0.449 0.488 0.524 0.553 0.574 0.587 0.587 

3.1 0.353 0.389 0.428 0.466 0.502 0.531 0.552 0.565 0.565 

3.2 0.335 0.370 0.408 0.446 0.482 0.511 0.532 0.544 0.544 

3.3 0.311 0.346 0.384 0.424 0.460 0.490 0.512 0.525 0.524 

3.4 0.288 0.324 0.362 0.402 0.440 0.470 0.492 0.505 0.505 

3.5 0.267 0.302 0.341 0.382 0.420 0.452 0.475 0.488 0.488 

3.6 0.246 0.282 0.321 0.363 0.402 0.434 0.458 0.472 0.472 

3.7 0.230 0.266 0.305 0.347 0.386 0.419 0.443 0.457 0.457 

3.8 0.214 0.250 0.289 0.331 0.371 0.404 0.428 0.443 0.442 

3.9 0.199 0.234 0.273 0.316 0.356 0.390 0.414 0.429 0.428 

4.0 0.183 0.218 0.258 0.301 0.342 0.376 0.401 0.416 0.415 
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Table E.3 AC10 to ASB14 sigma ratios for T ≤ 2.0s. 

Period σAC10 / σASB14 

PGA 1.17
0.05 1.11 
0.1 1.11 
0.15 1.13 
0.2 1.16 
0.25 1.18 
0.3 1.16 
0.35 1.15 
0.4 1.14 
0.45 1.14 
0.5 1.13 
0.6 1.13 
0.65 1.13 
0.7 1.13 
0.75 1.14 
0.8 1.15 
0.9 1.16 
1 1.16 

1.25 1.15 
1.5 1.14 
1.75 1.13 

2 1.11 

 

Table E.4 Proposed sigma values of AC10 for T > 2.0s. 

Period σAC10 

2.1 0.9035 
2.2 0.9022 

2.3 0.9048 

2.4 0.9074 

2.5 0.9071 

2.6 0.9067 

2.7 0.9077 

2.8 0.9087 

2.9 0.9029 

3.0 0.8972 

3.1 0.8929 

3.2 0.8887 

3.3 0.8758 

3.4 0.8628 

3.5 0.8616 

3.6 0.8604 

3.7 0.8530 

3.8 0.8457 

3.9 0.8196 

4.0 0.7935 
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Figure E.1 SA(T ≥ 2.0s) / SA(T = 2.0s) variations for each Mw-RJB scenario and for 

each GMPE. 
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Figure E.2 Average SA(T ≥ 2.0s) / SA(T = 2.0s) ratios for each GMPE ( iGMPERatio ) 

and ratios computed by averaging 3 iGMPERatio ( allGMPEsRatio ) at each magnitude 

level. 
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Figure E.3 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS13, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 4.0. 

 

 

Figure E.4 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 4.5. 
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Figure E.5 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 5.0. 

 

 

Figure E.6 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 5.5. 
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Figure E.7 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 6.0. 

 

 

Figure E.8 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 6.5. 
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Figure E.9 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 7.0. 

 

 

Figure E.10 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 7.5. 
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Figure E.11 Extended AC10 spectral ordinates obtained from allGMPEsRatio  (red 

curve) and those computed from ABS14, CY08 and Zetal06 by considering the 

magnitude and distance influences at the same time. Plots show AC10 variation for 

Mw 8.0. 

 

 

Figure E.12 Period-dependent sigmas of all GMPEs. 
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