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ABSTRACT 
 

The devastation of the past earthquake events such as Kocaeli (1999), Kashmir (2005) and 

Haiti (2010) highlights the need for an earthquake risk assessment (ERA) framework, which 

can be applied to developing countries to reduce future earthquake losses. Although there are 

several ERA frameworks used in current practice, these frameworks are not flexible or 

applicable to the areas with limited input data and lacking assessment of earthquake induced 

secondary hazards. One of them is liquefaction, which is capable of causing settlement, tilting 

or even collapse of the structures. As an example, numerous liquefaction manifestations in 

Adapazari during 1999 Kocaeli and 1999 Chi-Chi earthquakes caused damage to a significant 

number of buildings due to ground failures. This past experience highlighted the importance 

of the integration of liquefaction hazard assessment into the existing or future earthquake risk 

assessment frameworks. 

This research presents the development of the multi-hazard ERA framework, which can be 

applied to the areas with limited input data available. The proposed framework is based on 

Monte-Carlo simulations and consists of three main modules: Probabilistic Seismic Hazard 

Analysis (PSHA), Probabilistic Liquefaction Hazard Analyses (PLHA) and Seismic Risk 

Assessment. 

The developed PSHA module generates earthquake catalogues using Monte-Carlo 

simulations to represent future seismicity of the region of interest. In this module, both Poisson 

and time dependent (renewal) models are adopted to quantify the effect of temporal 

dependencies between seismic events, while near-field rupture directivity effects are also taken 

into account. The Marmara region in Turkey is selected as a case study region. The PSHA 

results compare well with the recent studies performed for the study region. 

The PLHA module of the framework uses Monte-Carlo simulations and simplified 

liquefaction assessment procedures to predict earthquake induced liquefaction hazard in a 

probabilistic way. The module provides a relatively flexible approach to treat uncertainties of 

the earthquake and soil related input parameters by including such parameters with distribution 

functions. Liquefaction Potential Index (LPI) and Liquefaction Severity (LS) procedures are 

adopted for the prediction of liquefaction hazard. The PLHA module is applied to the city of 

Adapazari in Turkey, which is located in a liquefaction prone area. A set of probabilistic 

liquefaction hazard maps are derived for Adapazari as there were no PLHA studies performed 
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for the city. The PLHA module is verified with a scenario earthquake and observed liquefaction 

from the 1999 Kocaeli earthquake. 

Seismic risk assessment module uses readily available data such as building stock and 

population data from census, global shear-wave velocity maps and satellite images. Seismic 

risk assessment module is applied to Adapazari. An exposure model for buildings in the case 

study area is developed by mapping buildings footprints from aerial and satellite images and 

using remote street survey. The risk results are presented in terms of loss curves and 

probabilistic mean damage ratio (MDR) maps considering various return periods and 

vulnerability models. Casualty models are incorporated into the framework for estimation of 

fatalities associated with earthquakes in the city of Adapazari. Social and economic losses are 

verified with a scenario earthquake similar to 1999 Kocaeli earthquake. 

The developed ERA framework can serve as an efficient tool for the assessment of 

liquefaction hazard and seismic risk in the areas with limited data available. Although, due to 

lack of reliable procedures for accounting damage due to liquefaction in large scale seismic 

risk studies, the risk module of the framework should be used with caution in the areas prone 

to liquefaction. The proposed framework and its outcomes can be used by policy and 

stakeholders for earthquake preparedness and developing emergency response and recovery 

strategies. 
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Chapter 1: Introduction  
 

1.1 Background 

Earthquakes may have a huge negative impact on economic welfare and resilience of 

communities, particularly in developing countries.  Previous major earthquakes such as 2005 

Kashmir (Pakistan), 2008 Chengdu (China), 2010 Haiti and 2011 Tohoku (Japan) earthquakes 

demonstrated the destructive social and economic consequences of such events. The 

urbanisation of earthquake prone areas has increased significantly over the last few decades 

and seismic risk assessment has become more and more important. Seismic risk assessment 

has three main components: seismic hazard, vulnerability and exposure. 

Probabilistic seismic hazard analysis (PSHA) is a complex process as it often deals with 

different uncertainties and unknown parameters. Nevertheless, there are existing probabilistic 

seismic hazard analysis (PSHA) models available to the public that provide hazard results at 

the regional or country level. However, these models only provide data for specific return 

periods or soil conditions (e.g. SHARE project and Unified Hazard Tool by USGS). The hazard 

results from these models are available for a limited number of regions or countries for which 

they were developed. In addition to the seismic hazard models, there are commercial risk 

assessment tools that are normally used by insurance and reinsurance industries. Often these 

tools are presented as ñblack boxesò and the user is limited to the pre-defined procedures and 

input parameters (Bommer et al., 2006). As a result, region specific modifications to the hazard 

and vulnerability models cannot be easily implemented. The assumptions and uncertainties 

adopted in these commercial tools are locked or are not shown to the user (Bommer et al., 

2006). Moreover, the processes within the commercial software that convert input to output are 

not deconstructed (Musson and Winter, 2012).  
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To address some of the above issues, Global Earthquake Model (GEM, 

https://www.globalquakemodel.org/) was initiated in 2006 to develop an open-source 

earthquake risk assessment tool, which is called OpenQuake (Pagani et al., 2014). This tool has 

greatly improved the earthquake hazard and risk assessment standards (Erdik, 2017). Although 

OpenQuake (version 3.11.2) is a very comprehensive and transparent risk assessment tool, it 

still lacks some flexibility in certain areas, such as time-dependent PSHA and consideration of 

the near-fault directivity. Time-dependent hazard models can provide better hazard estimates 

compared to Poisson hazard models for the areas where information on periodicity of the faults 

ruptures with characteristic magnitude earthquakes is available (Schwartz and Coppersmith, 

1984). In some cases it is important to consider near-fault directivity effects as they are known 

to cause pulselike ground motions at near-fault sites (Shahi and Baker, 2011). These pulses can 

place huge earthquake demands on buildings and previously caused extensive damage in past 

earthquake events (Akkar et al., 2005, Luco and Cornell, 2007). To make the PSHA module 

more comprehensive both time-dependent and near-fault directivity procedures need to be 

incorporated into a seismic hazard assessment tool. Another limitation of OpenQuake is that it 

is designed to predict only the strong ground motion hazard and it is not capable of predicting 

secondary hazards like liquefaction, landslides etc.  The assessment of secondary hazards 

might be crucial for areas where there is evidence that they may occur. Past experience has 

demonstrated that such hazards may cause substantial damage to structures in addition to strong 

ground motions. 

Often in areas with presence of soft soil and ground water level close to the surface, 

earthquakes may trigger liquefaction, which can cause damage to lifelines and structures. 

Ground and foundation failures due to liquefaction were widely observed during the 1999 

Kocaeli and Duzce (Turkey) and 1999 Chi-Chi (Taiwan) earthquakes. During the 1999 Kocaeli 

earthquake hundreds of buildings were subjected to settlement, tilting and overturning due to 
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liquefaction in the city of Adapazari (Mollamahmutoglu et al., 2003, Bray et al., 2004, Bakēr 

et al., 2005). To mitigate future risks from liquefaction there are different procedures developed 

for assessing liquefaction hazard. Simplified methods are commonly employed by geotechnical 

engineers to evaluate the liquefaction potential of soils due to the difficulty and the cost of 

obtaining high-quality undisturbed samples (Juang et al., 2001). The stress method developed 

by Seed and Idriss (1971) is the most commonly used method in assessing liquefaction 

susceptibility of soils. The method uses the peak ground acceleration (PGA) along with a 

representative earthquake magnitude to calculate the seismic stress that causes soil to liquefy. 

The PGA used in the analysis usually corresponds to the value observed in the past events (e.g. 

Holzer et al., 2006; Sonmez and Ulusay, 2008; Rahman et al., 2015). The main drawback of 

using scenario earthquake is that it does not consider all possible future earthquake events that 

are capable of triggering liquefaction. The approaches such as proposed by Juang et al. (2008) 

and Kramer and Mayfield (2007) are based on seismic hazard curves and disaggregation of 

results from PSHA and are limited to the areas where this data is available. Therefore, there is 

a need for a PLHA module that is more flexible and complete in providing liquefaction hazard 

prediction at a given location in comparison to a conventional liquefaction estimation 

procedure.  

The development of an exposure model for seismic risk assessment is a challenging process 

as the model needs to include data about the location, fragility and value of the structures. 

Satellite imagery and remote street view survey may be used as an alternative to field building 

surveys.  A simple procedure is proposed in this work for cost effective and rapid building 

stock assessments using satellite imagery and remote street view survey. 
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1.2 Research Aim and Objectives 

The main aim of this research is to develop a seismic risk assessment framework that is 

capable of predicting seismic risk and liquefaction hazard in seismically active regions and 

apply it to a selected case study area. The main objectives of the presented work can be given 

as follows: 

1. To develop a comprehensive event-based PSHA procedure based on generated 

synthetic catalogues, that will utilise readily available data for analysis.  

2. To develop a procedure for probabilistic liquefaction hazard analysis (PLHA) and 

verify it with a case study. 

3. To develop a simple methodology for building exposure model for structures and 

identify suitable fragility/vulnerability models. 

4. To apply the seismic risk framework to a case study area to produce seismic hazard 

maps, loss curves and risk maps. 

5. Estimate the casualties for a case study area using a probabilistic approach that 

considers various return periods. Verify results with comparing to casualties from a past 

event and modelled scenario earthquake.  

1.3 Structure of the Thesis 

This thesis consists of five chapters and three appendices. The first and last chapters are 

written in normal thesis format while chapters 2 to 4 are written in journal paper format. 

Chapter 2, which is entitled ñA Practical Probabilistic Earthquake Hazard Analysis Tool: 

Case Study Marmara Regionò is a journal paper published in Bulletin of Earthquake 

Engineering. It addresses objective 1. This chapter describes the development of the 

probabilistic seismic hazard analysis (PSHA) module of the proposed seismic risk assessment 

framework. To demonstrate the applicability of the proposed methodology, the Marmara region 
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in Turkey is used as a case study area. Both Poisson and time-dependent (renewal) seismic 

hazard models are developed for the case study area. In addition, the procedure for accounting 

near-field rupture directivity effects in an event-based PSHA is proposed. The results of the 

proposed PSHA are compared with results from recent PSHA studies. 

Chapter 3, which is entitled ñA Practical Probabilistic Liquefaction Hazard Analysis Tool 

Based on Monte-Carlo Procedureò, was submitted for publication in peer-reviewed journal, 

and addresses objective 2.  In this work, a PLHA procedure based on Monte-Carlo simulations 

is proposed for assessing liquefaction hazard for seismic prone regions. Different liquefaction 

prediction methods are integrated into the procedure to quantify liquefaction hazard. Small and 

large scale case studies are performed for the city of Adapazari and the Marmara region of 

Turkey. The liquefaction hazard maps prepared for the city of Adapazari are compared with 

observed liquefaction following the 1999 Kocaeli earthquake.  

Chapter 4, which is entitled ñProbabilistic Seismic Risk Assessment Framework: case study 

Adapazari, Turkeyò, is ready for submission to publish in a peer-reviewed journal, and 

addresses objectives 3-5. In this work, a probabilistic seismic risk framework is proposed. The 

developed framework is applied to the city of Adapazari in Turkey by using readily available 

data. An exposure model for buildings and population is developed based on the information 

from building footprints mapped and census data. Fragility/vulnerability functions for Turkey 

are selected and integrated into the framework to predict seismic damage. Seismic loss curves 

and mean damage ratios maps are obtained for the study area for different return periods. In 

addition, casualty models are employed in to the framework to estimate number of fatalities in 

the city of Adapazari. The scenario earthquake based on the 1999 Kocaeli earthquake is used 

to compare predictions of structural damage and number of casualties with that past event. 

Chapter 5 provides concluding remarks and includes recommendations for future work. 
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ABSTRACT 

Earthquakes have a damaging impact on the economic welfare and resilience of 

communities, particularly in developing countries. Seismic Hazard Assessment is the first step 

towards performing prevention, preparedness, and response or recovery actions to reduce 

seismic risk. This paper presents a computation tool for predicting the seismic hazard at the 

macro level as a part of a comprehensive multi-hazard framework on Earthquake Risk 

Assessment (ERA). The Probabilistic Seismic Hazard Analysis (PSHA) procedure is based on 

the Monte-Carlo (MC) approach, and particular attention is paid to the definition of source 

zones assigned in the study area. Both Poisson and time dependent (renewal) models are 

adopted to quantify the effect of temporal dependencies between seismic events, while near-

field rupture directivity effects are also taken into account. Marmara region in Turkey is 

selected as a case study area to perform a new seismic hazard analysis and verify the accuracy 

of the proposed tool. The results show good agreement with results from the recent SHARE 

project and the latest Turkish Earthquake Design code hazard maps. This confirms that the 

proposed PSHA method can be an attractive alternative to the direct integration based methods 

due to its practicality and powerful handling of uncertainties. 
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2.1 Introduction  

Seismic risk is determined by combining the likelihood of seismic events over a pre-defined 

timeframe at a specific site or area/region and the consequences of this event on assets in the 

area. Hence, seismic hazard, vulnerability and value of exposed infrastructure are the main 

components of earthquake risk assessment (Silva et al., 2015). Whilst the occurrence of 

earthquakes cannot be predicted accurately, current understanding of global tectonics and 

seismology allows to make reasonable estimates of seismic hazard in most regions of the world. 

However, detailed seismic risk estimation for a site/area is still a complex task as it requires 

huge amounts of data such as seismo-tectonic structure, seismicity, soil conditions, building 

stock and population of the considered area. 

The seismic hazard at a site can be quantified by undertaking deterministic or probabilistic 

seismic hazard analysis (PSHA) (Erdik, 2017). In the deterministic approach, a particular 

earthquake scenario, called controlling earthquake, is used to estimate hazard at a site. On the 

other hand, PSHA can be used to quantify the probability of exceedance of various ground 

motion levels at a site/region for different return periods of earthquakes. Contrary to the 

deterministic approach, the probabilistic approach can take into account all potential 

earthquake sources with the inclusion of uncertainties arising from earthquake size, location 

and occurrence time.  

Conventional PSHA calculations (e.g. Cornell, 1968) are carried out using the total 

probability theorem, for which the contribution of all possible seismic events along with their 

associated probability of occurrences are combined. Alternatively, stochastic modelling 

approaches using Monte-Carlo (MC) simulation method can be used to generate synthetic 

earthquake catalogues by randomizing key parameters (in a controlled way) obtained from past 

seismicity, tectonic settings and geological data to represent the future seismic behaviour of a 
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region. Unlike the conventional probabilistic seismic hazard analysis initially proposed by 

Cornell (1968), the MC method is more flexible in treating uncertainty as most parameters can 

be presented as distribution functions.  

Due to its advantages, the MC-based PSHA has been utilised in several seismic hazard 

assessment studies. For example, Musson (1999) proposed a relatively straightforward PSHA 

procedure based on MC simulations and used hazard analysis results for the Island of Spetses 

in Greece, to identify the design earthquake representing the most likely combination of 

distance and magnitude that would produce the calculated hazard ground motion at the site/area 

of interest. This approach is simpler than the approach proposed by McGuire (1995) for 

conventional PSHA, where a disaggregation procedure is used to determine the contribution 

made to the overall hazard by each magnitude-distance bin. In a follow-up study, Musson 

(2000) performed a sensitivity analysis to check the effect of the number of simulations used 

in the MC procedure on the hazard curve using the UK as a study area. This study demonstrated 

that if the number of simulations is sufficiently large, the results of the MC approach come 

close to the results of the conventional method. More recently, Musson and Winter (2012) 

proposed a statistical procedure by using MC simulations to reduce errors associated with the 

subjective decisions used for the definition of areal source zones.  

Previous research has confirmed that time-dependent (renewal) models are also easier to 

apply in the MC approach to predict the probability of exceedance of various ground motion 

levels for particular return periods in comparison to the direct integration based method 

(Musson, 2000). Nevertheless, to improve the computational efficiency and practicality of the 

developed tool in the present paper, an alternative method of converting conditional time-

dependent probabilities into effective Poisson probabilities is utilised. Future earthquakes of a 

certain magnitude occurring periodically on the fault segments can be predicted more 

accurately using the time-dependent model, given that it is enough data about faults to assume 
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them characteristic (Cramer et al., 2000; Akinci  et al., 2009; Console et al., 2013). On the other 

hand, the Poisson model which treats all events independent from each other, is a better choice 

when seismicity and tectonic data are relatively limited.  

Pulse-like ground motions can have devastating impact on tall structures with long 

fundamental periods of vibration (Malhotra, 1999). For areas close to faults, near-fault 

directivity becomes an important feature to include in a PSHA study. In the work presented by 

Akkar and Cheng (2015) this effect was included in MC-based PSHA together with the multi-

scale random fields (MSRFs) approach. The results of their study indicated that the application 

of MSRFs to this method can considerably increase the complexity and computational cost of 

the MC simulations, and therefore, an alternative and simpler approach for considering near-

fault directivity effects in MC method is needed. Furthermore, there are limited PSHA studies 

and hazard assessment frameworks that account for pulse-like ground motions at the regional 

scale. 

There are seismic risk and hazard assessment frameworks available to the public for 

performing seismic hazard analysis at the regional level. However, the seismic hazard models 

used in these tools are mainly based on predefined data sets and designed to be applicable only 

in specific areas. Therefore, these tools cannot be easily adopted to regions/areas where the 

large amount of required data regarding seismicity, tectonics, and geotechnics of the region are 

not readily available. On the other hand, GEM (Global Earthquake Model) developed the open-

source earthquake risk assessment software OpenQuake (www.globalquakemodel.org), which 

has greatly improved the earthquake hazard and risk assessment standards (Erdik, 2017). 

Although the OpenQuake is a very comprehensive software, it still lacks some flexibility in 

certain areas, such as time-dependent PSHA and consideration of the near-fault directivity. 

Time-dependent PSHA module in OpenQuake requires manual input from a user regarding 

sets of fault ruptures and their corresponding probabilities of occurrence over a specified time 
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span. Whereas, the time-dependent PSHA procedure employed in this paper calculates the 

annual rates for the desired exposure period automatically using the input information related 

to the characteristics of fault segments based on Brownian passage-time (BPT) and log-normal 

models. While only those two models are coded and can be used automatically, the developed 

PSHA tool is also capable of accepting manual input from the user. The near-fault directivity 

procedure employed in the OpenQuake software can only utilise the GMPE developed by 

Chiou and Youngs (2014). Therefore, this will not give flexibility to use other GMPEs for the 

PSHA calculations for different regions. Whereas, the near-fault directivity procedure 

developed by Shahi and Baker (2011) is incorporated in the developed tool as it can be 

applicable to any other conventional GMPE. Even though the only pulse occurrence model 

developed by Shahi and Baker (2011) is available in the developed computational tool, this 

model allows for the use of a wide range of GMPEs, and therefore, could be more practical, 

especially when multiple GMPEs are utilised for analysis (e.g. logic tree). 

There are also commercial hazard assessment tools available that are usually expensive and 

rely on detailed information that is costly to obtain (Bommer et al., 2006), particularly for 

developing countries. These tools are normally available as ñblack boxesò, and therefore, 

modifications to incorporate different or uncommon seismic parameters cannot be easily 

implemented. The assumptions and uncertainties used in these commercial tools cannot always 

be changed or are not revealed to the user. Therefore, the influence of underlying assumptions 

on the analysis results is not completely clear to the user (Krinitzsky, 2003; Bommer et al., 

2006; Musson and Winter, 2012). These issues highlight a need to develop a flexible and 

comprehensive earthquake hazard assessment tool. 

This study aims to develop a practical yet comprehensive PSHA tool based on MC 

simulations to perform regional seismic hazard assessment. The developed procedure utilises 

both Poisson and time-dependent models, as well as near-field directivity. The developed tool 
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will be incorporated in the Earthquake Risk Assessment (ERA) framework specifically 

developed for areas, for which generally limited information related to seismic risk parameters 

exist.  

The Marmara region (Turkey), which is capable of producing an earthquake with ὓ χ 

in the near future, is chosen as a case study area to validate the developed hazard assessment 

tool of the framework. For the case study area, catalogue homogenisation, completeness and 

declustering analyses are performed, while derived background zones are verified via a 

statistical test developed by Musson and Winter (2012). A set of hazard maps are derived for 

Marmara using Poisson or time-dependent models, and incorporating the near-field forward 

rupture directivity effect for higher periods of spectral acceleration (Sa). In addition, the design 

earthquake for the city centre of Istanbul is identified. Although this work is applied to an area 

with readily available data, the presented tool can be practical and easily modified to an area 

with less earthquake-related data available. The main steps of the proposed tool are described 

in the following sections of the article.  

2.2 Catalogue Refinement 

Earthquake catalogues are needed in the PSHA method to quantify the seismicity of the 

area, determine seismic source zones and calculate associated seismic parameters. The first 

step towards performing PSHA is taken by merging existing historic and instrumental 

catalogues through i) homogenisation, ii) declustering and iii) completeness analyses. 

i) Homogenisation. Different magnitude scales are used to record earthquakes in catalogues. 

Hence, magnitude conversion equations are required to homogenise earthquakes for PSHA. 

Equations specifically developed for a region of interest can reduce errors associated with 

magnitude conversion.      
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ii) Declustering. There are a number of techniques to decluster earthquake catalogues (e.g. 

Gardner and Knopoff, 1974; Reasenberg, 1985; Knopoff,  2000; Aldama Bustos, 2009), which 

in general employ fixed time and space windows to find clustered earthquake events. The 

method proposed by Knopoff (2000) provides window parameters for events in the magnitude 

range of M=4.2 to M=6.0. Aldama Bustos (2009) modified the Knopoff (2000) procedure by 

extrapolating spatial and temporal windows for events with M>6.0 by following the tendency 

of the time and space windows from Gardner and Knopoff (1974).  

iii) Completeness. The earthquake recurrence (Gutenberg-Richter) relationship requires a 

complete catalogue to define the seismicity of the earthquake source zone. For each magnitude 

level, the catalogue completeness period may start from a different point in time. For small 

magnitudes, catalogue completeness starts from recent dates, while for large magnitudes, 

completeness starts from earlier dates in time. Catalogue completeness periods for different 

magnitude levels are normally computed following the procedure proposed by Stepp (1972).  

2.3 PSHA using MC Simulations 

In both conventional and MC-based PSHA studies, two different types of seismic source 

models can be used to represent seismicity of an area: area source zone model, and area source 

zone model combined with fault source zone model. In the former, seismicity is homogenised 

over source zones, where a future earthquake can occur randomly in space. In the latter model, 

the hazard resulting from active faults with a characteristic magnitude is concentrated in fault 

source zones (FSZs), while seismic events without identified faults are assumed to occur 

randomly in areal background source zones (BSZs). In this paper, the latter model is adopted 

as it more suitable to the study region having well-defined faults. 
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2.3.1 Background Source Zones (BSZs) 

Based on geological, seismological and spatial distribution of earthquakes, the study area 

is divided into a number of areal BSZs. Earthquakes associated with each BSZ are used to 

determine the Gutenberg-Richter recurrence parameters (a and b values). Once source zone 

geometry and recurrence parameters are defined for each BSZ, then synthetic catalogues 

(occurrence, magnitude and location of event in a particular year) are produced by following 

the procedure proposed by Crowley and Bommer (2006):   

1) Minimum and maximum magnitudes are assigned to each BSZ. There are different 

approaches to determine maximum magnitude ὓ . One subjective approach is to add 0.5 

units to the maximum observed magnitude. Other methods include using relations proposed by 

Wells and Coppersmith (1994), or using the statistical procedure by Kijko (2004). The 

minimum magnitude ὓ  is usually taken between 4.0 and 5.5, so as to define minimum 

threshold magnitude level capable of causing  damage to structures. It should be noted that, for 

practical purposes, some damage is experienced if the PGA exceeds 0.05g. 

2) The Gutenberg-Richter relationship is rearranged to calculate ὔ  and ὔ , which 

represent annual number of earthquakes exceeding ὓ  and ὓ , respectively: 

  

ὔ ρπ  

 

(2.1) 

  

ὔ ρπ  

    

 (2.2) 

 

 

3) A random real number, ὖ  is sampled from a uniform distribution between 0 and 1 

for each year in the catalogue. 

 



Chapter 2     A practical probabilistic earthquake hazard analysis tool: case study Marmara region 

16 

 

4) Probabilities of annual occurrence ὖ  and ὖ  for an earthquake event exceeding 

ὓ  and ὓ  are obtained as follows: 

  

ὖ ρ Ὡὼὴ  
 

 

(2.3) 

  

ὖ ρ Ὡὼὴ  

    

 (2.4) 

 

 

5) The assigned random number ὖ  is compared with ὖ  and ὖ  to decide if a 

seismic event is occurring in that year of synthetic catalogue. If ὖ  is less than ὖ  and 

greater than ὖ  (ὖ ὖ ὖ ), then an earthquake event is generated in that year. 

If this condition is not satisfied, no seismic event occurs in that year.  

6) The magnitude of the occurring event is calculated using ὖ  by rearranging the terms 

in the Poisson distribution and recurrence equations: 

 ὔ ÌÎρ ὖ  (2.5) 

                     

 ὓ
ὥ ÌÏÇὔ

ὦ
 (2.6) 

              

7) A synthetic event can take place at any location within the boundary of a BSZ. A random 

location is assigned for an earthquake event within the boundary of an associated BSZ. Fig. 2.1 

shows how intensity spreads from an event occurring within BSZs. 

 

Figure 2.1 Generated random event occurring within BSZs and spreading from epicentre in 

circles. 
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8) Steps 1 to 7 are repeated for each year of synthetic catalogue until all years of synthetic 

catalogue are simulated.  

The procedure described above assumes that maximum one earthquake event can be 

generated per catalogue year in a synthetic catalogue. However, Eqs. (2.3) - (2.4) take into 

account events occurring more than once in a year. This means that the occurrence of any 

multiple events is distributed along the whole length of a synthetic catalogue. An analysis was 

performed to assess the effect of this assumption on the total number of generated events and 

their magnitude distribution in a synthetic catalogue.  The Poisson distribution probabilities of 

events occurring once, twice, three times and so on in a year were calculated separately to find 

the number of events and their associated magnitudes. The comparison of the synthetic 

catalogues generated using both methods showed no significant difference.  

2.3.2 Fault Source Zones (FSZs) 

The procedure to generate a synthetic catalogue for fault segments is slightly different from 

that for BSZs. Instead of using the recurrence relationship, the characteristic magnitude and 

associated annual occurrence rate are used to generate the events, as summarised below: 

1) A random number, ὖ  is sampled from a uniform distribution between 0 and 1 for 

each year of the catalogue. 

2) The assigned random number is compared with the annual probability of occurrence of 

characteristic magnitude, ὖ , on that fault segment to decide if a seismic event is occurring 

in that year of synthetic catalogue. If ὖ   is less than ὖ  (ὖ  ὖ ), an earthquake 

with characteristic magnitude ὓ  is generated in that year, otherwise no seismic event 

occurs. Empirical relationships proposed by Wells and Coppersmith (1994) and Youngs and 

Coppersmith (1985) can be used to calculate ὓ  and the associated recurrence intervals, 

respectively, by using fault geometry and slip rates.  
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3) For an earthquake event occurring on an active fault, the epicentre of each new event is 

assumed as random within a segment boundary. In this case, the epicentral fault line (EFL) 

representing the rupture length is defined parallel to the general direction of the active fault in 

that segment, as illustrated in Fig. 2.2. 

  

Figure 2.2 Generated random event occurring at fault segment and spreading from obtained 

fault line. 

 

4) The geometry of the EFL can be estimated using magnitude relationships proposed by 

Wells and Coppersmith (1994): 

 ÌÏÇὛὙὒ σȢςςπȢφωὓ  (2.7) 

 

 ÌÏÇὙὒὈ ςȢττπȢυωὓ  (2.8) 

                         

 ÌÏÇὙὡ ρȢπρπȢσςὓ  (2.9) 

 

where SRL and RLD are the surface and subsurface fault rupture length in kilometres (km), 

respectively; RW is the downdip fault rupture width in kilometres (km); and ὓ  is the moment 

magnitude. The rupture length, RL, is assumed to be the maximum value of SLR and RLD. The 

fault segmentation model considers that a segmentation boundary exists, but it does not 

necessarily stop all the ruptures. The length of the rupture is calculated from Wells and 
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Coppersmith (1994) equation and randomized with a given standard deviation. If the calculated 

length of the rupture is greater than the length of a segment, it will extend to another segment; 

hence, multi-segment rapture is considered in a way. 

For a BSZ or FSZ, the total number of years of simulated earthquakes is equal to the 

catalogue length times the number of simulations. However, it should be noted that it is only 

the total number of simulated years that matters for analysis rather than the catalogue length or 

number of simulations individually (Musson, 2012). Therefore, a catalogue with sufficient 

number of simulated years is necessary to capture rare events. In MC-based PSHA calculations, 

the period length of a synthetic catalogue is usually taken as 50 or 100 years.  

2.3.3 Verification of Background Source Zones 

Delimitation of BSZs is not always a straightforward process, as expert opinion and 

subjective judgement influence this process. For example, the areal source model of the 

Anatolian region proposed by Erdik et al. (1999) is based on tectonic information, whereas the 

areal source model of Northern Europe used in the GSHAP project (Grunthal and Group, 1999) 

follow the past seismicity pattern of the region. Moreover, seismic source models for the same 

study region employed by different researchers can also show variations. For instance, the 

seismic source zones for the Persian Gulf (also known as Arabian Gulf) defined by Peiris et al. 

(2006), Musson et al. (2006), Abdalla and Al-Homoud (2004), and Aldama-Bustos et al. (2009) 

all differ in size and shape.  

To avoid subjectivity, an objective method for assessing BSZ is necessary. The 

methodology described by Musson and Winter (2012) can be used to verify source zone models 

by assessing them in a statistical manner via the chi-square (ὢ ) test. In this test, the study area 

under consideration is divided into equally sized grids and the number of past events from the 

existing earthquake catalogue is counted for each cell of the grid. If the number of events in 
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the cell is less than a minimum threshold (determined based on cell size and number of events 

in the catalogue), then the cell is disregarded in the test. The next step is to assess the validity 

of the source model by comparing the number of real events that occurred in the past with the 

events predicted in the synthetic catalogue using the ὢ  value: 

 

 
ὢ

ὕ Ὁ

Ὁ
 (2.10) 

 

where n is total number of cells used in the test: ὕ is the number of observed (events in the 

synthetic catalogue) events from MC simulation; and Ὁ is the number of expected (original 

catalogue) events obtained from earthquake catalogue in the cell i. The degrees of freedom 

(ὈὊ) are defined as: 

     $& Î ρ   (2.11) 

 

The ὢ  and ὈὊ values obtained from Eqs. (2.10) and (2.11) are checked in the ὢ  

distribution table to find the significance level (or probability of a larger value of ὢ ) of null 

hypothesis to be rejected. The source model can be considered to offer a viable depiction of 

seismicity pattern if the significance level is large enough to not reject the null hypothesis. 

Conventionally, a significance level of 0.05 is used as a boundary between significant and non-

significant results. It should be noted that if the test is applied in a sensible way (e.g. source 

zones are not under-generalised) it can help to indicate a problem if the zones are too big or are 

in the wrong place. While Musson and Winter (2012) adopted method does not completely 

eliminate subjectivity, it can reduce the effects of subjectivity in the delineation of the BSZs. 
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2.3.4 Ground-Motion Prediction Equations  

Ground-motion prediction equations (GMPEs) estimate ground motion intensity (e.g. PGA, 

PGV or SA values at certain periods) at a site of interest and generally take the following form: 

 ÌÎὍὓ ÌÎὍὓὓȟὙȟ— „ὓȟὙȟ—Ͻ‐          (2.12) 

 

where ÌÎὍὓ represents the natural logarithm of a ground motion intensity measure, which is 

considered to be a normally distributed random variable (Erdik, 2017); ÌÎὍὓ, „ and ‐ are the 

mean, standard deviation (consists of within-event (ű) and between-event (Ű) standard 

deviations (SDs))  and standard normal variable, respectively; ὓ  is earthquake magnitude; R 

is source-site distance; and — represents the effect of style-of-faulting, soil conditions and 

similar parameters. The variability in ÌÎὍὓ is achieved by adding the product of „ and ‐ to 

the mean value, where ‐ is a standard normal variable. To include ground motion variability in 

MC-based PSHA within-event (ű) and between-event (Ű) SDs should be considered. For each 

earthquake generated in the synthetic catalogue, a random number sampled from the standard 

normal probability distribution is multiplied by within-event (ű) SD. Another draw from the 

standard normal probability distribution for each site of interest is multiplied by between-event 

(Ű) SD. Obtained values are added to the ÌÎὍὓ to find estimated ground motion value at each 

site of interest. 

Different alternatives exist to calculate the value of R. Fig. 2.3 shows the different distance 

metrics used in ground motion prediction equations (GMPEs) available in the literature. These 

include distance to hypocentre, Ὑ ; the shortest distance from a site to the fault rupture, Ὑ ; 

distance to epicentre, Ὑ ; and the shortest horizontal distance to the point on the surface 

projection of the fault rupture (óJoyner-Boore distanceô) Ὑ  (Joyner and Boore, 1981).  
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Figure 2.3 Fault geometry and projection on to the surface with distance metrics used in 

GMPEs. 

 

If the selected GMPEs were a function of Ὑ  and Ὑ , integration over depth would be 

required in the conventional PSHA method (Bommer and Scherbaum, 2008). However, in the 

MC-based PSHA method, there is an easy and practical way to include depth related 

uncertainty into hazard calculations, as depth can be entered as a distribution function during 

the generation of synthetic catalogues (Musson, 2000).  

2.3.5 Hazard Calculation for the Desired Probability of Exceedance Level  

Once synthetic catalogues for both BSZs and FSZs are generated, the probability of 

exceedance of ground shaking intensities (PGA, PGV or Sa) can be calculated at a site of 

interest. For each year of a synthetic catalogue, all earthquakes occurring in that year across all 

source zones are used to identify the largest ground shaking intensity at the site. In other words, 

the worst-case scenario from all seismic sources affecting the site of interest is stored as an 

annual maximum outcome. This step is repeated for all simulations. The results of each 

simulation are combined into a single list. The probability of exceedance of ground shaking 

intensities can be found by sorting annual outcomes in descending order and by selecting the 
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ὔ  value in the sorted list. For the desired probability of exceedance (ὖέὉ), ὔ can be 

calculated using the following equation: 

 ὔ
ρ

ὖέὉ
 #ÁÔÁÌÏÇÕÅ ÌÅÎÇÔÈ.ÕÍÂÅÒ ÏÆ ÓÉÍÕÌÁÔÉÏÎÓρ (2.13) 

 

The flowchart for predicting seismic hazard at a site of interest using MC PSHA method is 

shown in Fig. 2.4. 

   

Figure 2.4 Procedure for predicting seismic hazard at a site of interest using MC-based 

PSHA. 
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2.3.6 Near-Fault Directivity  

Pulselike ground motions caused by near-fault forward directivity effects can have 

devastating consequences on structures located nearby the ruptured fault. If the rupture 

propagation direction and the slip direction on the fault are all aligned with the site of interest, 

and if the speed of the rupture propagation is similar to that of the shear wave velocity, forward 

rupture directivity effects can lead to the development of a single pulse of large amplitude  

(Archuleta and Hartzell, 1981; Somerville et al. 1997; Somerville, 2003; Akkar et al., 2018). It 

should be noted that traditional GMPEs are based on data coming from both pulselike and non-

pulselike ground shaking records. Hence, they are expected to underestimate spectral 

acceleration for pulselike motions (Shahi and Baker, 2011).  

Several approaches were developed to take into account forward directivity effects on 

spectral acceleration values (e.g. Somerville, 2003; Shahi and Baker, 2011; Spudich et al., 

2013). In this work, the probabilistic approach developed by Shahi and Baker (2011) is chosen 

for implementation, due to its effectiveness as verified through comparison with other method 

by Akkar et al., (2018) and its relative ease of application within MC-based PSHA method. In 

this approach, the probability of observing a pulse at ɻ, ὖɻ, is calculated in accordance with 

Eqs. (2.14) - (2.16) using the product of a probability derived from site-to-source geometry, 

and the probability of observing the pulse in the orientation of interest: 

 ὖɻ ὖ ɻȿÐÕÌÓÅὖÐÕÌÓÅȿὶȟί     (2.14) 

 

 ὖɻȿÐÕÌÓÅÍÉÎπȢφχȠπȢφχ πȢππτρχχȢυ ɻ   (2.15) 

 

 ὖÐÕÌÓÅȿὶȟί
ρ

ρ Ὡ Ȣ Ȣ Ȣ
 (2.16) 
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where ɻ is orientation of interest measured in degrees, and r and s are site-to-source geometric 

parameters measured in km, as schematically shown in Fig. 2.5. It is important to note that Eq. 

(2.16) is valid for strike-slip faults only.  

 

Figure 2.5 Plan view explaining the parameters needed to fit in Eq. 16 for strike-slip faults. 

 

The directivity effect is experienced mostly in the fault-normal component of the ground 

motion, and therefore, the highest probability of observing pulse is when the orientation of 

interest is perpendicular to the strike (ɻ=90°) and the lowest when the orientation is parallel to 

the strike (ɻ=0).  

Once ὖɻ is calculated, occurrence of pulselike ground motion at the site of interest needs 

to be determined. For each year of a synthetic catalogue with an earthquake occurrence, a 

random number between 0 and 1 from a uniform distribution is generated. If the random 

number is less than ὖɻ obtained from Eq. (2.16), a pulselike event occurs in that year, else it 

does not. For events that are producing pulselike ground motions, the mean period of the pulse 

‘  and its standard deviation „  are calculated as: 

 ‘ υȢχσπȢωωὓ 
 

(2.17) 

 „ πȢυφ  (2.18) 

where Ὕ  is the period of the pulse; and ὓ is the earthquake magnitude. 
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Amplification and de-amplification factors to modify GMPEs to account for pulselike and 

non-pulselike behaviour are given in Shahi and Baker (2011), as well as equations of observing 

pulse in case of strike-normal type of faulting.   

2.3.7 Time-Dependent (Renewal) Analysis 

The Poisson model is generally applicable to low seismicity regions or regions without 

major faults, as it considers earthquakes as independent events in time. Paleoseismic studies 

and historical seismicity observations have shown that earthquakes with similar characteristic 

magnitudes (same size) and similar time intervals between events tend to occur on known fault 

segments (Schwartz and Coppersmith, 1984). It is also suggested, that for the faults with an 

adequate information on return period of ὓ , a time-dependent model may be better at 

estimation of the short-term hazard assessment than a Poisson model (Akinci et al., 2009). In 

the renewal model, if the time interval that passed from the previous event is known for a fault 

segment, the conditional probability of a future characteristic event rupturing in that segment 

in the next ЎὝ years , ὖ ὝȟЎὝ, can be calculated as follows: 

 ὖ ὝȟЎὝ
᷿ ὪὸὨὸ

Ў

᷿ ὪὸὨὸ
 (2.19) 

 

where Ὢὸ is the probability density function (PDF) for earthquake recurrence time 

interval; Ὕ is the time passed since the last characteristic event occurred on the fault segment; 

and ЎὝ is the exposure period, taken as 50 years for typical buildings. ὖ ὝȟЎὝ is 

conditional, as it changes with time elapsed since the last earthquake. Ὢὸ can be represented 

with Gaussian, log-normal, Weibull, Gamma and Brownian Passage Time (BPT) models. 

Among these, the BPT model (which is similar to the log-normal distribution) is deemed to 

represent adequately the earthquake distribution (Ellsworth WL et al., 1999). The PDF for the 

BPT distribution can be calculated as: 
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 ὖὈὊὸȟ‘ȟ‌
‘

ς“‌ ὸ
 ÅØÐ

ὸ ‘

ς‌ ‘ὸ
  (2.20) 

 

where ‘ is mean return period; and ‌  is the aperiodicity (an equivalent to the coefficient of 

variation). Small values of ‌  mean that the characteristic earthquakes are highly periodical. 

As ‌  increases the conditional probability of the future characteristic event, ὖ ὝȟЎὝ, it 

becomes similar to Poisson probabilities (Erdik et al., 2004). Many studies suggested a standard 

value of 0.5 for ‌  (Cramer et al., 2000 and Erdik et al., 2004). Fig. 2.6a-b show the PDF and 

ὖ ὝȟЎὝ for BPT model for a mean return period of ‘=300 years and exposure period of 

ЎὝ=50 years. Fig. 2.6 show that the conditional probability of having a new event in the next 

50 years, ὖ Ὕȟυπ, does not significantly increase after an approximate elapsed time of 

400 years since the last event.  

 
a) 

 
b) 

 

Figure 2.6 (a) PDF and (b) conditional probability for BPT distribution with a mean return 

period of 300 years and Ŭ=0.5. 

 

Once conditional probabilities for a specific exposure period are calculated from Eq. (2.19), 

they can be converted to the effective Poisson annual probabilities, Ὑ  using the following 

equation (WGCEP94, 1995): 

 Ὑ ÌÎρ  ὖ ὝȟЎὝ ȾЎὝ (2.21) 
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2.3.8 Uncertainty in PSHA 

There are two types of uncertainties that exist in earthquake hazard analysis: aleatory and 

epistemic uncertainties. Aleatory uncertainty represents the natural randomness in a process, 

while epistemic uncertainty is the lack of knowledge introduced in a model that tries to 

represent an actual behaviour. The aleatory variability arises from the randomness of the 

earthquake generation process, and is usually taken into account with a probability distribution. 

Epistemic uncertainty on the other hand arises from the lack of knowledge about the true single 

value of a variable. Parameters that define a probability density function (e.g. mean and 

standard deviation of a normal distribution) have in fact one true value, which we don't know. 

In PSHA analysis, the standard deviation of GMPEs can be used to deal with aleatory 

uncertainty. Epistemic uncertainty can be addressed with a logic tree, in which weights are 

applied to the branches to reflect confidence in given options (Bommer et al., 2005; Scherbaum 

et al., 2005). Fig. 2.7 shows an example of a logic tree that utilises several GMPEs.  

 

Figure 2.7 An example of the logic tree for ground motion prediction equations. 

 

It should be noted that logic trees can be used to include different hypotheses in PSHA. For 

example, they are often used for altering recurrence rates of faults, geometry of seismic source 

zones, and characteristic magnitudes. The use of a MC-based approach in PSHA can reduce 
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the number of parameters employed in the logic trees because many of the mentioned 

parameters are already randomized during the synthetic catalogue generation process. 

The previous sections provided an overview of the components of the utilised MC-based 

PSHA. To demonstrate the method, the following section uses a case study region to verify the 

effectiveness of the developed computational tool. 

2.4 The Case Study: Marmara Region, Turkey 

To demonstrate the developed PSHA tool, Marmara region (Turkey) is selected as a case 

study area. This region is located in one of the most seismically active zones in the world. It 

houses one-third of Turkeyôs population and is a major industrial hub for the country. Both 

1999 Kocaeli and Duzce earthquakes occurred in this region and caused enormous economic 

losses, extensive structural damage to structures and a high fatality rate. An event of similar 

magnitude to these earthquakes is expected to hit Istanbul in the near future. For example, 

Murru et al. (2016) predict the probability of having an earthquake with MÓ7.0 in Istanbul to 

be at around 50% in the next 30 years. This earthquake is expected to be more severe and 

damaging compared to those of Kocaeli and Duzce as Istanbul is very densely populated and a 

large proportion of structures are substandard (Bal et al. 2008). 

2.4.1 Tectonic Setting of Marmara Region 

The North Anatolian Fault (NAF) lies across northern Turkey (see NAFZ in Fig. 2.8) for 

more than 1,500 km starting from Karliova in the east and extending to the Gulf of Saros in the 

west. The NAF is a right-lateral strike-slip transform fault system, along which the Anatolian 

plate is pushed westwards by the collision between the Arabian and Eurasian plates. The 

western portion of the NAF zone dominates the tectonic regime of the Marmara Sea area: the 

NAF zone continues as a single fault line east of 31.5°E, whereas to the west it splays into a 

complex fault system that has created multiple strong seismic events over the last century (see 
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Fig. 2.9). Three main branches can be identified including the northern NAF (NNAF), central 

NAF (CNAF) and southern NAF (SNAF) branches. The NNAF is the most active branch with 

slip rates of 14-24 mm/year, while CNAF and SNAF branches move only 2-8 mm/year (Murru 

et al. 2016). The NNAF branch enters the eastern part of the Marmara Sea at the Gulf of Izmit, 

then bends to the north shelf of the sea, and eventually joins NE-SW striking the Ganos fault 

onshore. Here, the branch extends until entering the Aegean Sea through the Gulf of Saros 

(Kurt et al., 2000; McNeill et al., 2004). Unlike NNAF, the CNAF and SNAF branches span 

to the south of the Marmara Sea. CNAF goes underwater through the Marmara Sea by entering 

at Gemlik Bay and emerging on land briefly. At 27.8°E, the CNAF branch turns toward south-

west to join the faults in the North Aegean region.  

The high-resolution bathymetric survey in the Marmara Sea provided indication of a 

continuous strike-slip faulting system going through the northern part of the Marmara Sea. It 

also provided a better understanding of the behaviour of the faults with seismic gap and linked 

the 1999 Kocaeli earthquake fault with the 1912 Sarkoy-Murefte earthquake fault (Erdik et al., 

2004). 

 

Figure 2.8 Tectonic setting of Turkey. EAFZ ï East Anatolian Fault Zone, NAFZ ï North 

Anatolian Fault Zone, NEAFZ ï North East Anatolian Fault Zone, DSFZ ï Dead Sea Fault 

Zone (Faults data is taken from http://www.efehr.org). 
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Figure 2.9 Faults system in Marmara region with epicentral location of major earthquakes 

occurred in 20th century (Faults data is taken from http://www.efehr.org) 

 

2.4.2 Seismicity of the Marmara Region 

As the capital of both Byzantine and Ottoman empires, Istanbul has been populated for 

millennia and therefore there is evidence of historical seismicity. Furthermore, the effect of 

past earthquakes can be tracked by observing damage and repairs on historical structures, 

which can serve as an indicator of previous seismic events.  During the 20th century, Marmara 

has experienced relatively high seismicity with several M >7.0 earthquakes occurring on the 

NAF. Table 2.1 summarises the magnitudes and dates of major historical events of ὓ χ 

since 1500 CE. The table shows a recent series of strong earthquakes, which ruptured along 

the NAF, starting further east with the Mw =7.8 Erzincan earthquake (1939) and propagating 

towards the west into the Marmara region. The Kocaeli (1999) and Duzce (1999) earthquakes 

were the last events associated with the westward propagation at the NAF (Alpar and Yaltirak, 

2002).  

It is well-established that there is a potential seismic gap in the region of the Marmara Sea 

to the south of Istanbul (Bohnhoff et al., 2013). The fault in this area has not ruptured for at 

least 200 years, although there is evidence of large historical events taking place around this 

seismic gap (e.g. the 1766 Istanbul earthquake). The length of the gap is around 150 km and it 

has a potential of generating an earthquake with M >7.0 similar to previous earthquakes at this 

http://www.efehr.org/
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location (Hubert-Ferrari et al., 2000). An earthquake of that magnitude and proximity to 

Istanbul would have devastating consequences and, therefore, it is crucial to understand the 

potential hazard associated with this seismic gap to develop appropriate seismic mitigation and 

prevention strategies. 

Table 2.1 List of ὓ χ earthquakes in Marmara Region from 1500 CE to present (adapted 

from Ambraseys and Jackson (2000) and Erdik et al. (2004)). 

 

╜▼ Date Name 

7.2 10.09.1509 Istanbul earthquake  

7.2 10.05.1556  Near Bandirma 

7.4 25.05.1719 Izmit earthquake 

7.0 06.03.1737  Near Biga 

7.1 22.05.1766 Istanbul earthquake 

7.4 05.08.1766 Ganos earthquake 

7.1 28.02.1855 Bursa earthquake 

7.3 10.07.1894 Istanbul earthquake 

7.3 09.08.1912 Murefte earthquake 

7.3 01.02.1944 BoluïGerede earthquake 

7.1 18.03.1953 Yenice-Gonen earthquake 

7.2 26.05.1957 Abant earthquake 

7.4 17.08.1999 Kocaeli earthquake 

7.2 12.11.1999 Duzce earthquake 

 

2.4.3 Homogenisation, Clustering and Completeness of the Earthquake 

Catalogue 

In this study, the instrumental earthquake catalogue developed by Turkeyôs Disaster and 

Emergency Management Presidency (AFAD) (https://deprem.afad.gov.tr/) is utilised for the 

case study area. This catalogue consists of seismic events with ὓ Ó 4 that occurred between 
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1900 and 2018 in the Marmara region. Most of the earthquake data are reported in terms of 

surface-wave magnitude scale, ὓ , for the first half of 20th century, while more magnitude 

scales  are used for more recent events. Historical events that occurred in the region are 

included in the catalogue using data from Ambraseys and Jackson (2000). A catalogue 

homogenisation was necessary to convert ὓ , ὓ  and ά  magnitude scales into moment 

magnitude, ὓ , and this was done using conversion equations specifically developed for 

Turkey by Kadirioĵlu and Kartal (2016). 

After homogenisation, the data need to be declustered for the removal of dependent events 

(fore- and after-shocks). Table 2.2 lists the number of mainshocks and dependent events 

according to each method in the refined earthquake catalogue. It can be seen from this table 

that Gardner and Knopoff (1974) approach removes 50.88% of events in catalogue due to the 

fact that the time and space windows are larger compared to those obtained with the modified 

Knopoff (2000) method. Consequently, the former method leads to smaller earthquake 

occurrence rates. Therefore, this work uses the modified Knopoff (2000) method for 

subsequent analysis to stay on the conservative side.  

Table 2.2 Summary of dependent events removed for final catalogue using different 

algorithms. 

 

Algorithm  Mainshocks 
Removed 

events 

Percentage 

of events 

removed 

Total 

energy 

of events 

removed 

Clusters 

Total 

events in 

catalogue 

Gardner 

and 

Knopoff 

(1974) 

417 432 50.88% 1.64% 110 849 

Modified 

Knopoff 

(2000) 

524 325 38.28% 1.41% 91 849 
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After homogenization and declustering, the number of event below ὓ <4.1 was found to 

be considerably low. Therefore, for the catalogue obtained for the study area the minimum 

completeness magnitude was set to ὓ =4.1. Fig. 2.10a-d shows the results of completeness 

analysis performed for the case study area following procedure described by Aldama Bustos 

(2009). In this figure, black dashed vertical lines show the start of the completeness period, and 

red horizontal lines show the estimated mean occurrence rate for the completeness period.  

a)

 
 

b)  

 
 

 c)

 
 

d) 

 
 

Figure 2.10 Instrumental earthquake catalogue completeness analysis showing mean annual 

occurrence rate of events for (a) Mw Ó 4.2, (b) Mw Ó 5.0, (c) Mw Ó 6.0, and (d) Mw Ó 7.0 

 

The results in Fig. 2.10a-d indicate that the declustered catalogue may be regarded as being 

complete above ὓ =4.1 from 1963 onwards, ὓ =5.0 from 1900 onwards, ὓ =6.0 from 1840 
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and ὓ =7.0 from 1660. Levels of completeness are adopted for other magnitudes and periods 

following the chosen algorithm. 

It should be noted that catalogue homogenization, completeness analysis and declustering 

presented are incorporated into the code and automated. Nevertheless, user intervention and 

judgement are always required for a rigorous treatment of the catalogue issues such as 

determination of completeness date. 

2.4.4 Source Zones 

The seismicity of the Marmara region is represented with the fault segmentation and 

background seismicity model. Table 2.3 provides information on the seismicity parameters for 

each of the BSZs used in this study (such as a and b parameters of the GutenbergïRichter 

relationship, and the minimum and maximum earthquake magnitudesȟὓ  and ὓ , 

associated with each source zone). ὓ  is based on the maximum observed magnitude in the 

source zone from historical data. BSZs are delineated by the user, but by utilising ὢ  test 

validation zones are altered until satisfactory result is obtained. Fig. 2.11 shows the derived 

BSZs for the Marmara region. A source zone number is assigned to each BSZ, as shown in the 

figure. The maximum likelihood estimation procedure developed by Weichert (1980) is 

integrated into the code to estimate the b parameter of the Gutenberg-Richter relationship by 

accounting for different years of completeness period for each magnitude range. The location 

of synthetic earthquakes within BSZs and FSZs are randomized with a uniform distribution to 

treat aleatory uncertainty. Also, the code developed allows the user to treat earthquakes in BSZs 

as points or ruptures. For the case study example, earthquakes occurring within BSZs are 

assumed as point sources for a computational efficiency. In general, this does not make a big 

difference, except for a few zones where the ὓ  is high.  
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The validity of the source model is verified via the ὢ  test, as explained in Section 2.3. Fig. 

2.12a shows the locations of the instrumental historical earthquake events in the Marmara 

region, whereas Fig. 2.12b illustrates the earthquake locations from one of the synthetic 

catalogues. By counting and comparing the cell counts in each BSZ from instrumental and 

synthetic catalogues, ὢ  values are calculated using Eq. 2.10. Cells with less than 15 events 

are excluded from the analysis (e.g. brown coloured cell in Fig. 2.12a). The process is repeated 

for each of the 1,000 simulated catalogues and the ὢ  statistic is calculated to be 5.24, thus 

proving the hypothesis that there was no significant difference between the synthetic catalogue 

and the recorded events. 

Table 2.3 Seismicity parameters for BSZs used in this study. 

 

BSZ # M min M max a b ů(b) 

1 4.0 5.5 2.20 0.69 0.13 

2 4.0 5.6 1.96 0.62 0.11 

3 4.0 6.0 3.33 0.83 0.08 

4 4.0 6.8 3.57 0.86 0.08 

5 4.0 6.7 2.88 0.80 0.10 

6 4.0 6.9 2.27 0.62 0.08 

7 4.0 5.6 2.95 0.90 0.16 

8 4.0 5.6 2.98 0.89 0.15 

9 4.0 6.6 2.13 0.66 0.11 

10 4.0 6.9 3.22 0.87 0.10 

11 4.0 6.6 2.58 0.82 0.15 

12 4.0 5.9 3.68 1.00 0.13 

13 4.0 6.6 2.69 0.88 0.19 

14 4.0 6.7 2.60 0.90 0.24 

15 4.0 5.5 3.79 0.98 0.11 

16 4.0 6.2 2.26 0.72 0.13 

17 4.0 6.1 3.01 0.81 0.10 
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Figure 2.11 Background source model used in the PSHA presented in this study. Zone 

numbers and corresponding parameters are listed in Table 2.3. 

 

  

(a) (b) 

 

Figure 2.12 Distribution of (a) historical events and (b) events in one of the simulated 

catalogues occurred in the Marmara region. 

 

Aggregate testing (Musson and Winter, 2012) can be utilised to compare activity rates 

obtained from original and synthetic catalogues for each BSZ. Mean magnitude and total 

number of events are then calculated for each synthetic catalogue generated in the MC process. 

The data obtained from all synthetic catalogues are then grouped into magnitude-total number 

of seismic event bins. The number of catalogues coinciding to each mean magnitude and 

number of event ranges result in a surface plot, where the peak value shows the most repeating 

value for the number of event vs mean magnitude. The pair of mean magnitude and number of 

events calculated from the original catalogue provides a point for a comparison with this 

distribution. If the point is relatively close to the peak of distribution, the model can be 
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considered to adequately represent the activity rate of the background zone. As an example, 

Fig. 2.13 shows the result of analysis for one of the BSZ (# 3) showing 100 yearsô seismicity. 

One can see from this figure that the synthetic catalogues result in a modal value of 63 events 

and mean magnitude of 4.63, whereas historical outcome produces 63 events with a mean 

magnitude of 4.53. Relatively close values imply that the activity rates assigned to the 

considered BSZ are consistent with the past earthquake data.  

  

Figure 2.13 Frequency plot showing 100 yearsô seismicity generated for one of a BSZs 

produces by the model. The arrow indicates the point of values obtained from original 

catalogue in that BSZ. 

 

The segmentation model proposed by Erdik et al. (2004) (see Fig. 2.14), which assumes 

that the total accumulated energy along well-defined fault segments of the region is released 

through characteristic earthquakes is adopted for this region. The developed code is capable of 

calculating return period from slip rates and ὓ  for each fault segment if available, which 

are computed through empirical relations (Wells and Coppersmith, 1994), but for the case study 

area ὓ  values and Poissonian rates were adopted from Erdik et al. (2004) with a manual 

input. The main parameters associated with the faults segments are shown in Table 2.4. The 

table also lists calculated annual rates of time-dependent method described in the Section 3.7. 
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Table 2.4 Poisson and time-dependent annual rates for the fault segmentation model adopted 

from Erdik et al. (2004). 

 

Segment 

number 

Char. 

Magnitude 

(Mw) 

Mean 

recurrence 

time 

(years) 

Time since 

last 

earthquake 

(years) 

Poisson 

annual rate 

Time-

dependent 

annual rate 

1 7.2 140 19 0.0071 0.0021 

2 7.2 140 19 0.0071 0.0021 

3 7.2 140 19 0.0071 0.0021 

4 7.2 140 19 0.0071 0.0021 

5 7.2 175 127 0.0057 0.0103 

6 7.2 210 267 0.0048 0.0104 

7 7.2 250 255 0.0040 0.0082 

8 7.2 250 255 0.0040 0.0082 

9 7.2 200 465 0.0050 0.0114 

10 7.2 200 1,000 0.0050 0.0110 

11 7.5 150 109 0.0067 0.0122 

12 7.2 250 54 0.0040 0.0010 

13 7.2 600 1,000 0.0017 0.0037 

14 7.2 600 1,000 0.0017 0.0037 

15 7.2 1000 1,000 0.0010 0.0020 

19 7.5 250 77 0.0040 0.0023 

21 7.2 250 19 0.0040 0.0001 

22 7.2 250 64 0.0040 0.0015 

25 7.5 1,000 1,000 0.0010 0.0020 

40 7.2 1,000 166 0.0010 0.0000 

41 7.2 1,000 1,000 0.0010 0.0020 

42 7.2 1,000 1,000 0.0010 0.0020 

43 7.2 1,000 284 0.0010 0.0002 

44 7.2 1,000 1,000 0.0010 0.0020 

45 7.2 1,000 68 0.0010 0.0000 
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Figure 2.14 The fault segmentation model proposed by Erdik et al. (2004) for the Marmara. 

 

To take into account aleatory uncertainty, the mean of the ὓ  value is randomized with 

a uniform distribution by sampling value between -0.25 and 0.25 and adding it to the mean of 

the ὓ . 

2.4.5 Ground Motion Prediction Equations (GMPEs) used for the study area 

In this study, the GMPEs proposed by Akkar et al. (2014) and Boore et al. (2014) are 

employed to calculate the earthquake hazard in terms of PGA and SAs. To treat epistemic 

uncertainty, a logic tree is used, allocating weights of 0.7 and 0.3 to each branch for the GMPEs 

of Akkar et al. (2014) and Boore et al. (2014), respectively. Higher weight is given to Akkar et 

al. (2014) equation because such model contains a large proportion of recordings from Turkey. 

Moreover, in this GMPE, the majority of recordings for strike-slip mechanism events with M>7 

are taken from earthquakes which occurred in the Marmara region. The GMPE proposed by 

Boore et al. (2014) is one of the few GMPEs that satisfy the requirements for use in PSHA 

specified by Bommer et al. (2010). In this GMPE, inter-event and intra-event variabilities are 

calculated for different magnitude ranges based on period, distance or soil conditions. It also 

employs a correction factor for various seismic active regions around the world including 

Turkey. 
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2.5 Results and Conclusions 

The procedures presented in this paper are implemented for the region using a Matlab code. 

Hazard maps considering these models for PGA and SA at T=0.2 sec and T=1.0 sec for a 

Probability of Exceedance (POE) of 10% (i.e. a return period of 475 years) and 2% in 50 years 

(return periods of 2475 years) are generated for the region. Design earthquakes are also derived 

for a specific location in the Marmara region.  

2.5.1 Hazard Maps  

Figs. 2.15 and 2.16 show PGA hazard maps derived using Poisson and time-dependent 

models, respectively. Both maps are for a return period of 475 years. It is shown that there is a 

noticeable difference between the PGA values obtained using the Poisson and time-dependent 

models, even though nearly two decades have passed since the 1999 Kocaeli earthquake. The 

annual rates calculated for the time-dependent model for the fault segments (1 to 4 from Table 

2.4) relatively close to Izmit area are about a third of those used in the Poisson model. As a 

result of this, lower hazard levels are obtained in the time-dependent model for the eastern part 

of the Marmara region. On the other hand, hazard levels are slightly higher in the western part 

of the Marmara region, due to the fact that no fault ruptures occurred since the 18th century. 

Both models predict PGA levels between 0.30g and 0.45g for a 475 year return period for 

Istanbulôs metropolitan area, which creates a high risk for this densely populated city. The 

hazard level for Istanbul area is considerably higher in the time-dependent model than that 

obtained using the Poisson model. This is because some unruptured NAF segments (seismic 

gap) in the Marmara Sea have a higher probability of generating characteristic events with 

M>7. In both figures, the highest PGAs are predicted in the southern part of Istanbul, where 

the Bosporus meets with the Marmara Sea. The expected seismic hazard gradually reduces 

towards the north of the city. Predicted hazard levels for PGA corresponding to a return period 
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of 2475 years are given in Figs. 2.17 and 2.18 using the Poisson and time-dependent models, 

respectively. It can be seen that the maximum PGA levels for rock conditions using the Poisson 

and time-dependent models are as high as 0.80g for 475 years return period and 1.36g for 2475 

years return period across the case study area.  

Hazard maps for SA at T=0.2 sec with return periods of 475 and 2475years for the Poisson 

model are compared in Figs. 2.19 and 2.20, respectively.  The maximum values of SA at T=0.2 

sec is found to be as high as 1.67g and 2.61g for 475 and 2475 years of return periods, 

respectively. Figs. 2.21 and 2.22 show the hazard maps for SA at T=1.0 sec with return periods 

of 475 and 2475 years, respectively, calculated using the Poisson model. In this case, the 

maximum values of SA at T=1.0 sec are found to be as high as 0.50g and 0.92g for 475 and 

2475 years of return periods, respectively.  

Seismic hazard maps with and without consideration of near-field effect are also compared 

in Figs. 2.23 and 2.24, respectively, for T=2.0 sec and POE 2% in 50 years. It is found that 

near-field directivity increases SA values around active faults (e.g. Izmit area) by 

approximately SA of 10-20%. 

 

Figure 2.15 Seismic hazard map of Marmara region for PGA (g) considering 10% 

probability of exceedance in 50 years (the Poisson model). 
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Figure 2.16 Seismic hazard map of Marmara region for PGA (g) considering 10% 

probability of exceedance in 50 years (Time-dependent model). 

 

 

Figure 2.17 Seismic hazard map of Marmara region for PGA (g) considering 2% probability 

of exceedance in 50 years (the Poisson model). 

 

 

Figure 2.18 Seismic hazard map of Marmara region for PGA (g) considering 2% probability 

of exceedance in 50 years (Time-dependent model). 
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Figure 2.19 Seismic hazard map of Marmara region for SA (g) T=0.2 sec considering 10% 

probability of exceedance in 50 years (the Poisson model). 

 

 

Figure 2.20 Seismic hazard map of Marmara region for SA (g) T=0.2 sec considering 2% 

probability of exceedance in 50 years (the Poisson model). 

 

 

Figure 2.21 Seismic hazard map of Marmara region for SA (g) T=1.0 sec considering 10% 

probability of exceedance in 50 years (the Poisson model). 
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Figure 2.22 Seismic hazard map of Marmara region for SA (g) T=1.0 sec considering 2% 

probability of exceedance in 50 years (the Poisson model). 

 

 

Figure 2.23 Seismic hazard map of Marmara region for SA (g) T=2.0 sec considering 2% 

probability of exceedance in 50 years employing the Poisson model including near-field 

directivity effects. 

 

 

Figure 2.24 Seismic hazard map of Marmara region for SA (g) T=2.0 sec considering 2% 

probability of exceedance in 50 years (the Poisson model). 
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The results in Table 2.5 indicate that the directivity effect can have influence the predicted 

PSHA results by up to 20%, as can be observed for Izmit. For the areas at some distance from 

the fault, the directivity effect has no effect (e.g. Bursa). Particularly, this may have impact on 

the structures with long periods.   

Table 2.5 Comparison of SA(2s) results for 475 years return period with and without 

directivity effect for major cities of Marmara region. 

 

 SA(2s), 

Poisson 

SA(2s), 

Poisson, Near-

field 

Istanbul 0.21g 0.23g 

Izmit 0.39g 0.47g 

Bursa 0.21g 0.21g 

Tekirdag 0.23g 0.23g 

 

The results of the study were validated via comparison with the other PSHA studies for the 

study area, mainly to confirm they are not an outlier. This also provides some indication how 

realistic the results are in the presented study, given that a different approach has been used for 

PSHA. The hazard maps are compared with those developed by the recent SHARE project 

Woessner et al. (2015), by Kalkan et al. (2008), and by Turkeyôs AFAD (AFAD, 2018). It 

should be noted that AFADôs map is included in the latest version of the Turkish Earthquake 

Design code Sesetyan et al. (2018). Table 2.6 compares the estimated PGA levels for a return 

period of 475 years obtained for major cities in the Marmara region. The differences between 

PGA (g) values obtained from this study and SHARE project (EFEHR, 2018) is also shown as 

a colour map in Fig. 2.25. It can be concluded that, despite some differences, there is a good 

overall agreement between the results of this study with those reported in SHARE project for 

a return period of 475 years.  
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Table 2.6 Comparison of PGA results with those from other studies for 475 years return 

period, major cities of Marmara region. 

 

 This study    

 
Poisson 

(PGA) 

Time-

Dependent  

(PGA) 

AFAD 

(PGA) 

Kalkan et 

al. (2008) 

(PGA) 

 

SHARE 

(PGA) 

Istanbul 0.29g 0.37g 0.32g 0.31g 0.31g 

Izmit 0.70g 0.59g 0.72g 0.43g 0.47g 

Bursa 0.29g 0.39g 0.35g 0.37g 0.38g 

Tekirdag 0.35g 0.37g 0.40g 0.41g 0.37g 

Bolu 0.51g 0.40g 0.63g 0.53g 0.49g 

 

 

 

Figure 2.25 Comparison of results of this study with SHARE project, shown as difference in 

PGA values for 475 years return period. 

 

2.5.2 Identification of Design Earthquakes 

One of the main uses of the proposed MC-based PSHA tool is that it can be used to identify 

design earthquakes at sites of interest. To achieve this, all earthquake events that produce the 

target hazard value according to a probability of exceedance (with a plus/minus tolerance level) 

are extracted from the synthetic catalogues. Then, a 3D surface graph is created for a range of 

magnitude and distance combinations, and with a third dimension showing the number of 

occurrences of events. The peaks in the graph identify potential design earthquakes in terms of 
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magnitude and distance. As an example, for a location in central Istanbul, the PGA value of 

0.35g with a return period of 475 years is assumed. Fig. 2.26 shows that this PGA value at the 

site is most likely to be produced by a modal earthquake of Mw=7.25 at a distance of 10 km. 

This information can be used as input data for the assessment of secondary hazards (e.g. 

landslides or liquefaction), or to help select appropriate time-history earthquake records for 

earthquake structural analysis. 

The framework as a whole can be applicable to regions where fault data exist. On the other 

hand, in the areas of low seismicity, where there are no active faults, BSZs procedure alone 

described in the paper can be still used to perform PSHA. 

 

Figure 2.26 Design earthquakes in terms of distance and magnitude for a design PGA=0.35g 

(±0.01g) for a location in Istanbul, with POE of 10% in 50 years and calculated using a 

Poisson model. 

 

2.5.3 Conclusions 

This article proposes a practical MC-based PSHA tool for which synthetic earthquake 

catalogues are created by using readily available information on the seismo-tectonic structure, 
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seismicity and geology of a region. Fault segmentation and background seismicity models are 

used to represent seismicity. The proposed background zones are verified via the ὢ  test with 

associated seismicity parameters to check if the seismic zones can replicate the (instrumental) 

past seismicity. Both Poisson and time-dependent (renewal) seismic hazard models are adopted 

and near-field rupture directivity effects are accounted for in the model. To demonstrate the 

proposed computational tool, the Marmara region in Turkey is used as a case study area. The 

results show that the generated hazard maps compare well with results from recent PSHA 

studies (AFAD and SHARE). The hazard results are used to identify the design earthquake for 

central Istanbul. The developed tool will be incorporated into a multi-hazard seismic risk 

assessment framework, which will provide decision-makers, government, insurance industry 

and practitioners with practical risk evaluation methodologies to reduce earthquake-related 

losses and promote sustainable development of earthquake prone areas in the world. By using 

the proposed tool, designers can assess the expected seismic hazard by taking into account the 

time-dependent renewal characteristics of the seismic sources. Moreover, the likely impact of 

near-field directivity effects on the probable seismic actions can be considered directly. The 

decision makers can utilize the proposed tool for developing strategies by assessing the risk 

with a greater level of resolution. They can effectively differentiate in between the risks 

associated with different subregions within their area of interest, by modelling the directivity 

effects associated with the probable rupture scenarios. 
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ABSTRACT 

Earthquake induced soil liquefaction has the potential to cause devastating damages to 

exposed buildings and infrastructure as witnessed following several major earthquake events. 

The few current approaches that deal with liquefaction at the regional level are deterministic 

and lack accuracy. This paper presents a new Probabilistic Liquefaction Hazard Analyses 

(PLHA) procedure based on Monte-Carlo (MC) simulations to mitigate future seismic risks 

associated with liquefaction. The proposed procedure provides a relatively flexible approach 

to treat uncertainties in earthquake and soil related input parameters by including such 

parameters with distribution functions. Different methods, such as Liquefaction Potential Index 

(ὒὖὍ) and Liquefaction Severity (ὒ), are adopted for the prediction of liquefaction potential. 

The developed procedure is applied to the high risk city of Adapazari, Turkey, for which no 

PLHA studies exist. For the study area, the liquefaction hazard predictions obtained from ὒὖὍ 

and ὒ methods are compared with deterministic approaches for a specific return period. 

Finally, the proposed procedure is used to develop indicative PLHA maps for the Marmara 

region. The time-dependent probabilistic seismic hazard analysis (PSHA) model is integrated 

into the PLHA procedure for the first time and the results are compared to those predicted using 

the Poisson model for the Marmara region. The findings of this work show that the developed 

PLHA procedure can provide designers and decision-makers with a powerful tool to predict 

seismic liquefaction hazard using relatively easily obtainable input data. 
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3.1 Introdu ction 

Earthquake induced liquefaction poses a devastating threat to exposed structures and 

lifelines such as buildings, roads, pipelines and buried cables as demonstrated by several past 

major earthquake events (e.g. Kocaeli 1999, Chi-Chi 1999, and Tohoku 2011). To mitigate 

future losses associated with liquefaction, one of the important tasks at site selection and 

planning stages is to identify areas vulnerable to liquefaction by developing liquefaction hazard 

maps. Nevertheless, the current catastrophe models used by the insurance industry to account 

for losses due to liquefaction generally employ a basic approach, in which a factor is applied 

to losses associated with strong ground motions based on the liquefaction susceptibility of the 

area (Bird et al., 2006). Another common approach in assessing liquefaction hazard is to use 

deterministic methods, where earthquake magnitude is coupled with ground shaking intensity 

obtained from the results of a PSHA. In this approach, whilst earthquake magnitude and ground 

shaking intensity couples are determined probabilistically, single deterministic values are used 

as input for liquefaction potential evaluation (Franke, 2016). However, a range of ground 

shaking and magnitude intensities can occur at a site of interest, caused by multiple seismic 

sources, each with a different potential for causing liquefaction. Moreover, it is known that 

even earthquakes with relatively small magnitudes (ὓ~5) are capable of triggering liquefaction 

(Musson, 1998) and as a result, the deterministic approach may underestimate the hazard 

potential. Furthermore, the modern approach of performance-based design requires knowledge 

of the probability of exceedance of liquefaction severity at the given site due to all possible 

ground motions for a given return period (e.g. 50 years). Hence, there is a need for a more 

refined approach to estimate liquefaction hazard for enhanced safety in design, loss estimation 

and post-event assessment studies. 

There are several methods (e.g. Kramer and Mayfield, 2007; Mayfield, 2007; Finn and 

Wightman, 2007; Juang et al., 2008; Salloum, 2008) that combine probabilistic seismic hazard 
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analysis with liquefaction potential assessment procedures, such as the stress-based simplified 

procedure of Seed and Idriss (1971). These methods typically utilize a seismic hazard curve in 

terms of PGA and disaggregation of results that are obtained from probabilistic seismic hazard 

analysis (PSHA), to account for the joint probability distribution of PGA and moment 

magnitude ὓ  of selected earthquake scenarios. Those parameters are key inputs in the stress-

based simplified liquefaction assessment procedures. In many cases such assessments are 

restricted by the availability of seismic hazard information, as seismic hazard estimates and 

deaggregation of results are available only for a few return periods and a reference soil 

condition. Therefore, this can restrict the use of performance-based earthquake engineering 

procedures for liquefaction potential evaluation (Kramer and Elgamal, 2001; Kramer and 

Mayfield, 2007).  

To address some the above mentioned research gaps, this paper presents a new fully 

probabilistic liquefaction hazard analysis (PLHA) procedure that can consider all possible 

potential ground shaking events and associated magnitudes simulated within a Monte-Carlo 

(MC) process. This procedure utilises a practical MC-based PSHA tool developed in a previous 

study (Sianko et al, 2020), for which synthetic earthquake catalogues are created by using 

readily available information on the seismo-tectonic structure, seismicity and geology of a 

region. The PLHA procedure proposed in this work aims to estimate the return period for a 

particular liquefaction severity, rather than providing occurrence or non-occurrence of 

liquefaction for a specified earthquake scenario. In addition, different methods for the 

liquefaction potential prediction, such as Liquefaction Potential Index (ὒὖὍ) and Liquefaction 

Severity (ὒ), are examined in the procedure. To assess the accuracy of the developed PLHA 

tool, the city of Adapazari and Marmara region of Turkey are selected as small and large scale 

case study areas. For the Marmara region, an indicative PLHA map is prepared using freely 

available slope based  ὠ  data to represent soil conditions, while a more refined PLHA study 
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is performed for the city of Adapazari based on borehole data from multiple sources. 

Additionally, a parametric study is carried out to investigate the effect of stress-reduction factor 

ὶ on liquefaction prediction parameter and the distribution of earthquake magnitudes 

contributing to the liquefaction hazard. Finally, the liquefaction hazard is predicted for the 

Marmara region using both the Poisson and time-dependent probabilistic seismic hazard 

analysis (PSHA) models. 

3.2 Deterministic Liquefaction Potential Assessment  

Deterministic liquefaction hazard is normally assessed by comparing the soil liquefaction 

resistance with earthquake demand. The simplified procedure developed by Seed and Idriss 

(1971) is commonly used for assessing the cyclic stress ratio (CSR), which represents 

earthquake demand for liquefaction potential. In this procedure, the safety factor against 

liquefaction (Ὂ) is calculated as the ratio of the cyclic resistance ratio (CRR) to the cyclic stress 

ratio (CSR) for a given layer of soil at depth z: 

Ὂ
ὅὙὙ

ὅὛὙ
 (3.1) 

 

The conditions Ὂ ρ and Ὂ ρ indicate that the soil profiles are classified as non-

liquefiable and liquefiable, respectively, while the Ὂ ρ represents limiting equilibrium. 

According to procedure proposed by Seed and Idriss (1971), CSR can be expressed by: 

 

ὅὛὙπȢφυ
ὥ

Ὣ

„

„
ὶ (3.2) 

 

where ὥ  is the peak horizontal ground acceleration; g is the acceleration due to gravity; „ 

is the total overburden stress at depth ᾀ; „ᴂ is the effective overburden stress at depth ᾀ; and 
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ὶ represents the average value of shear stress reduction factor. Iwasaki (1986) suggested that 

ὶ could be roughly approximated as linearly decreasing with depth. This procedure has been 

widely adopted in general practice mainly due to its simplicity. For standard structures, ὶ can 

be calculated using relationships provided by Liao and Whitman (1986): 

ὶᾀ
ρȢπ πȢππχφυᾀ   
ρȢρχτπȢπςφχᾀ

 
Ὢέὶ ᾀ ωȢρυ ά          

Ὢέὶ ωȢρυ ᾀ ςσ ά
 (3.3) 

 

In this equation, ὶ is assumed to be independent of earthquake magnitude, and therefore, 

it does not decrease as magnitude decreases. In the liquefaction hazard analysis, ὶ can 

influence the minimum magnitude that is capable of triggering liquefaction, and in turn 

earthquake magnitude will have an effect on ὶ. Cetin and Seed (2004) proposed the following 

relationship to estimate  ὶ as a non-linear function of Ὠ, ὓ ,  ὥ  and ὠȟ  (the average 

shear wave velocity in top 12 m): 

Ὢέὶ ᾀ ςπά 

ὶ
ρ

ςσȢπρσςȢωτωὥ πȢωωωὓ πȢπυςυὠȟ
ρφȢςυψπȢςπρὩȢ Ȣ ȟ Ȣ

ρ
ςσȢπρσςȢωτωὥ πȢωωωὓ πȢπυςυὠȟ
ρφȢςυψπȢςπρὩȢ Ȣ ȟ Ȣ

„  

 

(3.4) 

 

Ὢέὶ ᾀ ςπά 

ὶ
ρ

ςσȢπρσςȢωτωὥ πȢωωωὓ πȢπυςυὠȟ
ρφȢςυψπȢςπρὩȢ Ȣ ȟ Ȣ

ρ
ςσȢπρσςȢωτωὥ πȢωωωὓ πȢπυςυὠȟ
ρφȢςυψπȢςπρὩȢ Ȣ ȟ Ȣ

πȢππτφᾀ ςπ „  

 

(3.5) 

where, 

„ ᾀȢπȢπρωψ Ὢέὶ ᾀ ρςά (3.6) 

 

„ ρςȢπȢπρωψ Ὢέὶ ᾀ ρςά (3.7) 

In the above equations „  is the standard deviation of ὶ. 
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In Eq. (3.1) ὅὙὙ is usually calculated using soil parameters obtained from cone penetration 

tests (CPT) or standard penetration tests (SPT). However, Andrus and Stokoe (2000) proposed 

a different approach for calculating ὅὙὙ using the shear-wave velocity: 

ὅὙὙ πȢπςς
ὠ ȟ

ρππ
ςȢψ

ρ

ὠᶻ ὠ ȟ

ρ

ὠᶻ
ὓὛὊ (3.8) 

 

ὠ ȟ ὠὑ ὠ
ὖ

„

Ȣ

ὑ  (3.9) 

 

where ὠ ȟ  is the stress-corrected shear wave velocity; ὠ is the overburden-stress-corrected 

shear-wave velocity; ὖ is a reference stress of 100 kPa; ὠᶻ is the limiting upper value for 

cyclic liquefaction occurrence, which varies between 200-215 m/s depending on the fines 

content of the soil; and ὑ  is the adjustment factor for the fines content FC (%) and was 

defined by Juang et al. (2001) as follows: 

 

ὑ
ρȢπ                         
ρȢπ &#υὝ
ρ σπὝ               

 

Ὢέὶ Ὂὅ υϷ                
Ὢέὶ υϷ Ὂὅ συϷ 
Ὢέὶ Ὂὅ συϷ              

 (3.10) 

 

 

where, 

Ὕ πȢππωπȢπρπω
ὠ

ρππ
πȢππσψ

ὠ

ρππ
 

 

(3.11) 

 

In Eq. (3.8), ὓὛὊ represents the magnitude scaling factor, which can be calculated as 

follows (Youd and Idriss, 1997): 

ὓὛὊ
ὓ

χȢυ

Ȣ

 (3.12) 
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ὓὛὊ reflects the number of significant cycles, and therefore, can be assumed to be related 

to the ground motion duration. 

According to Maurer et al. (2014), severe liquefaction will generally occur if the liquefiable 

layer is thick, it is located close to the surface, and Ὂ calculated for this layer is far less than 

1.0. Juang et al. (2005) found that Eq. (3.8) is conservative for calculating ὅὙὙ, resulting in 

lower factors of safety and over-predicting liquefaction occurrence. To address this, they 

proposed a multiplication factor of 1.4 to ὅὙὙ to obtain an unbiased (or less conservative) 

estimate of this parameter. 

Although Ὂ of a soil layer can be estimated by means of several geotechnical parameters, 

it is not of its own accord a sufficient criterion to assess liquefaction severity. Furthermore, Ὂ 

is not a practical parameter to use in liquefaction severity maps. To be more specific, Ὂ can be 

used to predict if a layer will liquefy or not, but it cannot be used to represent the severity 

degree. To overcome these limitations, the liquefaction potential index (ὒὖὍ) was proposed by 

Iwasaki et al. (1984): 

 

ὒὖὍ Ὂρπ πȢυᾀὨᾀ (3.13) 

 

where Ὂ ρ Ὂ for a single soil layer. 

 

In this method, the soil profile is sub-divided into several number of layers and the 

liquefaction potential at the surface-level is predicted by integrating a function of the factor of 

safety for each soil layer within the top 20m of soil. According to severity categories for the 

ὒὖὍ procedure, liquefaction potential is ñvery lowò for ὒὖὍ = 0; ñlowò for 0 < ὒὖὍ Ò 5; ñhighò 

for 5 < ὒὖὍ Ò 15; and ñvery highò for ὒὖὍ > 15. Several studies (e.g. Toprak and Holzer, 2003; 
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Kongar et al., 2017) have used ὒὖὍ procedure to investigate appropriate thresholds for 

liquefaction occurrence. In general, based on field observations, they considered ὒὖὍτ υ 

as a threshold value for moderate liquefaction hazard (e.g., sand boils), whereas ὒὖὍρς

ρυ was considered as a threshold value for major liquefaction hazard (e.g., lateral spreads). 

Data needed for ὠ in the ὅὙὙ calculations (Eqs. (3.8) and (3.9)) are not commonly 

available from ground investigations for public domain and may not necessarily be available 

across the entire study area at required resolution. Thus, in many cases, geo-statistical 

techniques are required for its determination. Therefore, to extend the applicability of the ὒὖὍ 

method, two approaches proposed by Kongar et. al (2017)  to approximate ὠ from more readily 

available data. The first approach uses ὠ , the average shear wave velocity across the top 

30m of soil, as a constant proxy for ὠ for all soil layers. Global estimates for ὠ  are available 

open-access from the web-based US Geological Survey Global ὠ  Map Server (USGS, 2019), 

so this parameter is an appealing option for such assessments. The disadvantage of this 

approach is that the likelihood of liquefaction occurrence in the ὒὖὍ method is controlled by 

the presence of soil layers near the surface with low ὠ. Furthermore, there is a maximum value 

of ὠ at which liquefaction can occur. Hence, the use of ὠ  as a proxy for all layers will result 

in an overestimation of ὠ, ὅὙὙ and Ὂ at layers closer to the surface, and therefore an 

underestimation of ὒὖὍ and liquefaction risk. 

As a second approach, empirical equations proposed by Boore et al. (2011) can be used to 

estimate ὠ  and ὠ , which show the average shear wave velocity across the top 10 m and 

20 m of soil, respectively, to calculate ὅὙὙ using Eq. (3.8):  

ὠ ρπ
Ȣ

Ȣ  (3.14) 

 



Chapter 3     A Practical Probabilistic Liquefaction Hazard Analysis Tool Based on Monte-Carlo 

Procedure 

63 

 

ὠ ρπ
Ȣ

Ȣ  (3.15) 

 

From these equations, the average shear wave velocity between the top 10 m and 20 m of soil 

(ὠ ) can be obtained as follows: 

 

ὠ
ρ

ς
ὠ

ρ
ὠ

 
(3.16) 

 

The ὒὖὍ model also requires water table depth and unit weights of soil layers. If such data 

are not available, engineering judgment needs to be used to estimate these parameters based on 

information from available sources. 

The liquefaction potential can also be assessed in terms of probability of liquefaction, ὖ. 

In many occasions, results of such liquefaction potential assessment can lead to better 

engineering decisions. Juang and Jiang (2000) extended earlier studies on the Bayesian 

mapping function, and found that mapping functions could be developed using the distributions 

of calculated Ὂ. In another study, Juang et al. (2002) used ςςυ ὠ-based case studies from 

Andrus and Stokoe (2000) and Andrus et al. (2001) to develop a Bayesian mapping function 

that relates Ὂ determined from the ὠ-method to ὖ. The boundary curve defined by the 

ὠ method was seen to be characterized by a probability of 26%, since ὖ πȢςφ for Ὂ ρ 

according to the derived ὠ-based Bayesian mapping function. 
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 The probability of liquefaction using the ὠ method proposed by Juang et. al (2002) can be 

calculated by the following equation: 

ὖ
ρ

ρ
Ὂ
πȢχσ

Ȣ 
(3.17) 

 

 In the ὖ method  proposed by Juang et. al (2002), liquefaction can occur for a given layer 

of soil with some probability even for Ὂ ρ, whereas in the procedure proposed by (Iwasaki 

et al. 1984) it is assumed than no liquefaction can occur if Ὂ ρ. According to Juang et. al 

(2002), the choice of a particular ὓὛὊ formula and ὶ formulation is not critical to the Bayesian 

mapping function. 

Sonmez and Gokceoglu (2005) replaced Ὂ in Eq. (3.13) with ὖ to calculate the liquefaction 

severity index (ὒ): 

 

ὒ ὖ ρππȢυᾀὨᾀ (3.18) 

 

Table 3.1 shows the severity classification proposed by Sonmez and Gokceoglu (2005), which 

also includes categories of ónon-susceptibleô and ómoderateô. These categories were not 

included in the original classification proposed by Iwasaki et al. (1984).  

The simplified liquefaction assessment methods were developed using post-earthquake 

field observations supported by in-situ tests. The deterministic procedures can be demonstrated 

to produce fairly accurate estimates of the liquefaction potential under a given pair of seismic 
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parameters ὥ , ὓ , as shown by Kongar et. al (2017) for Christchurch in New Zealand as 

a case study area. 

Table 3.1 Liquefaction severity index ὒ classification (Sonmez and Gokceoglu 2005). 

╛╢ Description 

85 Ò ὒ < 100 Very high 

65 Ò ὒ < 85 High 

35 Ò ὒ < 65 Moderate 

15 Ò ὒ < 35 Low 

0 < ὒ < 15 Very Low 

ὒ=0 Non-liquefied 

3.3 Probabilistic Liquefaction Hazard Analysis 

The previously mentioned deterministic methods are applicable to a specific performance 

level or earthquake scenario; however, they do not estimate liquefaction potential by taking 

into account all possible earthquake events. To overcome this limitation, probabilistic methods 

can be adopted to estimate liquefaction hazard. Atkinson et al. (1984) developed a PLHA 

procedure based on the conventional PSHA proposed by Cornell (1968). The method combines 

Seed and Idriss (1971) simplified method for assessing liquefaction potential with conventional 

PSHA method for assessing seismic hazard by modifying the latter to consider the joint 

probability of magnitude and acceleration. The drawback of this method is that treating 

uncertainties in conventional PSHA is not a trivial problem and often requires a logic tree, 

where the choice of weights for branches tends to be subjective. More recent studies by Kramer 

and Mayfield (2007) and Juang et al. (2008) utilized readily available seismic data such as 

hazard curves and deaggregation of hazard to perform PLHA. The problem with this approach 

is that seismic data may not be available for any site of interest or is developed only for specific 
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return periods of hazard. To address this issue, Goda et al. (2011) proposed the use of an event-

based PSHA to perform PLHA. However, in their work four Canadian cities were represented 

in PLHA calculations with a single location for each city, which is unrealistic for a hazard map. 

One of the outcomes of their study was that earthquake magnitudes as low as ὓ τȢυ have 

non-negligible effect on the liquefaction hazard curves, and therefore, should be considered in 

the PLHA. In a more recent study, Green and Bommer, (2019) suggested that ὓ  to be 

considered in PLHA for structure sites is ὓ υ, agreeing with the lower limit proposed by 

Atkinson et al. (1984). Moreover, they suggested that the disparity in ὓ  values can be 

attributed to the stress reduction (ὶ) relationship used in the analysis, as the relationship used 

by Goda et. al (2011) is independent of earthquake magnitude. The stress reduction (ὶ) 

relationship proposed by Cetin and Seed (2004) will be incorporated in the PLHA study 

conducted in this work. 

3.3.1 Methodology 

In general, different stochastic modelling approaches using the MC simulation method can 

be used in PLHA procedures. In this method synthetic earthquake catalogues are generated by 

randomizing key parameters in a controlled manner to represent the future seismic behaviour 

of a region. In both conventional and MC-based PSHA studies, two different types of seismic 

source models can be used to represent seismicity of an area, including the simple area source 

zone model, and combining the area source zone model with a fault source zone model. In the 

former, seismicity is homogenised over source zones, where a future earthquake can occur 

randomly in the zone area. In this model, seismic events without identified faults are assumed 

to occur randomly in areal background source zones (BSZs). In the latter model, however, the 

hazard resulting from active faults with a characteristic magnitude is mainly concentrated in 

fault source zones (FSZs). In this paper, the latter model is adopted as it is more suitable to 

regions (such as the Marmara region) with well-defined faults.  
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Once synthetic catalogues for both BSZs and FSZs are generated, the probability of 

exceedance of the liquefaction prediction parameter (e.g. ὒὖὍ, ὒ) can be calculated at a site of 

interest. This can be done by using the distance between site and a given earthquake event to 

determine the PGA value. Subsequently, by using the obtained PGA-Magnitude pair, the 

liquefaction prediction parameter can be calculated for a particular year of the synthetic 

catalogue. For each year of synthetic catalogue, all earthquakes occurring in that year across 

all source zones are used to identify the largest liquefaction prediction parameter value at the 

site. In other words, the worst-case scenario from all seismic sources affecting the site of 

interest is considered as an annual maximum outcome. This step is repeated for all simulations 

and the results are combined into a single list. The probability of exceedance of certain 

liquefaction prediction parameter can be then found by sorting annual outcomes in descending 

order and by selecting the ὔ  value in the sorted list. For the desired return period, ὔ can be 

calculated using the following equation: 

ὔ
ρ

ὙὩὸόὶὲ ὴὩὶὭέὨ
ὅὥὸὥὰέὫόὩ ὰὩὲὫὸὬ ὔόάὦὩὶ έὪ ίὭάόὰὥὸὭέὲίρ (3.19) 

 

Fig. 3.1 shows the detailed procedure for the PLHA based on MC simulations proposed 

here. In this flowchart, ὒὖὍ is used as a liquefaction prediction parameter, but any prediction 

parameter can be used in the procedure. 

The previous sections provided an overview of the components of the proposed MC-based 

PLHA. The following section uses two case study regions to show the accuracy and 

effectiveness of the developed computational procedure.  
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Figure 3.1 The proposed MC-based PLHA procedure using ὒὖὍ as liquefaction potential 

prediction parameter. 
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3.4 Small Scale Case Study: The city of Adapazari 

The Marmara region, in north-west of Turkey spanning Europe and Asia, lies in one of the 

most seismically active zones in the world. The 1999 Kocaeli earthquake with ὓ =7.4 hit the 

region and resulted in significant loss of life (around 20,000 lives) and extensive damage to 

buildings and infrastructure. It also triggered liquefaction in numerous inland alluvial areas as 

well as along the coast. Sand boiling, lateral spreading and settlement were widely observed in 

the city of Adapazari and along the southern coasts of Sapanca Lake and Izmit Bay in the 

eastern and western parts of the earthquake-affected regions, respectively. Due to the close 

proximity to the Sakarya river (shown in Fig. 3.2), Adapazari is located on alluvial deposits, 

consisting of sand and/or silty sand, with potential to liquefy. Moreover, the water table level 

across the city is very shallow (around 1 meter). These factors played a huge role in triggering 

liquefaction that caused tilting and settling of numerous buildings in the area during the 1999 

Kocaeli earthquake. Adapazari and the Marmara region are highly likely to be hit by an 

earthquake of ὓ >7.3 with a 35-47% probability in the next 30 years (Murru et al., 2016). 

While Adapazari can be considered as a well-studied area in terms of liquefaction hazard, there 

is no probabilistic liquefaction hazard map for the city, hence it is selected as the first case 

study for this proposed procedure.  

 

 

Figure 3.2 3D topographic map of the city of Adapazari and its surrounding area. 
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3.4.1 Input parameters 

A total of 75 borehole logs located in Adapazari (Fig. 3.3) were collected from different 

sources including PEER database (U.C. Berkeley et al., 2019) and Adapazari municipality to 

perform PLHA. Borehole data were used to determine shear wave velocity, the depth of ground 

water level (GWL), as well as density and fine content of soil layers across the city centre of 

Adapazari. The available logs vary in depth with most being up to 10 meters. In the presented 

methodology, three depth ranges are assumed for liquefaction calculations. These are 0-5 

meters, 5-10 meters and 10-20 meters. Borehole data up to 10 meters are used directly in the 

analysis, while data required for the 10-20 metersô range are estimated based on the data up to 

10 meters. 

While ὠ  and  ὠ  are available for some logs, for the rest of them the conversion 

equation proposed by Akin et al. (2011) is adopted to convert average SPT values to shear 

wave velocities as follows: 

 

ÌÎὠ ÌÎυφȢρ πȢττπυÌÎὔ ‐„ , where „ πȢσςσρ 

 

(3.20) 

Once  ὠ  is known, ὠ  is calculated by rearranging Eq. (3.14). Then, Eq. (3.15) is used to 

find ὠ  and finally, ὠ  is calculated using Eq. (3.16). According to Bray et al. (2004) 

ground water level (GWL) varies seasonally, but is typically at a depth of 1 to 2 m. In this study 

GWL from borehole logs is randomized by adding a variable value between -0.5m and 0.5m 

sampled from uniform distribution to represent this variability. ὠ values are randomized using 

normal distribution with standard deviation provided in the SPT conversion equation. Stress 

reduction factor ὶ is randomized with „  calculated from Eqs. (3.4-3.5), and the method 

proposed by Cetin and Seed (2004) is employed. 
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The uncertainties of input parameters for the liquefaction hazard calculations used in the 

MC method, represented by mean values and standard deviations, are shown in Table 3.2. 

These enable synthetic catalogue generation. By using borehole logs in known locations, it is 

possible to estimate missing data required for the analysis of the other locations by using 

interpolation. Fig. 3.4 shows an example of the obtained map for mean  ὠ . 

 

Figure 3.3 Bore logs locations across Adapazari city used in the analysis. 

 

Table 3.2 Parameters randomized in MC simulations for liquefaction hazard calculations. 

 

Parameter 
Type of 

distribution  

Randomization 

value 

ὠ 
Log-normal 

distribution 
„ πȢσςσρ 

GWL 
Uniform 

distribution 
„ πȢυ 

ὶ 
Normal 

distribution 
„  

Soil density 
Normal 

distribution 
„  0.3 

&# 
Normal 

distribution 
„ 18.9 
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Figure 3.4 ὠ  map for the city centre of Adapazari used in the PLHA. 

 

The MC based PSHA tool developed by Sianko et al. (2020) is utilised for the PLHA of 

the case study area due to its practicality and availability of Poisson and time-dependent 

models. The seismicity of the Marmara region is modelled by considering 25 faults source 

zones (FSZ) to represent large events occurring on the faults with the assigned characteristic 

magnitude. There are also 17 background source zones (BSZ) to represent small events 

occurring in the region. Readers are referred to the paper by Sianko et al. (2020) for more 

details on the adopted MC-based PSHA.  

3.4.2 PLHA for Adapazari  

In this study, the ὒὖὍ method based on Eq. (3.13) and the ὒ method based on Eq. (3.18) 

are incorporated in MC-based PLHA procedure for quantifying the liquefaction hazard for the 

city of Adapazari. ὶ methods proposed by Liao and Whitman (1986) and Cetin and Seed 

(2004) are also integrated into the procedure. Fig. 3.5 shows seismic hazard curves for average 

ὠ profile developed for the city centre of Adapazari using ὒὖὍ and ὒ procedures. One can 

observe from this figure that the ὶ method proposed by Liao and Whitman (1986) provides 

more conservative predictions than that proposed by Cetin and Seed (2004), leading to a higher 

liquefaction hazard for the corresponding return period. In Fig. 3.6 seismic hazard curves are 
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presented for low, mean and high ὠ profiles for the city centre of Adapazari. The results clearly 

indicate the high influence of ὠ profiles on liquefaction hazard. 

(a) 

 

(b) 

 

Figure 3.5 The liquefaction hazard curves for the city centre of Adapazari for average ὠ 

profile obtained using (a) ὒὖὍ and (b) ὒ procedures employing ὶ methods proposed by Liao 

and Whitman (1986) and Cetin and Seed (2004). 

 

(a) 

 

(b) 

 

Figure 3.6 The liquefaction hazard curves for the city centre of Adapazari for representative 

low, mean and high ὠ profiles obtained using (a) ὒὖὍ and (b) ὒ procedures employing ὶ 

methods proposed by Liao and Whitman (1986) and Cetin and Seed (2004). 

 

Deaggregation of results is carried out to identify earthquake magnitude and distance values 

that contribute to the liquefaction hazard in terms of ὒὖὍ at the case study area for a given 

return period. As opposed to the conventional method, the proposed MC-based PLHA 

procedure can be used to identify design earthquakes at sites of interest. To achieve this, all 
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earthquake events that produce the target ὒὖὍ according to a probability of exceedance (with a 

plus/minus tolerance level) are extracted from the synthetic catalogues. Then, a 3D surface map 

with the third dimension showing the probability of the events is created for a range of 

magnitude and distance combinations. The peaks in the graph identify potential design 

earthquakes in terms of magnitude and distance.  Fig. 3.7 shows deaggregation plots for the 

return periods of 475 and 2475 years for two different ὶ methods. It can be seen that Mw ~7 is 

the most dominant magnitude for both return periods. This is due to the fact that Adapazari is 

in close proximity to active fault segments with a similar characteristic magnitude. It can also 

be noticed that the chosen ὶ method has an effect on magnitude-distance distribution and ὒὖὍ 

value. For the same return period, ὒὖὍ values are smaller when ὶ is calculated based on the 

method proposed by Cetin and Seed (2004). Also, this ὶ method leads to less contribution of 

earthquakes with magnitude Mw<6 in liquefaction hazard than that obtained by the Liao and 

Whitman (1986) method. These results support Green and Bommer (2019) findings that 

earthquakes of magnitude smaller than M=5 should not be considered in liquefaction hazard 

calculations, contrary to Musson (1998) who recommended that lower magnitudes should not 

be excluded from the analysis. 

The previous studies by Yoshida et al. (2001) and Mollamahmutoglu et al. (2003) identified 

liquefied areas following the 1999 Kocaeli earthquake as shown in Fig. 3.8. As one can observe 

from this figure, the agreement between the two studies in terms of observed liquefaction is 

relatively poor. This could be attributed to the collapse of a large proportion of buildings in the 

city during the earthquake, which made it difficult to determine the occurrence of liquefaction. 
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(a) 

 
1/475 ὒὖὍ=67.8, Liao and Whitman (1986) 

(b) 

 
1/475 ὒὖὍ=61.2, Cetin and Seed (2004) 

 

(c) 

 
1/2475 ὒὖὍ=85.2, Liao and Whitman 

(1986) 

(d) 

 
1/2475 ὒὖὍ=81.8, Cetin and Seed (2004) 

 

Figure 3.7 Disaggregation of liquefaction hazard for target ὒὖὍ for two different return 

periods and stress reduction factor calculation methods: (a) 1/475, Liao and Whitman 

(1986), (b) 1/475, Cetin and Seed (2004), (c) 1/2475, Liao and Whitman (1986), and (d) 

1/2475, Cetin and Seed (2004). 

 

PLHA maps were prepared for Adapazari using the MC based PLHA procedure developed 

in this work. Figs. 3.9-3.11 illustrate probabilistic liquefaction hazard maps for probability of 

exceedance (PoE) of 10% in 50 years (return period of 475 years). These maps can be compared 

with Fig. 3.8 showing the observed liquefaction areas during the 1999 Kocaeli earthquake, 

which caused structural damages to buildings in Adapazari. It can be noted that the areas with 

high liquefaction severity show similar pattern with the areas of observed liquefaction. This is 

partially due to the fact that the fault ruptured during the 1999 Kocaeli earthquake contributes 
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the most to the hazard in PSHA disaggregation. In Fig. 3.11, the PLHA hazard map is 

calculated based on unbiased ὒὖὍ values. 

 

 

Figure 3.8 Observed liquefaction damage in Adapazari during the 1999 Kocaeli earthquake 

mapped from Yoshida et al. (2001) and Mollamahmutoglu et al. (2003). 

 

 

Figure 3.9 Probabilistic liquefaction hazard map in terms of ὒ for central part of Adapazari 

city with return period of 475 years. 
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Figure 3.10 Probabilistic liquefaction hazard map in terms of ὒὖὍ for central part of 

Adapazari city with return period of 475 years. 

 

 

Figure 3.11 Probabilistic liquefaction hazard map in terms of unbiased ὒὖὍ for central part 

of Adapazari city with return period of 475 years. 

 

3.4.3 Scenario earthquake for Adapazari (Deterministic method) 

To show the accuracy of ὒ and ὒὖὍ hazard assessment procedures, a scenario earthquake 

is simulated for the city of Adapazari to compare with the liquefaction observed during the 

1999 Kocaeli earthquake. An earthquake event with Mw=7.4 and PGA=0.41g is used 

representing the actual values recorded during this event. Figs. 3.12-3.14 show liquefaction 

hazard maps in terms of ὒ and ὒὖὍ together with the observed liquefaction from 1999 Kocaeli 
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earthquake. For the central part of Adapazari, the predictions are well-matched to the observed 

liquefaction hazard from Yoshida et al. (2001). It should be noted that, Yoshida et al. (2001) 

investigated the liquefaction occurrence in an area slightly larger than the outer limits of the 

ñringò given in Figs. 3.12-3.14. Therefore, it is difficult to say from Yoshida et al. (2001) study 

if the liquefaction actually occurred outside of the area. On the other hand, if liquefaction 

predictions in Figs. 3.12-3.14 are compared to observations from Mollamahmutoglu et al. 

(2003), there are additional areas for which liquefaction occurrences match with the predictions 

of the proposed procedure. By comparing the scenario earthquake hazard maps obtained from 

ὒ and ὒὖὍ methods with those obtained from PLHA for a return period of 475 years, it can be 

concluded that the probabilistic maps (Figs. 3.9-3.11) are predicting higher hazard due to the 

selected return period and consideration of numerous earthquake events.  

 

 

Figure 3.12 Scenario earthquake liquefaction hazard map in terms of ὒ for central part of 

Adapazari city for Mw=7.4 and PGA=0.41g. 
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Figure 3.13 Scenario earthquake liquefaction hazard map in terms of ὒὖὍ for central part of 

Adapazari city for Mw=7.4 and PGA=0.41g.  

 

 

 

Figure 3.14 Scenario earthquake liquefaction hazard map in terms of unbiased ὒὖὍ for 

central part of Adapazari city for Mw=7.4 and PGA=0.41g  

3.5 Large Scale Case Study: Marmara region  

Currently, there is no liquefaction hazard map available at a regional scale for Turkey and 

particularly for the Marmara region. To address this need, a set of liquefaction hazard maps for 

475 years return period are prepared. Ground water level (GWT) is conservatively assumed 

around 1 meter across the region, while slope based  ὠ  data from USGS (2019) is utilized to 

perform PLHA. In Figs. 3.15-3.18,  ὒὖὍ and ὒ procedures are utilised considering Poisson and 

time-dependent (Renewal) hazard models. From the obtained hazard maps, additional 
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liquefaction areas can be observed in the western part of the Marmara region for the time-

dependent model. This is due to the fact that the major faults did not rupture in the western part 

of the Marmara for long period of time, while relatively recent earthquakes have occurred in 

the eastern part. This lowered the time-dependent seismic hazard and as a consequence slightly 

reduces the liquefaction hazard in the eastern part of the region. 

 

Figure 3.15 PLHA map for the Marmara region in terms of unbiased ὒὖὍ for 475 years 

return period based on Poisson model. 

 

 

Figure 3.16 PLHA map for the Marmara region in terms of unbiased ὒὖὍ for 475 years 

return period based on time-dependent model 
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Figure 3.17 PLHA map for the Marmara region in terms of ὒ for 475 years return period 

based on Poisson model. 

 

 

Figure 3.18 PLHA map for the Marmara region in terms of ὒ for 475 years return period 

based on time-dependent model. 

 

It should be noted that the liquefaction hazard maps developed for the Marmara region 

(Figs. 3.15-3.18) are indicative, rather than precise, due to the lack of detailed soil data and 

lower resolution (~17000 data points in total) in comparison to detailed micro-zonation studies. 

There are a number of local liquefaction hazard studies carried out for small areas in the 

Marmara Region, such as Inegol area studied by Sonmez (2003), Bolu area studied by Ulamis 

and Kilic (2007), Izmit bay studied by Sonmez (2008) and South of lake Manyas studied by 

Kürçer et. al. (2017). The results of these studies show good correlation with the liquefaction 

predictions shown in the PLHA maps developed by this study. 



Chapter 3     A Practical Probabilistic Liquefaction Hazard Analysis Tool Based on Monte-Carlo 

Procedure 

82 

 

3.6 Conclusions 

In this work, a PLHA procedure based on MC simulations is proposed to develop 

liquefaction hazard curves and PLHA maps for seismic prone regions. The developed 

procedure is practical and efficient as uncertainties in earthquake and soil related input 

parameters are randomised in a controlled way using distribution functions. In addition, the 

proposed procedure can automatically identify peak acceleration and magnitude couples that 

contribute the most to the liquefaction hazard, and therefore, the disaggregation of PSHA 

results is not required to perform PLHA. Both ὒὖὍ and ὒ liquefaction prediction methods are 

integrated into the procedure to quantify liquefaction hazard. Small and large scale case studies 

are performed for the city of Adapazari and the Marmara region of Turkey, respectively, to 

demonstrate the efficiency of the developed PLHA tool. A parametric analysis is also carried 

out to investigate the effect of different stress-reduction factor ὶ calculation methods on 

liquefaction prediction parameters ὒὖὍ and ὒ and the distribution of earthquake magnitudes 

contributing to the liquefaction hazard. Liquefaction hazard curves and maps are prepared for 

the city of Adapazari in terms of ὒὖὍ and ὒ. Besides, indicative PLHA maps for the Marmara 

region are prepared using time-dependent and Poisson models in the PSHA. The following 

conclusions can be drawn from the present study: 

1. The liquefaction hazard maps prepared for the city of Adapazari show good agreement 

with the observed liquefaction following the 1999 Kocaeli earthquake. The PLHA 

results show that the liquefaction hazard for Adapazari can be considered as very high. 

2. The comparison of PLHA maps developed using the Poisson and time-dependent 

PSHA models for the Marmara region show that the time-dependent PSHA model 

identifies additional areas of non-negligible liquefaction hazard in the region.  

3. The ὶ procedure used in the PLHA affects the magnitude-distance distribution and the 
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obtained ὒὖὍ value. Disaggregation of liquefaction hazard shows that the contribution 

of earthquakes with magnitude Mw<6 to the liquefaction hazard is smaller in the 

ὶ procedure that takes into account earthquake magnitude. The use of more refined 

ὶ procedure by Cetin and Seed (2004) procedure, supports the findings of Green and 

Bommer (2019) that a lower bound magnitude for probabilistic liquefaction hazard 

analyses is Mw=5. The selection of lower bound magnitude is important for sites where 

the seismic hazard is dominated by lower magnitude events as it will have influence on 

the computed return period of liquefaction. 

To conclude, the MC-based PLHA procedure proposed in this work can serve as an 

efficient tool for the development of liquefaction hazard curves and PLHA maps to use in 

performance-based design applications and for a better prediction of future hazard in loss 

estimation studies. The developed PLHA maps for Adapazari and the Marmara region will 

allow designers and decision-makers to assess the expected liquefaction hazard in these areas 

in more complete way due to consideration of numerous potential earthquake events considered 

in the proposed PLHA framework.  
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ABSTRACT 

Earthquake disasters have a significant impact on economic growth and social welfare of 

earthquake prone regions. A probabilistic seismic risk assessment can be employed to assess 

and mitigate the risks from future destructive events. The development of a seismic risk model 

is a challenging process for loss estimation due to numerous parameters and their uncertainties 

involved in the process. In a previous study, a probabilistic seismic hazard analysis (PSHA) 

tool based on the Monte-Carlo approach was developed to predict the seismic hazard for high 

seismicity areas. In this study, a seismic risk assessment framework is developed by 

incorporating the previously developed PSHA tool, with vulnerability functions based on 

various damage criteria, exposure and casualty models. Epistemic uncertainty is addressed by 

the employment of logic trees and distribution functions for input parameters. The developed 

seismic risk assessment framework can estimate human and economic losses for particular 

return periods using an event-based stochastic procedure. The proposed framework is applied 

to a case study area, the city of Adapazari in Turkey, by utilising readily available data. Seismic 

hazard and risk maps for different return periods are developed to identify the most vulnerable 

areas of the city. The verification of the developed seismic risk framework is performed by 

comparing the predicted seismic losses to those observed during the past 1999 Kocaeli 

earthquake that severely affected the city of Adapazari. The results of the study indicate that 

while overall predictions for extensive and complete damage states demonstrate strong 

correlation with the observed data, accurate risk predictions at the district level are not 

achievable with conventional procedures. 
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4.1 Introduction  

Earthquakes may have a huge negative impact on economic welfare and resilience of 

communities, particularly in developing countries. Destructive social and economic 

consequences of earthquakes on structures and society have been seen following several major 

events (such as Haiti (2010), Tohoku (2011) and Nepal (2015) earthquakes). The rapid 

urbanisation of earthquake prone areas makes seismic risk assessment more important than 

previous decades. The development of a seismic risk model for loss estimation in earthquake 

prone regions is a challenging process due to numerous parameters involved in the process and 

their uncertainties. 

There are commercial risk assessment tools that are normally used by insurance and 

reinsurance industries. Often these tools are presented as ñblack boxesò and the user is limited 

to the pre-defined procedures and input parameters (Bommer et al., 2006). As a result, region 

specific modifications to the hazard and vulnerability models are difficult to implement. 

Moreover, the assumptions and uncertainties adopted in these commercial tools are not 

controlled by the user (Bommer et al., 2006) and the processes of the conversion of input to 

output are not transparent (Musson and Winter, 2012). Also, there are existing probabilistic 

seismic hazard models available to the public at the regional or country level, that can be used 

in seismic risk calculations. However, these models only provide data for specific return 

periods or soil conditions (e.g. SHARE project and Unified Hazard Tool by USGS). The hazard 

results from these models are available for a limited number of regions or countries for which 

they were developed and cannot be easily implemented in the risk calculations.  

An open access unified European Seismic Risk Model (ESRM20) is under development as 

part of the Horizon 2020 SERA project (Silva et al., 2020). The open-source earthquake risk 

software OpenQuake is used in ESRM20, which is also using event-based hazard and risk 

calculations similar to this work. State-of-art seismic risk studies are required to verify and 
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calibrate the seismic risk models developed within ESRM20. The estimation of damage or 

losses from past events can provide opportunity to compare the estimated and observed 

impacts, hence providing valuable cross-check for ESRM20 developers.  

This work aims to develop a practical yet comprehensive seismic risk assessment 

framework for the areas with limited information on hazard, vulnerability and exposure. The 

proposed framework is based on a stochastic Monte-Carlo procedure, that generates synthetic 

earthquake catalogues by randomizing key input parameters. The main advantage of this 

procedure is that uncertainties in input parameters can be addressed with distribution functions 

with its means and standard deviations in an efficient manner (Musson, 2000). Moreover, logic 

trees with weightings for each branch can be easily employed within the procedure when 

required. The main drawback of the procedure is that it can become computationally expensive 

with both increasing complexity of the model and desired level of accuracy. In the developed 

framework, fault source zones and background seismicity are considered in the seismic hazard 

model. Appropriate fragility functions based on various damage criteria and ground motion 

intensity measures are selected and converted to vulnerability functions using a consequence 

model to find mean damage ratios (MDRs). While exposure model is generally obtained from 

the detailed census data, a practical procedure is proposed to collect building stock information 

by mapping building footprints from satellite images and gathering data from remote street 

view survey when census data is not available.  

To demonstrate the capability of the developed seismic risk assessment framework, the city 

of Adapazari in Marmara region (Turkey) is selected as a case study area. The city is located 

in a high seismicity area and was previously hard hit by earthquakes events in the 20th century. 

This work contributes to the development of country-specific disaster risk profiles which helps 

to achieve targets identified within the Sendai Framework for Disaster Risk Reduction. The 

results of the study are presented in form of seismic loss curves and seismic risk maps for 
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Adapazari.  A scenario earthquake similar to the 1999 Kocaeli earthquake is used to compare 

predicted damage with observed damage after that event. 

4.2 Probabilistic seismic risk procedure 

Seismic Risk analysis entails a set of earthquakes, the associated consequences (e.g. 

damage and loss) and the probabilities of occurrence of these consequences over different time 

periods (Erdik, 2017). There are numerous seismic risk studies performed that are based on 

available engines or frameworks (e.g. Chaulagain et al., 2015; Silva et al., 2015). In this work, 

new seismic risk framework is proposed with general procedure for calculating mean damage 

ratio using Monte-Carlo simulations described in detail. Seismic risk calculation is based on 

three main parts (Fig. 4.1): seismic hazard, vulnerability and exposure models., To address 

each of the components, a brief discussion on seismic hazard, fragility functions, consequence 

and exposure models are presented in this section.  

 

  
Figure 4.1 Probabilistic Graphical representation of the risk components. 

 

4.2.1 Seismic hazard model 

Assessment of seismic hazard is an essential component of seismic risk analysis. In a 

previous study, Monte-Carlo based PSHA was developed as part of the seismic risk assessment 

framework proposed in this work. Monte-Carlo simulations are used to generate synthetic 

earthquake catalogues to represent future seismicity. One of the main advantages of the Monte-
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Carlo procedure over conventional PSHA is the capability of taking into account the spatial 

variability with intra-event residuals and the efficient way of treating aleatory uncertainties. 

Conventional PSHA pioneered by Cornell (1968) lacks this advantage and as a result 

underestimates the total loss value at high return periods (Jayaram and Baker, 2009). This is 

due to ground motions considered perfectly correlated and the intra-event component of the 

aleatory variability is treated as inter-event variability, which results in ground motions to be 

log-normally distributed about the median motion (Bommer and Crowley, 2006).  The detailed 

information on the Monte-Carlo based seismic hazard procedure employed in this work can be 

found in Sianko et al. (2020). 

4.2.2 Fragility/Vulnerability models  

Fragility curves can be used to predict the probability of exceedance of certain limit/damage 

states for a given intensity measure value. It is common for structures to use four damage states 

as follows: slight, moderate, extensive and complete damage (e.g. FEMA (2003)). 

Consequence models, which are defined as the cost of loss to the rebuilding cost for a given 

damage state, can be used to convert a set of fragility curves into vulnerability curves (Erdik, 

2017; Kohrangi et al., 2021a). Vulnerability models are generally defined as mean damage 

ratio (MDR) conditioned on ground motion intensity level. MDR for a given ground motion 

intensity level can be calculated by summing products of damage ratios and proportions of the 

buildings that correspond to each damage state. 

4.2.3 Exposure model 

 

A reliable exposure model for buildings is essential to perform a realistic earthquake risk 

analysis. Exposure models provide useful information on the location, replacement costs, 

occupants numbers of the building, in addition to its vulnerability class. Up-to-date data that 

can be used in exposure models is often unavailable, particularly in developing countries where 
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built environment altering rapidly and gathered data becomes outdated quickly. Normally the 

exposure models heavily rely on the national housing census of a country. These censuses are 

usually repeated every 10 years and performed at administrative division resolution. The 

quality of the data collected by each country is not consistent, which makes the development 

of an exposure model a challenging part of the risk analysis (Silva et al., 2018). 

The main goal of the exposure model is to obtain a layer of uniform resolution across the 

study area with spatially distributed structures that are classified according to selected building 

taxonomy. The taxonomy for the characterization of the exposed building stock and the 

description of its damage should be compatible with the fragility/vulnerability relationships 

that will be considered in the risk assessment process (Erdik, 2017). For estimating economic 

and social losses, an exposure model might need to contain additional information about the 

estimated replacement cost of the structures and expected number of occupants depending on 

the time of a day as it can affect number of casualties. Rapid survey procedures can be 

performed such as utilisation of satellite imagery and from volunteered data in cases where the 

census data is outdated or missing vital information that is required for building exposure 

model (Wieland et al., 2015). 

In addition to housing censuses, there are publicly available sources of data about housing 

in different countries e.g. UN Housing database, UN Statistical Database on Global Housing 

and the World Housing Encyclopedia. Moreover, there are ongoing projects such as Prompt 

Assessment of Global Earthquakes for Response (PAGER) and Global Earthquake Model 

(GEM), that have an objective to develop global building inventory databases.  

4.2.4 Casualty assessment 

The large number of casualties in earthquake events is caused by the fact that most of the 

buildings are located in highly populated urban areas where severe earthquakes are responsible 

for high degree of destruction to the buildings (Tong et al., 2012). This is particularly important 
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as the number of fatalities caused by an earthquake is strongly dependent on the number of 

buildings that collapsed or were extensively damaged (Coburn et al., 1992; Feng et al., 2013; 

So and Spence, 2013). There are two main approaches for estimating casualties after an 

earthquake event. The first approach is empirical, where fatality rate is estimated based on 

ground motion intensity level and population exposed (Jaiswal et al., 2009). The casualty 

estimates using this approach are not satisfactory (Ranjbar et al., 2017), as shaking intensity is 

not directly linked to the number of deaths and also depends on vulnerability of the building 

stock. The second approach is semi-empirical and based on relationship between the buildings 

damage and the number of casualties. In this work, casualty models based on the second 

approach will be employed. 

The casualty model proposed by So and Spence (2013) is a semi-empirical model that was 

tested against actual casualty data from previous events. The model is capable of considering 

different building classes (structural systems) to alter lethality rates for extensively damaged 

and collapsed buildings. In this casualty model, the number of people killed due to collapse or 

extensive damage of buildings ὑ for a given building class is defined as: 

 

ὑ ὕ ὖzᶻὨυz ὒυ Ὠτz ὒτ (4.1) 

 

where, ὕ is occupancy rate at the time of earthquake and ὖ is the average number of people 

normally reside in a building. Ὠυ and Ὠτ are the number of the buildings that collapse and 

extensive damaged respectively. ὒυ and ὒτ are the lethality rates representing the proportion 

of occupants killed, for buildings that collapse (Ὠυ) and extensively damaged (Ὠτ) respectively. 

The second model used in analysis is proposed by Coburn et al. (1992), and considers only 

collapse damage state for casualty estimations. On the other hand, this model has additional 

parameters as occupants trapped by collapse and mortality post-collapse. The number of 

fatalities in this model ὑ is expressed as follows: 
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ὑ Ὀυz ὓρz ὓςz ὓσz ὓτ ὓυz ρ ὓτ  (4.2) 

 

where, Ὀυ is the number of collapsed buildings, ὓρ represents the population per building, 

ὓς is the occupancy rate at the time of earthquake, ὓσ is the number of occupants trapped by 

collapse, ὓτ and ὓυ are lethality rates for collapse and post-collapse respectively. 

4.2.5 Mean damage ratio  

Mean damage ratio (MDR) represents the ratio of the cost of repairing a structure to its 

replacement cost. It can be used to estimate loss by multiplying the ratio by the economic value 

of the structure. In the proposed framework, MDR can be found by utilising synthetic 

earthquake catalogues generated within Monte-Carlo simulations, where each earthquake 

source zone has as separate synthetic catalogue. Then, for each earthquake in synthetic 

catalogue MDR at the site is calculated for a given ground motion intensity and vulnerability 

model. Largest MDR value is identified across all source zones for each year of catalogues 

length. In other words, the worst-case scenario from all seismic sources affecting the site of 

interest is considered as an annual maximum outcome. This step is applied for all simulations 

and the results are merged in a single list. The probability of exceedance of certain MDR value 

can be found by sorting all annual outcomes in descending order and by finding the ὔ   MDR 

value in the sorted list. For the desired return period, ὔ can be calculated using the following 

equation: 

 

ὔ
ρ

ὙὩὸόὶὲ ὴὩὶὭέὨ
 ὅὥὸὥὰέὫόὩ ὰὩὲὫὸὬ ὔόάὦὩὶ έὪ ίὭάόὰὥὸὭέὲίρ (4.3) 

 

The sorted list of obtained MDR can be plotted against its annual frequency of exceedance 

to result in a loss curve. Fig. 4.2 shows the flowchart of the procedure for finding probability 

of exceedance of MDR using Monte-Carlo simulations procedure.  
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Figure 4.2  The proposed MC-based earthquake risk assessment procedure to calculate mean 

damage ratio (MDR). 
  

The previous sections provided a general overview of the main components used in the 
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proposed framework. To verify the effectiveness and integrity of the framework, the following 

section uses the city of Adapazari in Turkey as a case study area. 

4.3 Seismic hazard model for Adapazari 

To test the capability of the developed seismic risk assessment framework, the city of 

Adapazari in Marmara region (Turkey) is selected as a case study area. The Marmara region is 

located in one of the most seismically active regions in the world and was subjected to multiple 

earthquakes during the 20th century. The North Anatolian Fault (NAF) lies across northern 

Turkey for more than 1,500 km starting from Karliova in the east and extending to the Gulf of 

Saros in the west. The western portion of the NAF zone dominates the tectonic regime of the 

Marmara Sea area.  

The 1999 Kocaeli earthquake was the latest major earthquake event that ruptured the North 

Anatolian fault in the Marmara region. Due to its close proximity to the fault, Adapazari was 

one of the most severely damaged cities during this earthquake. Enormous economic losses, 

extensive structural damage to structures and a high fatality rate were observed in the city after 

the earthquake. There is a high probability of another devastating seismic event that might 

occur in the Marmara region in the foreseeable future (Erdik et al., 2004; Murru et al., 2016). 

Although, Adapazari can be potentially affected by this future event, there are no probabilistic 

seismic risk studies performed for the city. This highlights the need of a seismic risk assessment 

for Adapazari, as it is a vital resource for earthquake preparedness and risk mitigation (Erdik, 

2017). 

4.3.1 Earthquake source zones 

In this work, the earthquake source zones model is adopted from Sianko et al. (2020) and 

consists of background source zones (BSZs) and fault source zones (FSZs) used to generate 

synthetic earthquake catalogues. In total there are 17 BSZs (Fig. 4.3) and 25 FSZs (Fig. 4.4) 



Chapter 4           Probabilistic Seismic Risk Analysis Assessment Tool: for case study Adapazari, Turkey 

97 

 

with unique earthquake recurrence parameters. BSZs are based on Gutenberg-Richter 

relationship, while FSZs are utilising characteristic magnitude ὓ . Aleatory uncertainty is 

taken into account by randomizing key earthquake parameters with distribution functions 

during generation of synthetic catalogues.  

 

 
Figure 4.3 BSZs model used in the PSHA for this study (Sianko et al. 2020).  

 

 
Figure 4.4 FSZs model used in the PSHA for this study (Sianko et al. 2020). 

4.3.2 Ground motion prediction equations (GMPEs) 

Ground motion prediction equations have a big impact on both seismic hazard and seismic 

risk predictions (Silva et al., 2015). In this study, the GMPEs proposed by Akkar et al. (2014) 

and Boore et al. (2014) are used to predict ground motion intensities in terms of PGV, Sa(T) 

and Sd(T). The GMPE provided by Akkar et al. (2014) mainly consists of earthquake records 

from Italy, Turkey and Greece and the majority of records for strike-slip mechanism events 

with M>7 are obtained from earthquakes occurred in the Marmara region. The GMPE provided 
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by Boore et al. (2014) has a correction coefficient for different countries in the world including 

Turkey. In Boore et al. (2014), inter-event and intra-event variabilities are determined for 

various magnitudes considering period, distance and soil conditions. Both GMPEs have a 

model for PGV, which is commonly used as ground motion intensity parameter in fragility 

functions for structures. Also both GMPEs are capable of considering various fault mechanisms 

and can utilise finite-fault (Ὑ ) distance metric, which can be considered more accurate for 

earthquakes occurring on the faults than point-source (Ὑ ). Local site effects can be estimated 

with relative ease as mentioned GMPEs are utilising widely available 30 m shear-wave velocity 

data, ὠ . This is particularly important as considerable part of the city of Adapazari is located 

in the areas prone to ground motion amplification. Epistemic uncertainty is addressed through 

employment of the logic tree, where 70% weight is given to Akkar et al. (2014) and 30% weight 

to Boore et al. (2014). Higher weight is given to the GMPE developed by Akkar et al. (2014) 

because such model contains a large proportion of recordings from Turkey. Both GMPEs are 

capable of estimating Sa(T) for wide range of periods and satisfy the criteria specified by 

Bommer et al. (2010) to be used in PSHA. 

4.3.3 Site conditions  

Most of the area of the city of Adapazari is located over deep alluvial sediments deposited 

by the Sakarya River (Bray et al., 2004). The sub-surface soil is heterogeneous with big 

variations in soil layers. The soil generally consists of silty clays, silty sands, clean fine sands 

and gravels. The groundwater level is changing with seasons but on average 1ï2 m below the 

ground surface. Shallow groundwater level contributed to the occurrence of extensive 

liquefactions during the 1999 Kocaeli earthquake.  

It is important to consider site effects in seismic hazard calculations for Adapazari due to 

the presence of soft soil and possible site amplification effects. The ὠ  is a widely used 

parameter to characterize seismic site conditions due to its relative availability and generally 
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acceptable performance. Moreover, many recent GMPEs have site amplification functions 

based on  ὠ  values to take into account site conditions. The estimated topographic slope-

based ὠ  values are available globally through the web-based open-access USGS map server. 

The use of ὠ  values obtained from topographic slope data can be used for large scale studies 

as shown by Riga et al. (2021). In this research the shear-wave velocities (ὠ ) map shown in 

Fig. 4.5 is used in the PSHA performed for the city of Adapazari. 

 

      
Figure 4.5 Shear-wave velocities (ὠ ) map for the city of Adapazari used in the PSHA. 

4.4 Exposure model for Adapazari 

The development of an exposure model is a challenging process as the model needs to 

include data about the location, fragility and value of the structures. In this work, different 

sources of data are utilized to build the exposure model. The latest Building Census for Turkey 

was conducted in 2000, which makes it relatively outdated and considering rapid development 

of Adapazari it is not advised to fully rely on it. To address this problem, aerial and satellite 

images are used to perform building footprints mapping to quantify the number and area of the 
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buildings in Adapazari. In addition, satellite images from past decades are examined to track 

the expansion of the city. This allows to approximate construction period of the structures in 

different parts of the city. The 2011 Population and Housing Census is used to determine 

average household size, average number of floors as well as proportion of buildings constructed 

before and after 1980. 

4.4.1 Building stock data 

In this work, a novel method based on building footprint mapping is used to find the number 

of buildings and their locations in Adapazari. The study area is divided in a grid consisting of 

58 cells as shown in Fig. 4.6. Cell dimension is 0.01x0.01 degrees and all the data collected is 

at the cell level. The total number of buildings considered in the analysis is 47283, where 31067 

found from manual mapping (red coloured hatched area in Fig 4.6) and 16216 from assumed 

areas (green polygons in Fig. 4.6). In assumed areas, number of buildings is found by using 

density of buildings from adjacent mapped buildings areas. In this work, only residential 

buildings are used, thus public infrastructures, solely commercial or industrial buildings are 

not mapped or quantified, due to lack of the reliable fragility curves for such structures. 

Adapazari is the capital of the Sakarya province for which the 2011 Population and Housing 

Census provides extra information about the building stock. From that census it is found that 

in the Sakarya province there are ~80% of low rise (1-3 stories) buildings and ~20% are mid-

rise (4-6 stories), with 2.5 being an average number of floors. There are 23% of the buildings 

that are dated before 1980, 60.7% dated after 1980 and 16.3% are of unknown date of 

construction. According to 2000 Building Census, in Sakarya province ~63% of the buildings 

were RC frames and ~35% bearing wall construction. The data from Building Census is for a 

whole province including smaller town centers, where usually the higher proportion of 

buildings is bearing wall construction. Hence, it is safe to assume that the proportion of RC 

buildings in the city of Adapazari should be larger in comparison to the province data. In this 
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research it is assumed that 80% of the building stock is RC buildings and 20% are masonry 

with this ratio randomized within ±10% using uniform distribution in the Monte-Carlo 

simulations. 

 

 

 
Figure 4.6 Cells structure, mapped buildings (red hatched area) and assumed areas (green 

polygons) for Adapazari. 

 

The construction year of the buildings can be a useful parameter for selection of fragility 

curves, which in turn have an impact on seismic risk estimates. Seismic design guidelines in 

Turkey became more comprehensive after 1975 (Erdik et al., 2003), therefore in this study to 

reflect seismic resistance of the buildings, they are classified as pre-1980 (Low-Code) and post-

1980 (High-Code). Satellite and aerial images from 1984, 1987, 1992, 1997 and 2005 are used 

to track development of the city and to assess age of the buildings inside of each cell. Fig. 4.7 

shows example of images with substantial time difference that were used for visual inspection. 

It can be noticed from these images that the city expanded almost in all directions over the time 

period of 1984-2020. 
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a) 

 

b) 

 

Figure 4.7 Images of Adapazari and suburb areas in 1984 (a) and 2020 (b). 

Fig. 4.8 shows the result of visual inspection of satellite images represented with assigned 

code values, where 1 stands for high-code buildings and 2 is used for low-code buildings in the 

cell. This information will be used later in fragility functions capable of distinguishing low-

code and high-code buildings. 
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Figure 4.8 Grid developed for Adapazari with assigned 1 and 2 code values, which represent 

high-code and  low-code buildings in the cell respectively. 

 

 
Figure 4.9 Total number of buildings in each cell. 

Ground motion intensities from PSHA and scenario earthquake are calculated in the centres 

of the cells. For simplicity, buildings locations inside the cell are represented by the centroid 

of the cell, which is common assumption in seismic risk studies (e.g. Bommer et al., 2002; 














































































































