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ABSTRACT

The devastationf thepast earthquake events such as Kocaeli (1999), Kashmir (2005)
Haiti (2010) highlights the need fan earthquake risk assessment (ER®@mework which
can be applied tdeveloping countrie® reduce future earthquake loss&khoughthere are
seveal ERA frameworksused in current practicehese frameworks araot flexible or
applicable to the areas with limited input datadlacking asessment of earthquake induced
secondarhazardsOne ofthemis liquefaction which iscapable otausingsettlement, tilting
or even collapse of the structurds an examplenumeroudiquefactionmanifestationsn
Adapazariduring 1999 Kocaeland 1999 CRh{Chi earthquakecausedlamage to aignificant
numberof buildings due to ground failuresThis past gperiencehighlightedthe importance
of the integration ofiquefactionhazardassessmenito theexisting or futureearthquake risk

assessmerfitameworks.

Thisresearclpresents the development of thelti-hazardERA framework which can be
applied to the areas with limitadput data availableThe proposedramework is based on
Monte-Carlo simulations and consists of three main modules: Probabilistic Seismic Hazard
Analysis (PSHA), Probabilistic Liquefaction Hazard AnalysB&HA) and Seismic Risk

Assessment

The developed PSHA modulgeneratesearthquake cataloguessing Monte-Carlo
simulations to represent future seismiafyhe regiorof interestIn this module, bth Poisson
and time dependent (renewal) models adopted to quantify the effect of temporal
dependencies between seismic events, whilefredrupture directivity effects are also taken
into account. The Marmara region in Turkey is selected as a taBersgion. The PSHA

resultscomparewell with the recent studies performed for the study region.

The PLHA module of the frameworkises Monte-Carlo simulationsand simplified
liguefaction assessmeptroceduredo predict earthquake induced liquefactidrazardin a
probabilistic way The modulegorovidesa relatively flexible approach to treat uncertainbés
theearthquake and soil related input parameters by including such paramigtedistribution
functions.Liquefaction Potential Index (LPI) and Liquefaction Severity) (broceduresare
adopted fo the prediction of liquefaction hazard. TREHA moduleis applied to theity of
Adapazari inTurkey, which islocated ina liquefaction prone area set of probabilistic

liquefaction hazard masederivedfor Adapazaras here wereno PLHA studies performed



for the city The PLHA module iserified with a scenario earthquake and observed liquefaction

from the 1999 Kocaeli earthquake

Seismic risk assessment moduksesreadily available data such asilding stock and
population data frontensus, global shearave velocity naps and satellite images. Seismic
risk assessment module is applied to Adapazari.xgwogire model for buildings in tlease
study area is developed by mapping buildings footprints from aerial and satellite images and
usng remote street survey. The risk results are presented in terms of loss curves and
probabilistic mean damage ratio (MDRinaps considering various return periods and
vulnerability models. Casilty models are incorporatedtanthe framework for estimatioof
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 developedERA framework can serve as an efficient tool tbhe assessment of
liquefaction hazard anskismic risk irnthe areas with limited data availabllthough, dieto
lack of reliable procedure®r accounting damage due to liquefactionarge scaleseismic
risk studies, the risk module of the framewashould be used with caution tihe areas prone
to liquefaction. The proposed frameworknd its outcomesan be used by policy and
stakeholders for earthquake preparedness and developing emergency response and recovery

strategies.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1Background

Earthquakes mahave a huge negative impact on economic welfare and resilience of
communities, particularly in developing countries. Previous major earthquadtesas 2005
Kashmir (Pakistan 2008 ChengduGhina), 2010 Haiti and 2011 Tohoku (Japan) earthquakes
demonstreed the destructive social and economic consequences of such events. The
urbanisation of earthquake prone areas has increased significantihelast few decades
and seismic risk assessment has become more and more important. Seismic risk assessment
has threemaincomponents: seismic hazard, vulnerability and exposure.

Probabilistic seismic hazard analysis (PSH&AR complex process #@soften deals with
different uncertainties and unknown parametis/ertheless hiere areexisting probabilistic
seismichazardanalysis (PSHA)nodelsavailable to the publithat provide hazard resulés
the regionalor countrylevel. Howeverthesemodelsonly providedatafor specific return
periods or soil conditions (e.g. SHARE project and Unified Hazard Hod8$S). The hazard
results from these modedseavailable foralimited number of regions or countries for which
they were developed. In addition to the seismic hazard motiele are commercial risk
asessment tools that are normally used by insurandereinsurancendustries Often these
tool s are pr esentteedserasdimitédotd tlapceklefiredproeedutes amah d
input parameterf@Bommer et al.2006) As a reslt, region specific modifications thehazard
and vulnerability models cannot be easily implementéa: assumptions and uncertainties
adoptedin these commercial tooksre lockedor are notshownto the useBommer et al.

2006) Moreover, he processes within ttemmerciakoftware thatonvert input to output are

notdeconstructe@Vusson and Winte2012)
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To addess some of the above issue§lobal Earthquake Model (GEM
https://www.globalguakemodel.ojgivas initiated in 2006 todevelop an openrsource
earthquake risk assessmaadl, which is calle®penQuak¢Pagani et al., 2014This toolhas
greatly improvedhe earthquake hazard and risk assessment starfHedds 2017) Although
OpenQuakédversion 3.11.2)s a very comprehensivand transpantrisk assessment tqat
still lacks some flexibility in certain areas, such as tolependent PSHA and consideration of
the neadfault directivity. Time-dependent hazard models can provide better hazard estimates
compared to Poisson hazard modeldtierareas where information on periodicity of the faults
ruptures with characteristic magnitude earthquakes is ava{i@blevartz and Coppersmith,
1984) In some cases it is important to considegirfault directivity effectsas they arknown
to cause pulselike ground motions at Aieailt siteShahi and BakeP011) These pulses can
place huge earthquake demands on buildings and previously caused extensive damage in past
earthquake even(®\kkar et al., 2005, Luco and Cornell, 200Tp makethe PSHA module
more comprehensive botime-dependentaind nearfault directivity procedureseed to be
incorporated into a seismic hazard assessmentAoother limitation of OpenQuaks that it
is designed to predicinly the strong ground motiohazardandit is not capable of predicting
secondary hazards like liquefactidandslidesetc The asessment of secondary hazards
might be crucial for areasherethere is evidence that theyay occur. Past experience has
demonstrated that such hazamsy cause substantial damage to struciaraddition to strong
ground motions.

Often in areaswith presence of soft soil and ground water leslelse to the surfage
earthquakes may trigger liquefaction, which @ause damage tifelines and structures.
Ground and foundatiorfailures due to liquefactiorwere widely observed duringhe 1999
Kocaeli and Duze(Turkey) and 199hi-Chi (Taiwan)earthquake®uring the 1999 Kocaeli

earthquakdwundreds obuildingswere subjected teettlement, tilting and overturnirdue to
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liquefaction in the city of Adapazafi Mol | amahmut ogl u et al ., 2003
et al., 2005)To mitigate future risks from liquefaction there are different procedures developed
for assessing liquefaction hazardn$lified methodsare commonlgmployed by getechnical
engineers to evaluatbe liquefaction potential of soildue to the difficulty and theost of
obtaining highquality undisturbed samplgSuang et al.2001) The stress method developed
by Seed and Idriss (19Y1is the most commonly used method as®ssing liquefaction
susceptibility of soilsThe methoduses thepeak ground acceleration (PGAlong with a
representative earthquake magnitude to calculate the seismic stress that causkgusdyl. to
The PGAused in the analysis usually correspond$fi¢ovalue observed in the past evéatg.
Holzer et al. 2006; Sonmez and Ulusa3008; Rahman et alR015) The main drawback of
using scenario earthquaisghat it dbes not consider all possible future earthquake events that
are capable of triggering liquefactiorhe approaches such as proposedusng et al. (2008
andKramer and Mayfield (2007are based orseismic hazard curves and disaggregation of
results from PSHAandare limited to the areas whetes dda is availableThereforethere is
a need for #LHA modulethat ismoreflexible andcomplete inprovidingliquefactionhazard
prediction at a given locationn comparisonto a conventional liquefaction estimation
procedure.

The development of an exposure mddekeismic risk assessmesita challenging process
as the model needs to include data about the location, fragility and value of the structures.
Satellite imagerynd remote street view surveay be used as an altative to field building
surveys A simple procedures proposedn this work for cost effective and rapid building

stock assessments using satellite imageryambte street view survey
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1.2 Research Aimand Objectives

The main aim of this research isdevelop a seismic risassessmerftamework thats
capable of predicting seismitsk and liqguefaction hazard iseismically activeregions and
apply it to aselectectasestudy area.Themain objectives othe presented workan be given
as follows

1. To develop a comprehensiveventbased PSHA procedurebased ongenerated

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

2. To develop aprocedurefor probabilistic liquefaction hazard analysis (PLHANd

verify it with a case study

3. To develop a simple methodology for buildiegposure model for structuresd

identify suitable fragility/vulnerability models.

4. To applythe seismicrisk framework toa casestudy areato produe@ seismichazard

maps,Joss curvesnd risk maps.

5. Estimatethe casualties fom case study area usirg probabilistic approachhat

considesvarious return periods. Verify results with comparing to casualtiesdmast

event and modelled scenario earthquake.

1.3 Structure of the Thesis

This thesisconsists offive chapters and three appendices. Titst andlast chapters are
written in normal thesis format while chapters 2 to 4 are written in journal paper format.

Chapter 2which ise n t i A Practital Arobabilistic Earthquake Hazard Analysis Tool:
Case 3idy Marmara Regiord is a journal paper published iBulletin of Earthquake
Engineering It addresses objective IThis chapter describes théevelopment ofthe
probabilisticseismic hazard analysis (PSHA) module ofgihgposed seismic risk assessment

framework.To demonstrate thepplicabilityof the proposednethodologythe Marmara region

4
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in Turkey is used as a case study area. Both Poisson anddpeadent (renewal) seismic
hazard models aevelopedor the casestudy area. In additiothe procedure for accounting
nearfield rupture directivy effectsin an eventbased PSHA is proposed@ihe resultof the
proposed PSHAre comparewith results from recent PSHA studies.

Chapter3, which ise n t | A Rraetatal Probabilistic Liquefaction Hazatehalysis Tool
Based on Mont€arlo Procedui@ was submittedfor publication inpeerreviewedjournal,
and addresses objecti2e In this work, a PLHA procedure based onmfe Carlosimulations
is proposedor assessing liquefaction hazdad seismic prone regionBifferentliquefaction
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. Theliquefection hazard maps prepared for the city of Adapaaa@icompared with
observed liquefaction following the 1999 Kocaeli earthquake.

Chapted, whichise n t i RrdbabitisticiSeismic Risk Assessment Framework: case study
Adapazari, Turkeg, is ready for submision to publish in apeerreviewed journagl and
addresses objectiv8sb. In this work, a probabilistic seismic risk framewaskproposed. The
developed framework is appli¢d the city of Adapazari in Turkey by using readily azblié
data.An exposure model for buildings and populatiendevelopedased on the information
from building footprints mappednd census dat&ragility/vulnerability functionsfor Turkey
are selected and integrated into the framewonredict seismic damag®eismic bss curves
andmean damage ratiosaps are obtained for the study afeadifferent return perioddn
addition, casualty models are employedtbitheframeworkto estimate numbeaf fatalities in
the city of AdapazariThe scenario earthquake basedtm1999 Kocaeli earthquake is used
to compare predictions of structural damage and number of casualties wipasteatent.

Chapters providesconcluding remarkand includesecommendations for future work.
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Chapter 2: A Practical Probabilistic Earthquake Hazard Analysis Tool:
Case Study Marmara Region

Sianko, I, Ozdemir, Z., Khoshkholghi, S., Garcia, R., Hajirasouliha, I., Yazgan, U. and
Pilakoutas, K.,2020. A practical probabilistic earthquake hazard analysis tool: case study
Marmara region. Bulletin of earthquake engineering, 18(6), pp.2Z555.

ABSTRACT

Earthquakes have a damaging impact on the economic welfare and resilience of
communities, partigdarly 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 th
macro level as a part of a comprehensive ahdiard framework on Earthquake Risk
Assessment (ERA). The Probabilistic Seismic Hazard Analysis (PSHA) procedure is based on
the MonteCarlo (MC) approach, and particular attention is paid to the definiticsource
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. Meanmagion 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 Desigde 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 ovedafpred
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 exposedtrafiture are the main
components of earthquake risk assessnBitta et al, 2015) Whilst the occurrence of
earthquakes cannot be predicted accurately, current understanding of global tectonics and
seismology allows tmake 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 seigembonic structure, seismicity, soil conditiofsiilding

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&rdik, 2017) In the deterministic approach, a particular
earthquake scenario, called controlling earthquake, is used to estimate hazard at a site. On the
other hand, PSHAan 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
earthaguake sources with the inclusion of uncertainties arising from earthquake size, location

and occurrence time.

Conventional PSHA calculations (e.Gornell 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. Alternatiggbghastic modelling
approaches using Monteéarlo (MC) simution methodcan 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 theconventional 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 Miased PSHA has beautilised in several seismic hazard
assessment studies. For examplasson(1999)proposed a relatively straightforward PSHA
procedure based on MC simulations and used Hazzalysis 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 approacis simpler than the approach proposedNdgGuire (1995) for
conventional PSHA, where a disaggregation procedure is used to determine the contribution
made to the overall hazard by each mtagie-distance bin. In a followp 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 isfBaiently large, the results of the MC approach come
close to the results of the conventional method. More recevitigson and Winte(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 tohependat (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 computagiogfficiency 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 pedically on the fault segments can be predicted more
accurately using the tirngependent model, given that it is enough data about faults to assume

10
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them characteristicqramer et aJ.200Q Akinci etal., 2009 Consoleetal., 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.

Pulselike ground motions can have devastating impact on tall structures avith |
fundamental periods of vibratiofMalhotrg 1999) For areas close to faults, ndault
directivity becomes an important feature to include in a PSHA study. In the work presented by
Akkar and Chen@2015)this effect wasncluded in MGbased 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 simulationsand 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 forljkdsground motions at the regiah

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 gnedésibe 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 othemua GEM (Global Earthquake Model) developleeopen
source earttpuake risk assessment softw@neenQuakéwww.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 tirdependent PSA and consideration of the nefault 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

11
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span. Whereas, the tinteependent 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 passag®PT) and loghormal
modek. 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. Théaokatirectivity
procedure employed in the OpenQuake software can only utilise the GMPBpbzl/dly

Chiou and Youngs (2014). Therefore, this will not give flexibility to use other GMPEs for the
PSHA calculations for different regions. Wheredise nearfault directivity procedure
developed by Shahi and Baker (2011) is incorporated in the dedetopkas it can be
applicable to any other conventional GMPE. Even thaigionly pulse occurrence model
developed by Shahi and Baker (2011) is available in the developed computational tool, this
model allowsfor the use of a wide range of GMPEs, andé¢fare, 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 obtéBommer et al.2006) particularly for
devel oping countries. These tools are nor ma
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 ks@aritgsky, 2003 Bommeret 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 pti@al yet comprehensive PSHA tool based on MC
simulations to perform regional seismic hazard assessment. The developed procedure utilises
both Poisson and timgependent models, as well as rigald directivity. The developed tool

12
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will be incorporated inthe 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 earthquaké witly
in the nar 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 arel vadfia
statistical test developed jusson and Wintef2012) A set of hazard maps are derived fo
Marmara using Poisson or tirgependent models, and incorporating the fieéd forward
rupture directivity effect for higher periods of spectral acceleratian [(Baddition, the design
earthquake for the city centre of Istanbul is identified. Algiothis work is applied to an area
with readily available data, the presented tool can be practical and easily modified to an area
with less earthquakeelated data available. The main steps of the proposed tool are described

in the following sections oht 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 iresttaim

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 homogeniseiaeethtpr PSHA.
Equations specifically developed for a region of interest can reduce errors assadiated

magnitude conversion.

13
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i) Declustering. There are a number of techniques to decluster earthquake catalogues (e.g.
Gardner and Knopaofii974 Reasenberd 985 Knopoff, 2000 Aldama Bustos2009), 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 ofM=4.2 toM=6.0. Aldama Bustog2009) modified the Knopoff (2000) procedure by
extrapolating spatial and temporal windows for events Wi6.0 by following the tendency

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

iii) Completeness The earthquake recurrence (GutenHeichter) 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. Hor sma
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 propyssepp(1972)

2.3PSHA using MC Simulations

In both conventional and MBased PSHA studies, two different types of méissource
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 occombniad 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 soerzones (BSZs). In this paper, the latter model is adopted

as it more suitable to the study region having sefined faults.

14
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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 GutenbeRjchter recurrence parameteessandb values). Once source zone
geometry and recurrence parameters are defined for each BSZ, then syntheiguestal
(occurrence, magnitude and location of event in a particular year) are produced by following

the procedure proposed Byowley and Bomme{2006)

1) Minimum and maknum magnitudes are assigned to each BSZ. There are different
approaches to determine maximum magnitide . One subjective approach is to add 0.5
units to the maximum observed magnitude. Other methods include using relations proposed by
Wells and Coppersmittil994) or using the statistical procedure Byjko (2004) The
minimum magnitude) Is usually taken between 4.0 and 5.5, so as to define minimum
threshold magnitude level capable atising damage to structures. It should be noted that, for

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

2) The Gutenberfrichter relationship is rearranged to calculate and0 , which
represent annual number of earthquakes exce@ding andi , respectively:
0 p T (21
0 p T (2.2)
3) A random real numbep, is sampled from a uniform distribution between 0 and 1

for each year in the catalogue.
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4) Probabilities of annual occurrende and0  for an earthquake event exceeding

0 and0 are obtained as follows:

p QN (23)

C

C

p Qwn (24)

5) The assigned random number is compared withh and0  to decide if a
seismic event is occurring in that year of synthetic catalogue. If is less thah  and
greater tham (D 0 0 ), then an earthquake event is generated in that year.

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

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

in thePoisson distribtion and recurrence equations:
0 I Tp 0 (25)

o 11% 2.6)

7) A synthetic event can take place at any location within the boundary of sAB&&dom
location is assigned for an earthquake event within the boundary of an associatEd)BSZ.

shows how intensity spreads from an event occurring WaBiAs

Background

intensity
from
epicenter

\—Site of interest

Figure 21 Generated random event occurring within BSZs sim@ading 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 cdtague year in a synthetic catalogue. However, E28) - (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 #ilentonber 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 andeth associated magnitudes. The comparison of the synthetic

catalogues generated using both methodwetiono 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. mstead 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) is sampled from a uniform distribution betwe@ and Ifor

each year of the catalogue.

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

characteristic magnitudd, , on that fault segment to decide if a seismic event is occurring
in that year of syntheticatalogue. 10 islesstham (0 0 ), an earthquake
with characteristic magnitude is generated in that year, otherwise no seismic event

occurs. Empirical relationships proposedWells and Coppersmit{ii994)andYoungs and
Coppersmith(1985) can be used to calculate  and the associated recurrence intervals,

respectively, by usinfault 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 direttilbe active fault in

that segient, as illustrated in Fig-2

Fault Source
Zone (FSZ)

~

New random event

Attenuated intensity/ E

from ruptured area picentral fault line (EFL)

Site of interest

Figure 22 Generated random event occurring at fault segment and spreading from obtained
fault line.

4) The geometry of the EFL can be estimated using magniélaonships proposedyb

Wells and Coppersmith (1994):

FTgYD o8 ¢ T d (2.7)
1T ¢00 81 ™ d (2.8)
I T ¢w P8I p ™ @ (2.9)

whereSRLandRLD are the surface and subsurface fault rupture length in kilometres (km),
respectivelyRWis the downdip fault rupture width in kilometres (km); @nd is the moment
magnitude. The rupture length, RL, is assumed to be the maximum v&8uRafdRLD. The

fault segmentation model considers that a segmentation boundary exists, but it does not
necessarily stop all the ruptures. The length of the ruptucalaulated 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, multisegment rapture is codgred 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 anabtsier than the catalogue length or
number of simulations individuallfMusson 2012) Therefore, a catalogue with sufficient
number of simulated years is necessary to capture rare events:-ba$éd@ PSHA calculations,

the period length of a synthetic catalogue isallguaken a 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 proposkbyErdik et al.(1999)is based on tectonic information, wherézes

areal source model of Northern Europe used in the GSHAP pfGjecithal and Groud999)

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 ingtance,
seismic source zones fthre Persian Gulf (also known as Arabian Gulf) definedPleyris et al.

(2006) Musson et al(2006) Abdalla and AFHomoud(2004) andAldamaBustos et ali2009)

all differ in size and shape.

To avoid subjectivity, an objective method for assessing BSZ is necessary. The
methodology described usson and Wintg2012)can be used to verify source zone models
by assessing them in a statistical manner via theaunmre @ ) test. In this test, the study area
under considerath 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 oLevieeits
in the catalogue), then the cell is disregarded irteste 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 ugieg> value:

® b_© (2.10)
0 :
wheren is total number of cells used in the tast:is the number of observed (events in the
synthetic catalogue) events from MC simulation; &ds the number of expected (original

catalogue) events obtained from earthquake catalogue in thie Tk degrees of freedom

(O "Pare defined as:
$& 1 p (2.11)

The @ and 'O "Ovalues obtained fronkgs. (2.10) and (2.11) are checked in th&
distribution table to find the significance level (or probability of a larger value pbf null
hypothesis to be rejected. The source model can be considered to offer a viable depiction of
seismicity pattern if the signifemce 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 undgeneralised) 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 enditlineation of the BSZs.
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2.3.4 Ground-Motion Prediction Equations
Groundmotion 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:
1 TO 1 To0 0hAvh— , 0RYh—O (2.12)

wherel TOD represents the natural logarithm of a ground motion intensity measure, which is

considered to be a normally distributed random variable (Erdik, 2D1TQ0, , and- are the

mean, standard deviation (consists of witkirent (i) and betweemvent (J standard

deviations (SDs)) and standard normal variable, respectivelis earthquake magnitudg,

is sourcesite distance; and-represents the effect of ##yof-faulting, soil conditions and

similar parameters. The variability inTOD is achieved by adding the product,ofind- to

the mean value, whereds a standard normal variable. To inclgteund motion variability in

MC-based PSHA withievent((i) and betweervent () 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 withievent (i) SD. Another draw from the

standard niomal probability distribution for each site of interest is multiplied by betwseamt

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

site of interest.

Different alternatives exist to calculate the valuRdfig. 2.3 shows the different distance
metrics used iground motion prediction equations (GMPE&sailable in the literature. These

include distance to hypocentié, ;the shortest distance from a site to the fault ruptdre,;
distance to epentre,’Y ; and the shortest horizontal distance to the point on the surface

projection of thRodraaldi s(loyparare@jord9Bl) oy ner
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------- Rpi - Epicenter distance
...... / R,g - Joyner-Boore distance
“ % w5 s Ry - Rupture distance
..... Rhyp - Hypocentral distance

Figure 23 Fault geometry and projection on to the surface with distance metrics used in
GMPEs.

If the selected GMPEs were a function¥f andY ,integration over depth would be
required in the conventional PSHA meth@bmmer and Scherbayr®008) However, in the
MC-based PSHA method, there is an easy and practical way tadénaepth related
uncertainty into hazard calculations, as depth can be entered as a distribution function during

the generation of synthetic catalogkkisson 2000)

2.3.5 Hazard Calculation for the Desired Probability of Exceednce Level

Once synthetic catalogues for bd85Zs and FSZs are generated, the probability of
exceedance of ground shaking intensities (PGA, PGVaprc& be calculated at a site of
interest. For each year of a synthetic catalogue, all earthquakes occurring in that year across all
source zones areersto identify the largest ground shaking intensity at the site. In other words,
the worstcase 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 @selsh
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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G

calculated using the following equation:

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

shown in Fig2.4.

INPUT

# A

Earthquake
catalogue

OAINITAGGAOET AIA®ET O1 AGOET 1

value in the sorted list. For the desired probabilityeg€eedanced(é JOU can be

(2.13)

Fault segment
data

Site location

Attenuation
relationships,
soil parameters,
fault types

7.
7.
7.
/-

Start OUTPUT
r
Catalogue homogenization, Refined
declustering and completeness earthquake
analyses. catalogue
]
Determine background and fault
source zones and their associated
magnitudes, return periods etc.
Define length of synthetic Randomized
catalogues and number of synthetic
simulations. Create synthetic Y |
catalogues. catalogues
g
For each yearina catalogue{ Distances
compute distances between site b
- etween sites
and seismic events from all
I and earthquake
sources as shown in Figures 1 and N
3 for BSZs and FSZs, respectively, even s
Ground
Calculate ground shaking intensity
intensity for site
measure (e.g. PGAs, PGVs or SAs). due to random
Select worst case per year for site ue to randol
events

due to all events occurring in that
year of catalogue.

/7 lsthisthelast > No Sel
"\\ simulation? _/

I Yes

lect next synthetic
catalogue

Combine all ground motions and
sort them in decreasing severity.
Using Eq. 2.13 find N*" ground
motion according to desired
return period

Ground shaking
value for the
desired return

period

4

End

Figure 2.4 Procedure for predicting seismic hazard at a site of interest usind84ed

PSHA.
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2.3.6 Near-Fault Directivity

Pulselike ground motions caused by nfsalt 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 witlteéhef sterest,
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 ahgles pulse of large amplitude
(Archuleta and Hartzelll981 Somerville et al. 1997Somerville, 2003Akkar 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 underesti@ettal sp

acceleration for pulselike motio(Shahi and Bake2011)

Several approaches were developed to take into account forward directivity effects on
spectral acceleration values (eSpmerville 2003 Shahi and Baker2011;, Spudich et aJ.
2013. In this work, the probabgtic approach developed Byhahi and Bakg2011)is cho®n
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 M@sed®SHA method. In
this approach, the probability of observing a pulsg at J , is calculated in accordance with
Egs. @.14) - (2.16) using the product of a probability derived from-$itesource geometry,

and the probability of observing the puisgheorientation of interest:

04 0 4POI OAPOIdOA (2.14)
0 1DPDOI OREM T x Mtnip® | (2.15)
O DOIgEA P (2.16)
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where] is orientation of interest measured in degreesyamtls are siteto-source geometric
parameters measured in km, as schematically shown i@.6idt is important to note that Eq.

(2.16) is valid for strikeslip faults only.

Orientation of interest

. ) Site
Direction of strike

Epicenter /—New fault line (EFL)

S
| |

Rupture length !

Figure 25 Plan view explaining the parameters needed to fit in Eq. 16 for slixéaults.

The directivity effect is experienced mostly in the fandtmal component of the ground
motion, and therefore, the highest probabilityobkerving pulse is when the orientation of
interest is perpendicular to the strige=00°) and the lowest when the orientation is parallel to

the strike (=0).

OnceD | 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 thah | obtained from E¢(2.16), a pulselike event occurs in thaar, else it
does not. For events that are producing pulselike ground motions, the mean period of the pulse

and its standard deviatign  are calculated as:

‘ LV 0 TiEo @ (2.17)
n ™® @ (2.18

where"Y is the period of the pulsandi is the earthquake magnitude.
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Amplification and deamplification factors to modify GMPESs to account for pulselike and
nonpulselike behaviour are given$hahi and BakgR011) as well as equations of observing

pulse in case of strikeormal 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. Palecsaiies
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
segmentgSchwartz and Coppersmith, 1984)is also sggested, that for the faults with an
adequate information on return periodiof , a timedependent model may be better at
estimation of the shoterm hazard assessment than a Poisson njakigici 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

inthe nexty"Yyears 0 "WYY, can be calcutad as follows:
. " . Y "Q0Q0
6 WY — — (2.19)
Qo Qo

where "Q0 is the probability density function (PDF) for earthquake recurrence time
interval; "Yis the time passed since the last characteristic event occurred on the fault segment;
and Y'Yis the exposure period, taken as 50 years for typical buildings. "YW'Y is
conditional, as it changes with time elapsed since the last eartht@akean be represented
with Gaussian, loghormal, Weibull, Gamma and Brownian Passage Time (BPT) models.
Among these, the BPT model (which is similar to therogmal distribution) is deemed to
represent adequately the earthquake distribitieworth WL et al, 1999) The PDF for the

BPT distribution can be calculated as:
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o } o
0 O"er h —— Agb —, (2.20)
¢l o q 0

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 futunaracteristic event) Y'Y, it
becomes similar to Poisson probabilitigsdik et al, 2004) Many studies suggested a standard
value of 0.5 for (Cramer et l, 2000 and Erdik et al., 20D4~ig. 2.6ab show the PDF and

0 "“YY"Y for BPT model for a meareturn period of =300 years and exposure period of
Y"¥50 years. Fig. 2.6how that the conditional probability of having a new event in the next
50 yearsD "Yu 1, does not significantly increase after an approximate elapsed time of

400 yearssince the last event.
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Figure 26 (a) PDF and (b) conditional probability for BPT distribution with a mean return
period of 300 years and U=0.

Once conditional probabilities for a specific exposure periodacelated from Eq2.19)
they can be converted to the effective Poisson annual probabiitiesysing the following

equationWGCEP94 1995)

Y ilp 0 "WYY (2.22)
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2.3.8 Uncertainty in PSHA

There are two types aincertainties 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 behaviourhe 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 knoavédmigit 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 GRcan 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 gofgions(Bommer et al., 2005; Scherbaum

et al., 2005)Fig. 2.7 shows amrxample of a logic tree that utilises several GMPESs.

Ground Motion Prediction Equations (GMPES)

Stable continental region, GMPE #1
0.65

GMPE #2
0.45

Shallow earthquakes in active region
0.35

GMPE #3
0.55

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 @&%€d appradn 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 componentg aftittsed MCbased
PSHA. To demonstrate the method, the following section uses a case study region to verify the

effectiveness of the developed computational tool.

2.4The Cag Study: Marmara Region, Turkey

To demonstratéhe 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
houseson¢ hi rd of Turkeyds population and i s a |
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 kor example,
Murru et al.(2016)pr edi ct t he probability of having ar
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 substandBal et al.2008.

2.4.1 Tedonic Setting of Marmara Region
The North Anatolian Fault (NAF) lies across northern Turkey (see NAFZ ire@@yfor
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 rigHteral strikeslip 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 zonecontinues 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 northef(NNAF), central

NAF (CNAF) and southern NAF (SNAF) branches. The NNAF is the most active branch with
slip rates of 124 mm/year, while CNAF and SNAF branches move oyr@m/yearMurru

et al. 2016) The NNAF branch enters the eastern parhefilarmara Sea at the Gulf of 1zmit,

then bends to the north shelf of the sea, and eventually joirSWIStriking the Ganos fault
onshore. Here, the branch extends until entering the Aegean Sea through the Gulf of Saros
(Kurt et al., 2000; McNeill et al2004) 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 faws$ in the North Aegean region.

The highresolution bathymetric survey in the Marmara Sea provided indication of a
continuous strikeslip faulting system going through the northern part of the Marmara Sea. It
also provided a better understanding of the bela\of the faults with seismic gap and linked
the 1999 Kocaeli earthquake fault with the 1912 SaiMoyefte earthquake faulErdik et al,

2004)
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Figure 28 Tectonic setting of Turkey. EAFZast Anatolian Fault Zone, NAFRZNorth
Anatolian Fault Zone, NEAFZ North East Anatolian Fault Zone, DSFDead Sea Fault
Zone (Faults data is taken from http://www.efehr.org).
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Figure 29 Faults system in Marmara region with epicentral location of major earthquakes
occurred in 20th century (Faults data is taken friottp://www.efehr.ory
2.4.2 Seismicity of the Marmara Region
As the capital of both Byzantinena 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 an indicator of previous seismic events. During tHe@htury, Marmara
has experienced relatively high seismicity with sevbtat7.0 earthquakes occurring on the
NAF. Table2.1 summarises the magnitudes and dates of major historical evants of
since 1500 CE. The table shows a recent series of strong earthquakes, which ruptured along
the NAF, starting further east with tivd, =7.8 Erzincan earthquake (1939) and propagating
towards the west into the Marmara region. The Kocaeli (1999) and D22®) @arthquakes
were the last events associated with the westward propagation at tHé\lgAFand Yaltirak

2002)

It is well-established that there is a potential seismic gap in the region of the Marmara Sea
to the south of IstanbBohnhoff 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 potentialf generating an earthquake with>7.0 similar to previous earthquakes at this
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location (HubertFerrari et al. 2000) An earthquake of that magnitude and proximity to

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

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

preventionstrategies.

Table2.1 List of O

X earthquakes in Marmara Region from 1500 CE to preserdptad

from Ambraseys and Jacks¢2000)and Erdik et al. (2004)).

I 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 | Istanbulearthquake

7.4 | 05.08.1766 | Ganos earthquake

7.1 | 28.02.1855 | Bursa earthquake

7.3 | 10.07.1894 | Istanbulearthquake

7.3 | 09.08.1912 | Murefteearthquake

7.3 | 01.02.1944 | Bolui Gerede earthquake
7.1 | 18.03.1953| YeniceGonenearthquake
7.2 | 26.05.1957 | Abant earthquake

7.4 | 17.08.1999 | Kocaeli earthquake

7.2 12.11.1999 | Duzceearthquake

2.4.3 Homogenisation, Clustering and Completeess of the Earthquake

Catalogue

Il n this

study, t

he i

nstrument al

earthquake

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

case study area. This catalogue consists of seismic event8 With 4
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1900 and 2018 in the Marmara region. Most of the earthquake data are reported in terms of
surfacewave magnitude scal®, , for the first half of 28 century, while more magnitude
scales are used for more recent events. Historical ettemttoccurred in the region are
included in the catalogue using data frdkmbraseys and Jacksq2000) A catalogue
homogenisation was necessary to converf 0 andd magnitude scales into moment
magnitude,0 , and this was done using conversion equations specifically developed for

TurkeybyKadi ri oj | (01&)nd Kar t al

After homogenisation, the data need to be declustered for the removal of depeadent ev
(fore- and aftershocks).Table 2.2 lists thenumber 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 spacendbws 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 the conservative side.

Table2.2 Summary of dependent events removed for final catalogue using different

algorithms.
Total
Removed Percentage enc;t? Total
Algorithm | Mainshocks of events 9y Clusters events in
events of events
removed catalogue
removed
Gardner
and
417 432 50.88% 1.64% 110 849
Knopoff
(1974)
Modified
Knopoff 524 325 38.28% 1.41% 91 849
(2000)
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After homogenization and declustering, the number of event below4.1 was found to
be considerably low. Therefore, for the catalogue obtained for the study area the minimum
completeness magnitude was sebto=4.1. Fig.2.10ad shows the results of completeness
analysis performed for the case study area followingguhoie described bildama 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.
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Figure 210 Instrumental earthquake catalogue completeness analysis showing mean annual
occurrence rate of events for (a) Mw O 4. 2,

The results in Fig2.10a-d indicate that the declustered catalogue may be regardeithgs be

complete aboveé =4.1 from 1963 onwards, =5.0 from 1900 onward®, =6.0 from 1840

34



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

andd =7.0 from 1660. Levels of completeness are adopted for other magnitudes and periods

following the chosen algorithm.

It should be noted that catalogue hayanization, 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 completess date.

2.4.4 Source Zones

The seismicity of the Marmara region is represented with the fault segmentation and
background seismicity model. Tal#i& provides information on the seismicity parameters for
each of the BSZs used in this study (sucla asmdb parameters of the GutenbéRjchter
relationship, and the minimum and maximum earthquake magnitudes and O :
associated with each source zome). is based on the maximum observed magnitude in the
source zone from historical data. BSZre delineated by the user, but by utilisingtest
validation zones are altered until satisfactory result is obtained2 Bify.shows the derived
BSZs for the Marmara region. A source zone number is assigned to each BSZ, as shown in the
figure. The naximum likelihood estimation procedure developed Wegichert (1980) is
integrated into the code to estimate thearameter othe Gutenbergrichter 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. Alsihie 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 is high.
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The validity of the source model is verified via thetest, as explained in Secti@r8. Fig.
2.12a shows the locations of the instrumental historical earthquake events in the Marmara
region, whereas FigR.12b illustrates the earthquake locations from one of the synthetic
catalogues. By counting and comparing the cell counts in each BSZ from iestalrand
synthetic cataloguesy values are calculated using Eq. 2.0&lls with less than 15 events
are excluded from the analysis (e.g. brown coloured cell irRBiga). The process is repeated
for each of the 1,000 simulated catalogues andthstatistic is calculated to be 5.24, thus
proving the hypothesis that there was no significant difference between the synth&igueat

and the recorded events.

Table2.3 Seismicity parameters for BSZs used in this study.

BSZ # M min M max a b G (Db)
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 211 Background source model used in the PSHA presented in this study. Zone
numbers and corresponding parameters are listed in T2Ble
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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 catalogdies 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 magoialidember
of seismic event bins. The mber 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 calculked 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 ple,exam
Fig.213 shows the result of analysis for one
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 qggediB 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.

Number of catalogues
150

200 .
4]
&
2 150.
‘.—E 100
g 100 Number of events and
"5 the mean magnitude
P from the original 50
8 50 catalogue.
E
3 0. 0
' > 45 o
4.8 ) 50 \OQ‘\)
W, 2
S, 4.6 > 55 Oé-
? gy, > 60 &
9/,,;‘ 4.4 > 65 00\.‘-’
Yo > 10 (e
@ 4.2 )
75 \S
u/ &wo"-'
‘\\)

Figure213Fr equency pl ot showing 100 yearso6 sei

produces by the model. The arrow indicates the point of values obtained from original
catalogue in that BSZ.

The segmentation model proposed by Ewtilal. (2004) (see Fig2.14), which assumes
thatthe total accumulated energy along wagfined fault segments of the region is released
through characteristic earthquakes is adopted for this refii@ndeveloped code is capable of
calculating return period from slip rates dnd  for each fault segment if available, which
are computed through empirical relations (Wells and Coppersmith, 1994), but for the case study
areal values and Poissonian rates were adopted from Etchk (2004) with a manual
input. Themain parameters associated with the faults segments are shown inZléblhe

table also lists calculated annual rates of tdependent method described in the Section 3.7.
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Table 24 Poisson and timéependent annual rates for the fault segmentation model adopted
from Erdik et al. (2004).

Mean Time since

Segment Ch"?‘r- recurrence last Poisson Time-
number Magnitude time earthquake annual rate dependent
(Mw) (years) (years) 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 dj the value is randomized with
a uniform distribution by sampling value betwe@r25 and 0.25 and adding it to the mean of

the O

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

In this study, the GMPEs proposed Aikar et al.(2014 and Boore et al. (2014re
employed to calculate the earthquake hazard in tefff&GA 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 €2014) respectively. Higher weight is given 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 stidki@ mechanism events with M>7
are taken from earthquakes which occurred in the Marmara region. The GMPEqatdyyo
Boore et al. (2014is one of the few GMPEs that satisfy the requirements for use in PSHA
specified byBommer et al(2010) In this GMPE, inteevent and intravent variabilities are
calculated for different magnitude ranges based on period, distance or soil conditions. It also
employs acorrection factor for various seismic active regions around the world including

Turkey.
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2.5Resultsand Conclusions

The procedures presented in this paper are implemented for the region using a Matlab code.
Hazard maps considering these models for PGA andtSE=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 Bfmara region.

2.5.1 Hazard Maps

Figs. 2.15 and2.16 show PGA hazard maps derived using Poisson anddémendent
models, respectively. Both maps are for a return period of 475 years. It is shown that there is a
noticeable difference between the PGA valudsiobd using the Poisson and thiependent
models, even though nearly two decades have passed since the 1999 Kocaeli earthquake. The
annual rates calculated for the thtbependent model for the fault segments (1 to 4 from Table
2.4) relatively close tdzmit area are about a third of those used in the Poisson model. As a
result of this, lower hazard levels are obtained in the-tiependent model for the eastern part
of the Marmara region. On the other hand, hazard levels are slightly higher in tha \paste
of the Marmara region, due to the fact that no fault ruptures occurred sinceé"tbent@ry.
Both models predict PGA levels between 0.30g and 0.45g for a 475 year return period for
| stanbul 6s metropol i tan ar deasely pppulatedncitycThee at e s
hazard level for Istanbul area is considerably higher in the-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 probghiitgenerating 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. &ticted hazard levels for PGA corresponding to a return period

41



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

of 2475 years are given in Figdl7 and2.18 using the Poisson and tirdependent models,
respectively. It can be seen that the maximum PGA levels for rock conditions using the Poisson
and tme-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 Figs19 and2.20, 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. Fig.21 and2.22 show the hazard maps for SA at T=1.0 sec with return periods
of 475 and2475 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 cdesation of neafield effect are also compared
in Figs.2.23 and2.24, respectively, for T=2.0 sec and POE 2% in 50 years. It is found that
nearfield directivity increases SA values around active faults (e.g. Izmit abga)

approximately SA of 120%.
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Figure 215 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 PGAq@n)sidering 10%
probability of exceedance in 50 years (Tidependent model).
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Figure 2.17 Seismic hazard map of Marmara region for PGA (g) considering 2% probability
of exceedance in 50 years (the Poisson model).
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Figure 2.18 Seismic hazard map of Marmara region for PGA (g) considering 2% probability
of exceedance in 50 years (Thiependent model).
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Figure 219 Seismic hazard map of Marmara region for SA (g) T=0.2 sec comsjdEd%
probability of exceedance in 50 years (the Poisson model).
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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).
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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=gé®cwonsidering 2%
probability of exceedance in 50 years (the Poisson model).
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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 inectieling nearfield
directivity effects
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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 Tabl2.5 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 mayrhpaetion

the structures with long periods.

Table2.5 Comparison of SA(2s) results for 475 years return period with and without
directivity effect for major cities of Marmara region.

SA(2s), SA(2s),
Poisson Poisson, Near
field
Istanbul | 0.21g 0.23g
lzmit 0.399 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 diffgn@rmach has been used for
PSHA. The hazard maps are compared with those developed by the recent SHARE project
Woessner et al2015) by Kalkan et al.(2008) and by TuAHAR,y@ES) It AFAD
should be noted that AE#®ikisienoftkeprurkish Earthyuwakeu d e d
Design codeSesetyaret al.(2018) Table2.6 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 a
a colour map in Fig2.25. 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 26 Comparison of PGA results with those from other studies for 475 years return
period, major cities of Marmara region.

This study
. Time- Kalkanet
ngi‘;” Dependent (APFQE) al. (2008)| SHARE
(PGA) (PGA)

(PGA)
Istanbul |  0.299g 0.37g 0.32¢g 0.31g 0.31g

[zmit 0.70g 0.59g 0.72g 0.43g 0.47g

Bursa 0.299g 0.399 0.35¢g 0.37g 0.38g

Tekirdag| 0.35g 0.37g 0.40g 0.41g 0.37g

Bolu 0.51g 0.40g 0.63g 0.53g 0.499

Difference in
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PE in 50 years
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Figure 2.25 Comparison of results of this study with SHARE progawn 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-bESed PSHA tool is that it can be used to identify
design earthquakes at sites of interest. To achieve thistltjeake 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 comhbioas, 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 areturn period of 475 years is assumed. Eig6 shows that this PGA value at the

site is most likely to be produced by a modal earthquaké.ef7.25 at a distance of 10 km.

This information can be used as input data for the assessment of seduswgs (e.g.
landslides or liquefaction), or to help select appropriate-tistry 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\oseismicity, where there are no active faults, BSZs procedure alone

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

Number of events

15

10

Number of events

Figure 2.26 Design earthquakes in terms of distance and magnitude for a design PGA=0.35g
(£0.019) fora 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 Mased PSHA tool for which synthetic earthquake

catalogues are created by using readily available information on the gesimiuic structure,
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seismicity and geology of a region. Fault segmentation and backgroundcggismadels are

used to represent seismicity. The proposed background zones are verifiedividetsiewith
associated seismicity parameters to check if the seismic zones can replicate the (instrumental)
past seismicity. Both Poisson and thehependenfrenewal) seismic hazard models are adopted

and neaffield 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 gemated 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 +ha#tard seismic risk
assessmentdmework, which will provide decisiemakers, government, insurance industry

and practitioners with practical risk evaluation methodologies to reduce eartheislke

losses and promote sustainable development of earthquake prone areas in the wendy By u

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
nearfield directivity effects on the probable seismic actioas 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 subregionghin 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 sewajat 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 Mon@arlo (MC) simuhtions 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 funohs. Different methods, such as Liquefaction Potential Index
(0 0)"&nd Liquefaction Severity)(), 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 obtaindd &rdo
and 0 methods are compared with deterministic approaches for a specific return period.
Finally, the proposed procedure is used to develop indicative PLHA foapghe Marmara
region. The timedependent 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. Thdifigs of this work show that the developed
PLHA procedure can provide designers and decisiakers with a powerful tool to predict

seismic liquefaction hazangsing relatively easily obtainable input data
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3.1 Introdu ction

Earthquake induced liquefactiggoses 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,Cii 1999, and Tohoku 2011). To mitigate
future losses assmated 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 indastyrio
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 iasa#sg 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 daténed probabilistically, single deterministic values are used
as input for liqguefaction potential evaluation (Franke, 2016). However, a range of ground
shaking and magnitude intensities can occur at a site of interest, caused by multiple seismic
sourcesgach with a different potential for causing liquefaction. Moreover, it is known that
even earthquakes with relatively small magnitudesg) are capable of triggering liquefaction
(Musson, 1998) and as a result, the deterministic approachundgrestimate the hazard
potential. Furthermore, the modern approach of perforrabased 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 periodg(e50 years). Hence, there is a need for a more
refined approach to estimate liquefaction hazard for enhanced safety in design, loss estimation

and postevent assessment studies.

There are several methods (ekgamer and Mayfield2007 Mayfield, 2007;Finn and

Wightman 2007 Juang et al 2008 Salloum 2008 that combine probabiligtiseismic hazard
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analysis with liqguefaction potential assessment procedures, such as thbagegssimplified
procedure of Seed and Idriss (1971). These methods typically utilize a seismic hazard curve in
terms of PGA and disaggregation of results énatobtained from probabilistic seismic hazard
analysis (PSHA), to account for the joint probability distribution of PGA and moment
magnituded of selected earthquake scenarios. Those parameters are key inputs in the stress
based simplified liguefactiomssessment 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 performamased earthquake engineering
procedures for liquefaction potential evaluatidframer and Elgamal2001 Kramer and

Mayfield, 2007).

To address some ¢habove mentioned research gatgs paper presents a new fully
probabilistic liqguefaction hazard analysis (PLHA) procedure that can consider all possible
potential ground shaking events and associated magnitudes simulated within sClslidoite
(MC) process. This procedure utilises a practicatbéSed PSHA tool developed ipr@evious
study (Sianko et al, 2020), for which synthetic earthquake catalogues are created by using
readily available information on the seistt@@tonic structure, seismicity and geology of a
region. The PLHA procedure proposed in this work aims to etditha return period for a
particular liquefaction severity, rather than providing occurrence oronoarrence of
liuefaction for a specified earthquake scenario. In addition, different methods for the
liquefaction potential prediction, such as LiqueiaetPotential Index{{ 0)"@nd Liquefaction
Severity (0 ), 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 preparefiiagding

available slope based 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 investigatetfeet of stresseduction factor

i 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 Poissand timedependent 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 sfiegliprocedure 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 {O) is calculated sithe ratio of the cyclic resistance ratio (CRR) to the cyclic stress

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

0 —. (3.1)

The conditionsO p and™O p indicate that the soil profiles are classified as-non
liquefiable and liquefiable, respectively, while tf@ p represents limiting equilibrium.

According to procedure proposed Bged and Idris€Ll971) CSR can be expreskby:

0
OYYT#U——— = | (32)

where® s the peak horizontal ground acceleration; g is the acceleration due to gravity;

is the total overburden stress at defthaeis the effective overburden stress at dapthnd
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i represents the average value of shear stress reduction factor. Iwasaki (1986) suggested that
i could be roughly approximated as linearly decreasing with depth. This procedure has been
widely adopted in general practice mainly due to its simpliciby.sfandard structures, can

be calculated using relationships provided_.lao and Whitmar{1986)

P8l TBTTLX @ L QEd up w
PP X T TBLG @)X VEPUL A ¢ d

(3.3)

In this equationi is assumed to be independent of earthquake magnitude, and therefore,
it does not decrease as magnitude decreases. In the liquefaction hazard anabgsis,
influence the minimum magnitude that is capable of triggering liquefaction, and in turn
earthqake magnitude will have an effect bn Cetin and Seed (2004) proposed the following
relationship to estimaté as a nodinear function ofQ 0 , @ andwy (the average
shear wave velocity in top 12 m):

Qe ¢m

CBIpOoCRHTW @ Wl T8I L QY

i P P& LUYTR TP® 6 8 (34)
C @ p ogB T 8o Wi T8I U QY "

P P&LUTE TP® 8 & ¢©

Qe ¢m
0 C @ p ogBT o Wi T8I LU QoY

‘ P& L YR nP® 8§ 7 8 ,

l CBIPOCRTO® T W TBIU QR BT C T, (3.5)
P PRULYTE TP & & °©

where,
, a8 mip wy VEG pa (36)
, pPc® T8Ip WY NEd p d (3.7)

In the above equations is the standard deviation of.
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In Eq. (3.1)0 'Y ¥ usually calculated using soil parameters obtained from cone penetration
tests (CPT) or standard penetration tests (SPT). Howerdrus and Stokog000)proposed

a different approach for calculatiig'yY ‘Wsing the sheawave velocity:

W P P

o et h n g
YY ™81¢ &&—— = ; =z YO 38
© ¢ cp T TT & W 0 W v (38)
6 8
WR WU w — 0 (3.9)

wherew j, is the stresgorrected shear wave velocity; is the overburdestresscorrected
shearwave velocity 0 is a reference stress of 100 k#; is the limiting upper value for
cyclic liquefaction occurrence, which varies between-209 m/s depeting on the fines
content of the soil; and is the adjustment factor for the fines content FC (%) and was

defined byJuang et al(2001)as follows:

P8t "QEVS v b
0 P8t &# LY Q¢ P 05 cub (3.10)
p ofY "QEVO oub
where,
Y T8I wTSlp Te— T[8IT[0-8§— (311)
p T T T TT

In Eq. @.8), 0 "Y'@presents the magnitude scaling factor, which can be calculated as
follows (Youd and Idriss1997)

5
5 vo O (3.12)
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0 "Y'&flects 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, @dalculated for this layer is far less than
1.0.Juang et al(2005)found that Eqg. 3.8) is conservative for calculating 'Y ;¥esulting in
lower factors of safety and ovpredicting liquefaction occurrence. To address this, they
proposed a multiplication factor of 1.4 €'Y "% obtain anunbissed(or less conservative)

estimate of this parameter.

Although™O 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. Furtheiore,
is not a practical parameter to use in liquefaction severity maps. To be more sjiecéiche
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 ibdéX®as proposed by

Ilwasaki et al. (1984):

000 Opm MIQA (3.13)

where’'O p "Ofor a single soil layer.

In this method, the soil profile is swdivided into several number of layers and the
liquefaction potential at the surfatevel is predicted by integrating a function of the factor of
safety for each soil layer within the top 20m of soil. According te@sty categories for the
D0pr ocedure, | iquefactiDadO pot &h odwdD 5o s fithi grhyo

for5<0 0@ 15; and MHwWeA5ySeveialgtadies (BIpprak and Holzer2003
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Kongar et al., 2007 have used) 0 j@ocedure toinvestigate appropriate thresholds for
liquefaction occurrence. In general, based on field observations, they consider&é@t v
as a threshold value for moderate liquefaction hazard (e.g., sand boils), wheéré@p ¢

p wvas considered as a threghweblue for major liquefactiohazard (e.qg., lateral spreads).

Data needed fab in the 6 'Y "¢alculations (Egs.3(8) and 8.9)) are not commonly
available fromground investigationr public domain and may not necessarily be available
across the dime study areaat required resolutionThus, h many cases, gestatistical
techniques are required for its determination. Therefore, to extend the applicabilityob ti@
method, twapproacheproposed byongar et. al (2017)o approximatev from more readily
available data. The first approach uses, the average shear wave velocity across the top
30m of soil, as a constant proxy forfor all soil layers. Global estimates far are available
openaccess from the welbased US Gdogical Survey Globab 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 irtiieffiethod is controlled by
the presence obd layers near the surface with lan Furthermore, there is a maximum value
of w at which liquefaction can occur. Hence, the use of as a proxy for all layers will result
in an overestimation ofo, 6 Y "édnd "O at layers closer to theudace, and therefore an

underestimation ob 0 &Bd liquefaction risk.

As a second approach, empirical equations propos&wbbse ¢ al. (2011)can be used to
estimateww andw , which show the average shear wave velocity across the top 10 m and

20 m of soil, respectively, to calculaie’Y 'Wsing Eq. 8.8):

(3.14)
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® prm_ 8 (3.15)

From these equations, the average shear wave velocity betvedep 10 m and 20 m of soil

(w ) can be obtained as follows:
, p
@ S P (3.16)
@ @

The0 0 fi@del 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 besessed in terms of probability of liquefaction,
In many occasions, results of such liquefaction potential assessment can lead to better
engineering decisionsluang and Jiang2000) extended earlier studies on the Bayesian
mapping function, and tond that mapping functions could be developed using the distributions
of calculatedO. In another studyjuang et al(2002)usal ¢ ¢ w-based case studies from
Andrus and Stokoe (2000) and Andrus et al. (2001) to develop a Bayesian mapping function
that relatesO determined from thev-method to0 . The boundary curve defined by the
» method was seen to be characterized by a probability of 26%, (since® ¢for 'O p

according to the derives-based Bayesian mapping function.
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The probability of liquefaction using thie method proposed by Juang et. al (2002) can be

calcukted by the following equation:

3 (3.17)

Inthed method proposed by Juang et. al (2002), liquefaction can occur for a given layer
of soil with some probability even f6® p, whereas in the procedure proposedlimasaki
et al. 1984)t is assumed than no liquefaction can occu®if p. According to Juang et. al
(2002), the choice of a particular’Y@rmula and formulation is not critical to the Bayesian

mapping functio.

Sonmez and Gokceoglu (2005) replad@d Eq. @.13) with0 to calculatgheliquefaction

severity index( ):

0 0 p T TI QA (3.18)

Table3.1 showgheseverity classification proposed Bpnmez and Gokceog(@005) which
al so incl udes -scuastceegpotriibelse 6o fan@nodhmoder at eo.

included in the original classification grosed by Iwasaki et al. (1984).

The simplified liquefaction assessment methods were developed usingapibsfuake
field observations supported bysitu tests. The deterministic procedures can be demonstrated

to produce fairly accurate estimates of the liquefaction potential undegrapir of seismic
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parameters® ,0 , as shown by Kongar et. al (2017) for Christchurch in New Zealand as

a case study area.

Table 31 Liquefaction severity indgx classification(Sonmez and Gokceoglu 2005)

4 Description
850 & 100 Very high
650Q85 High
350 Q65 Moderate
150@35 Low
0<0 <15 Very Low

0 =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 limitatodragplistic methods
can be adopted to estimate liquefaction hazard. Atkinson et al. (1984) developed a PLHA
procedure based on the conventional PSHA propos€mbinell(1968) The method combines
Seed and Idriss (1971) simplified method for assessing &qtieh 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 il 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) anduang 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 sesmic 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 iSSoela 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 cityjeths unrealistic for a hazard map.
One of the outcomes of their study was that earthquake magnitudes asiow a® have
nonnegligible effect on the liquefaction hazard curves, and therefore, should be considered in
the PLHA. In a more recent stud@reen and Bomme(2019) suggested thal to be
considered in PLHA for structure siteslis v, agreeing with the lower limit proposed by
Atkinson et al. (1984). Moreover, they suggested that the disparily in values can be
attributed to the stress reductian)(relationship used in the analysis, as the relationship used
by Goda et. alZ011) is independent of earthquake magnitude. The stress reduction (
relationship proposed betin and See@2004) will be incorporated inhte 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 parametem a controlled manner to represent the future seismic behaviour
of a region. In both conventional and M@sed 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 idenéfittd &re 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, therdattedel is adopted as it is more suitable to
regions (such as the Marmara region) with vdelfined faults.
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Once synthetic catalogues for both BSZs and FSZs are generated, the probability of
exceedance dheliquefaction prediction parameter (elgD, ©) 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 obtainedMrgAitude pair, the
liquefaction prediction parameter cée 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 oher words, the worstase 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 exceedamestain
liquefaction prediction parameter can be then found by sorting annual outcomes in descending
order and by selecting thie value in the sorted list. For the desired return petodan be

calculate using the following equation:

e e~ D iQ Q 3.19
0 Y00 aCH Qg&owaa@m@@oam@ a6 awo fe( )

Fig. 3.1 shows the detailed procedure for the PLHA based on MC simulations proposed
here. In this flowchart) 0 i©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 proposeasktC
PLHA. The following section uses two case study regions towvstiee accuracy and

effectiveness of the developed computational procedure.
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Figure 31 The proposed M®ased PLHA procedure usifigd &0 liquefaction potential
prediction parameter.
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3.4 Small Scale Case Study: The city ohdapazari

The Marmara region, in norvest of Turkey spanning Europe and Asia, lies in one of the
most seismically active zones in the world. The 1999 Kocaeli earthquake with.4 hit the
region and resulted in significant loss of life (around 20)08%) 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 alorthe southern coasts of Sapanca Lake and Izmit Bay in the
eastern and western parts of the earthquadlested regions, respectively. Due to the close
proximity to the Sakarya river (shown in F§2), Adapazari is located on alluvial deposits,
consistingof 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 buildingseratea during the 1999
Kocaeli earthquake. Adapazari and the Marmara region are highly likely to be hit by an
earthquake ob >7.3 with a 3547% probability in the next 30 years (Murru et al., 2016).
While Adapazari can be considered as asitlied aea 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

Sapanca Lake

Figure 3.2 3D topographic map of the city dapazari and its surrounding area.
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3.4.1 Input parameters

A total of 75 borehole logs located in Adapazari (RB§) were collected from different
sources including PEER databdkeC. 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 varydepth with most being up to 10 meters. In the presented
methodology, three depth ranges are assumed for liquefaction calculations. Thede are O
meters, 510 meters and R0 meters. Borehole data up to 10 meters are used directly in the
analysis, while dta required forthe 32 0 met er s 60 r anedontherdataup®t | mat

10 meters.

While ® and @ are available for some logs, for the resthem the conversion

equation proposed b&kin et al. (2011)is adopted to convert average SPT values to shear

wavevelocities as follows:

T T mMtmrdl F, where . T® ¢ 0 (3.20)

Once w is known,w is calculated by rearranging E®.X4). Then, Eq.3.15) is used to

find w and finally,® is calculated using Eq3({6). According to Bray et al. (2004)
ground water level (GWLyaries seasonally, but is typically at a depth of 1 to Birtiis study

GW.L from borehole logs is randomized by adding a variable value bet®@dsm and 0.5m
sampled from uniform distributioio represent this variabilityo values are randomized using
normal distribution with standard deviation provided in the SPT conversion equation. Stress

reduction factoii is randomized with,  calculated from Egs.3(4-3.5), and the method

proposed by Cat and Seed (2004) is employed.
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The uncertainties of input parameters for the liquefaction hazard calculatedsn the
MC method, represented by mean values and standard deviations, are shown B2Table
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. Fig3.4 shows an example of the obtained map foam®
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Figure 33 Bore logs locations across Adapazari city used in the analysis.

Table3.2 Parameters randomized in MC simulations for liquefaction hazard calculations.

Parameter

Type of
distribution

Randomization
value

W

Log-normal
distribution

" T™® C O

GWL

Uniform
distribution

” m

Normal
distribution

Soil density

Normal
distribution

& #

Normal
distribution

” 18.9
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Figure 34w map for the city centre of Adapazari used in the PLHA.

The MC based PSHA tool developed ®yanko et al(2020)is utilised for the PLHA of
the case study area due to its practicality and availability of Poisson andepardent
models. The seismicity of the Marmara region is modelled by considering 25 faults source
zones (FSZ) to represent large events ocagiwim 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

detailson the adopted M®asel PSHA.

3.4.2 PLHA for Adapazari

In this study, theé) 0 iIethod based on EdB.L3) and thé) method based on Ec3.18)
are incorporated in M®ased PLHA procedure for quantifying the liquefaction hazard for the
city of Adapazarii methods proposed by Liao and Whitman (1986) and Cetin and Seed
(2004) are also integrated into the procedure.3gshows seismic hazard curves for average
o profile developed for the city centre of Adapazari uging &d0 procedures. One na
observe from this figure that the 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. In3#gseismic hazard curves are
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presented for low, mean and higtprofiles for the city centre of Adapazari. The results clearly

indicate the high influence ob profiles on liquefaction hazard.

() (b)
10%¢ 10%¢ :
—r, by Cetin and Seed (2004) —r, by Cetin and Seed (2004)
—r, by Liao and Whitman (1986) —T, by Liao and Whitman (1986)
210" 107"
=
@
Ke]
e
o
©
=}
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Figure 35 Theliquefaction hazard curves for the city centre of Adapatmaraveragew
profile obtained using (a)) 0 &d (b)0 procedures employing methods proposed by Liao
and Whitman1986) and Cetin and Seed (2004)
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Figure 36 The liquefaction hazard curves for the city centre of Adapdaarepresentative
low, mean and highb profiles obtained using (a) 0 &2d (b)0 procedures employing
methods proposed by Liao and Whitma886) andCetin and Seed (2004)
Deaggregation of results is carried out to identify earthquake magnitude and distance values
that contribute to the liquefaction hazard in terms$) af &Dthe case study area for a given
return period. As opposed to the convemdilbo method, the proposed Mtased 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 taigéti©cording to a probability of exceedance (with a
plus/minus toleranceVel) 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
earthquées in terms of magnitude and distance. Big.shows deaggregation plots for the
return periods of 475 and 2475 years for two differemhethods. It can be seen tivi, ~7 is

the most dominant magnitude for both return periods. This is due toctitbda Adapazari is

in close proximity to active fault segments with a similar characteristic magnitude. It can also
be noticed that the chosenmethod has an effect on magnitedistance distribution anil 0 'O
value. For the same return periddp V@lues are smaller when is calculated based on the
method proposed by Cetin and Seed (2004). Alsoj thisethod leads to less contribution of
earthquakes with magnitudé<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 thlusson(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 earthquakshown in Fig3.8. 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 earthapke, which madg difficult to determine the occurrence of liquefaction.
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Figure 3.7 Disaggregation of liquefaction hazard for target) f@ 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 preparedrfddapazari using the MC based PLHA procedure developed
in this work. Figs3.9-3.11 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 similpatternwith the areas of observed lidaetion. This is

partially due to the fact that thfault ruptured duringhe 1999 Kocaelearthquakeontributes
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the most to the hazard IRSHA disaggregationin Fig. 3.11, the PLHA hazard map is

calculated based on unbiaded v@lues
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Figure 3.8 Observed liquefaction damage in Adapazari during the 1999 Kocaeli earthquake
mapped from Yoshida et al. (2001) and Mollamahmutoglu et al. (2003).

40°47'N

el {

Ls, 10% PE in
50 years

a2 53
| Jsa-e5
| Jes-76
E|77 -88
[ Jso-99

40°46 5N

—
30°23'E 30°24'E 30°24.5'E

Figure 39 Probabilistic liquefaction hazard map in termsioffor central part of Adapazari
city with return period of 475 years.
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Figure 310 Probabilistic liquefaction hazard map in termsio® f@ central part of
Adapazari city wth return period of 475 years.
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Figure 3.11 Probabilistic liquefaction hazard map in terms of unbiaged f@ central part
of Adapazari city with return period of 475 years.

3.4.3 Scenario earthquake for Adapazari (Deterministicmethod)

To show the accuracy éf and0 0 Fazard 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=P@Ag is used
representing the actual values recorded during this event. F¥1¢s3.14 show liquefaction

hazard maps iterms of0 and0 0 t@ether with the observed liquefaction from 1999 Kocaeli
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earthquake. For the central part of Adapazariptiedictions are welmatched to the observed
liquefaction hazard from Yoshida et al. (2001). It should be noted¥bahida et al(2001)
investigated the liquefaction occurrence in an area slightly larger than the outer limits of the
Aringo g i3d23i4. Therefdrei itgsdifficult to safrom Yoshida et al. (20015tudy

if the liquefaction actually occugd outside of the areaOn the other hand, if liquefaction
predictions in Figs3.12-3.14 are compared to observations frdollamahmutoglu et al.
(2003) there are additional areas for which liquefaction occurrences match with the predictions
of the proposed procedure. By comparinggbenario earthquakeazard maps obtained from

0 andd 0 fi@thods with those obtained from PLHA for a return perfoti7é years, it can be
concluded that the probabilistic maps (Fi§9-3.11) are predicting higher hazard due to the

selected return period and consideration of numerous earthquake events.
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Figure 3.12 Scenario earthquake ligtection hazard map in terms of 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 ternis 0f@ central part of
Adapazari city for Mw=7.4 and PGA=0.41g
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Figure 3.14 Scenario earthquake liquefaction hazard map in terms of unbinsefty
central part of Adapazari city for Mw=7.4 and PGA=0.41g

3.5 Large Scale Casétudy: 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. Growater level (GWT) is conservatively assumed
around 1 meter across the region, while slope baseddata from USGS (2019) is utilized to
perform PLHA. In Figs3.15-3.18, 0 0 &d0 procedures are utilised considering Poisson and

time-dependent(Renewal) hazard modeld:rom 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 modeThis 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 tidependent seismic hazard and as a comsmgalightly

reduces the liquefaction hazandthe eastern part of the region.

LPI (Unbiased),
PoE 10% in 50
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Figure 3.15 PLHA map for the Marmara region in terms of unbiased f@ 475 years
return period based on Poisson model.
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Figure 3.16 PLHA map for the Marmara region in terms of unbiaded f@ 475 years
return period based on tirrdependent model
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Figure 3.17 PLHA map for the Marmara region in termsibffor 475 years returperiod
based on Poisson model.
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Figure 3.18 PLHA map for the Marmara region in termsibffor 475 years return period
based on timelependent 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-zoortion studies.

There are a number of local liquefaction hazard studies carried out fdr esees in the
Marmara Region, such as Inegol area studied by Sonmez (2003), Bolu area studied by Ulamis
and Kilic (2007), I1zmit bay studied by Sonmez (2008) and South of lake Manyas studied by
Kirger et. al. (2017). The results of these studies show gaoedlation with the liquefaction

predictions shown in the PLHA maps developed by this study.
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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.ddbeoped
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 acceleratid magnitude couples that
contribute the most to the liquefaction hazard, and therefore, the disaggregation of PSHA
results is not required to perform PLHA. Bathd &2d0 liquefaction prediction methods are
integrated into the procedure to qunliquefaction 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 invesgate the effect of different stressduction factor calculation methods on
liquefaction prediction parametefisd &0d0 and the distribution of earthquake magnitudes
contributing to the liquefaction hazard. Liquefaction hazard curves andarapsepared for
the city of Adapazari in terms 6f 0 &d0 . Besides, indicative PLHA maps for the Marmara
region are prepared using timdependent and Poisson models in the PSHA. The following

conclusions can bdrawn 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 compason of PLHA maps developed using the Poisson and-dependent
PSHA models for the Marmara region show that the -timgendent PSHA model
identifies additional areas of naregligible liquefaction hazard in the region.

3. Thei procedure used in the PLH#fects the magnituddistance distribution and the
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obtained) 0 V@lue. Disaggregation of liquefaction hazard shows that the contribution
of earthquakes with magnitude b6 to the liquefaction hazard is smaller in the

i procedurethat takes into acmnt earthquake magnitudéhe use of more refined

i proceduréby Cetin and Seed (2004joceduresuppors thefindings of Green and
Bommer (2019) thaa lower boundmagnitudefor probabilistic liquefaction hazard
analysess My=5. The selection diower 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 M@ased PLHA procedure proposed in this work can sesvana
efficient tool for the development of liquefaction hazard curves and PLHA maps to use in
performancebased design applications and for a better prediction of future hazard in loss
estimation studiesThe developed PLHA maps for Adapazari and Meamara region will
allow designers and decisimnakers to assess the expected liquefaction hazard in these areas
in morecompletevaydue to consideration of numerous potential earthquake enmrgilered

in the proposed PLHA framework.
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Chapter 4: Probabilistic Seismic Risk Assessment Framework: case study
Adapazari, Turkey

Sianko I, Ozdemir Z, Khoshkholghi S, Hajirasouliha |, PilakoutasPiKobabilistic Seismic

Risk Assessment Framework: case study Adapazari, TiR&agyfor publication.

ABSTRACT

Earthquake disasters have a significant impact on ecengmowth and social welfare of
earthquakerone regions. A probabilistic seismic risk assessment can be employed to assess
and mitigate the risks from future destructive events. The developmaséisimic risk model
is a challenging process for loss esition 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 Mont€arlo approackvas developed to predict the seismic hazard for high
seismicity aeas. In this study, a seismic risk assessment framework is developed by
incorporating the previously developed PSHA tool, with vulnerability functicasedb on
various damage criteriaxposure and casualty models. Epistemic uncertainty is addressed by
theemployment 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 usingneventbased stochastic procedure. The proposed franke@pplied
to a case study area, the city of Adapazari in Turkey, by utilising readily availabl8eiataic
hazard and risk maps for different return periods are devetopddntifythe most vulnerable
areas of the cityThe verification of the deatoped seismic risk framework is performed by
comparing the predicted seismic losses toséobserved during the past 1999 Kocaeli
earthquake that severely affected the city of Adapazari. The results of the study indicate that
while overall predictions fo 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 impactammomic 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 (201hyd aNepal (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 pess 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 ttheessreslimiedol s ar
to the predefined procedures and input parame{B@ammer 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 usgiBommer et al.2006)and the processes of the conversion of input to
output are not transpare(fusson and Winter2012) Also, there are existing probabilistic
seismic hazard models available to the public at the regional or country level, thatusedb
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 availablesfbmited number of rei@ns or countries for which
they were developed and cannot be easily impteetein the risk calculations.

An open acceasmified European Seismic Risk Model (ESRM20) is under development as
part ofthe Horizon 2020 SERA projedSilva et al, 2020) The gensource earthquake risk
software OpenQuake is used in ESRM20, which is also using-eased hazard and risk

calculations similar to thisvork. Stateof-art seismic risk studies are required to verify and
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calibrate the seismic risk models developed within ESRM20. The estimdtidanage or
losses from past events can provide opportunity to compare the estimated and observed
impacts, hence providing valuable sateck for ESRM20 developers.

This work aims to develop a practical yet comprehensive seismic risk assessment
framewok for the areas with limited information on hazard, vulnerability and exposure. The
proposed framework is based @stochastic Mont&€arlo procedure, that generates synthetic
earthquake catalogues by randomizing key input parameters. The main advantiige of
proceduras that uncertainties in input parameters can be addressed with distribution functions
with its means and standard deviations in an efficient mgivhesson 200Q. Moreover, logic
trees with weightings for each branch candasily 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 accuratlye developed
framework, fault source zes and background seismicéye considereth 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 (MDR&Mile exposure model is generally obid from
the detailed census dategyracticalprocedure is proposed to collect building stock information
by mapping building footprints from satellite images and gathering data from remote street
view survey whercensus data is not available.

To demongate 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 ahigh seismicity area and was previously hard hit by earthquakes everg2@th century.

This work contributes to the development of cowgjpgcific 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 s&doss curves and seismic risk maps for
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Adapazari. A scenario earthquake similar tioe 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 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 frameworfesg. Chaulagain et aR015; Silva et a).2015) In this work
newseismic risk framework iproposed with geeral procedure for calculating mean damage
ratio using MonteCarlo simulations described detail Seismic risk calculation is based on
three main parts (Figt.1): seismic hazard, vulnerability and exposure models., To address
each of the componentsbaef discussion on seismic hazard, fragility functions, consequence

and exposure models are presented in this section.

Vulnerability

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, Mont€arlo based PSHA was developed as patiedeismic risk assessment
framework proposed in this work. Mor@arlo simulations are used to genersyathetic

earthquake catalogues to represent future seismicity. One of the main advantagjel®ofe-
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Carlo procedure over conventional PSHAhs capability of taking into account the spatial
variability with intraevent residuals anthe efficient wayof treating aleatory uncertainties.
Conventional PSHA pioneered bgornell (1968)lacks this advantage and as a result
underestimates the total loss value at high return pefiaysram and Baker, 2009)his is
due to ground motionsonsideredoerfectly correlated and the intewent component of the
aledory variability is treated as int@vent variability which resultsin ground motions to be
log-normally distributed about the median mot{@ommer and Crowley, 2006 he detailed
information on the Mont€arlo based seismic hazard procedure employéds work can be

found inSianko 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 comfmostructures to usetdiodamage states

as follows: slight, moderate, extensive and complete damage F&BA (2003).
Consequence models, whiahedefined as the cost of loss to the rebuilding cost for a given
damage state, can be used to convert a seagifify curves into vulnerability curvggrdik,

2017; Kohrangi et gl.2021a) Vulnerability models are generally defined as mean damage
ratio (MDR) conditioned on ground motion intensity lewgIDR for a given ground motion
intensity levelcan be calculated lsumming products of damagatios and proportions of the

buildingsthat correspontb eachdamage 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 classoldptedata that

can be used in exposure models is often unavajlpdigcularly in developing countri@ghere
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built environment altering rapidigndgathered dta becomes outdated quickNormally the
exposure models heavily rely on the national housing sewisa 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 pdrthe risk analysigSilva 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 structuteat 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 considereth the risk assessment procéBsdik, 2017) For estimating economic
and social lossesn exposure model might need to contain additionfrmation about the
estimated replacement cost of the structures and expected number of occupants depending on
the time of a dayasit can affect number of casualtieRapid survey procedures can be
performed such as utilisation of satellite imagery faooh 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 censuseseith 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 Globdtarthquakes for Response (PAGER) and Global Earthquake Model

(GEM), that have an objective to develop gldbalding 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 buildifgieng 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 collapsedravereextensively damageoburn et al.1992; Feng et gl2013;

So and Spence2013) There are two main approachis estimating casualties after an
earthquake event. The first approach is empirical, where fatalitysrastimatedbased on

ground motion intensity level and population expoggaiswal et aJ.2009) The casualty
estimaesusing this approach are not satisfact@ganjbar et aJ.2017) as shaking itensity is

not directly linked to the number of deaths and also depends on vulnerability of the building
stock. The second approach is semipirical and based on relationship between the buildings
damage and the number of casualties. In this work, cgsmadels based on thecesmd
approach will be employed.

The casualty model proposed $y and Spence (2018)asemiempirical model that was
tested against actual casualty data from previoust&v€he 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 kill¢d chitapse or

extensive damage of bbdingsV for a given building class is defined as:

O 020z Wzdu ‘rzoirt (4.1)

where (i is occupancy rate at the time of earthquakelristthe average number of people
normally reside in a buildingdb and(x are the number of the buildings that collapse and
extensive damaged respectivaby. andOt are the lethality rates representing the proportion
of occupants killed, for buildings that collap$®) and extensively damageax() respectively.

The secondnodel used in analysis is proposeddnburn et al. (1992andconsiders only
collapse damage state for casualty estimati@n the other hand, this model has additional
parameters as occupants trapped by collapse and mortalitgglagtse. The number of

fatalities in this modeb is expressed as follows:
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O OQuz Dpz0bgzdoz DT Ouvz p OT (4.2

where,Qu is the number of collapsed buildingsp represents the population per building,
0 ¢ is the occupancy rate at the time of earthqualeis the number of occupants trapped by

collapse ) 1t and0 v are lethality rates for collaps®d postcollapse respaively.

4.2.5 Mean damage ratio

Mean damage ratio (MDR) represents thgor of the cost of repairing 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 M@ddo 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.LargestMDR value is identified aoss all source zones for each year of catalogues
length. In other words, the wofsase 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 amerged 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 tMDR
value in the sorted list. For the desired return pefiodan be calculated usirige following

equation:

P

P 5pomad TBO0G 6 a RN QEOADOREET (4
Yoo aica Qe 2 (4.3

The sorted list of obtained MDR can be plotted against its annual frequency of exceedance
to result in a loss curvé&ig. 4.2 shows the flowchart of the procedure for finding probability

of exceedance of MDR using Mor@arlo simulations procedure.
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proposed framework. To verifheeffectiveness and integrity of the framework, the following

section uses the city of Adapazari in Turkey as a stagly 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 anduibjasted to multiple
earthquakes durinthe 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 NARezdominates the tectoniegime of the
Marmara Sea area.

The 1999 Kocaeli earthquake was the latest major earthquake event that rinetiieth
Anatolian fault inthe Marmara region. Due tibs close proximity to the fault, Adapazari was
one of the mst 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 seismidretemight
occur in the Marmara region in the foreseeable fuidrdik et al, 2004; Murru et aJ.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 negslea$mic risk assessment
for Adapazari, as it is a vital resource for earthquake preparedness and risk mi(katikn

2017)

4.3.1 Earthquake source zones
In this work,the earthquake source zones model is adopted 8@nko et al. (2020and
consists of background source zones (BSZs) and fault source zones (FSZs) used to generate

synthetic earthquake catalogues. lrakahere are 17 BSZs (Fig.3) and 25 FSZs (Figt.4)
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with unique earthquake recurrence parameters. BSZs are based on Gtfalienm
relationship, while FSZs are utilising characteristic magnitude . Aleatory uncertainty is
taken into accountybrandomizing key earthquake parameters with distribution functions

during generation of synthetic catalogues.
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Figure 4.3 BSZs model used in the PSHA for this s{&ignko et al. 2020)
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Figure4.4 FSZs model used in the PSHA for this st{&lginko 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 predictiongSilva et al, 2015) In this study, the GMPEs proposedAlykar et al. (2014)
andBoore et al. (2014are used to predict ground motionensities in termef PGV, Sa(T)
and Sd(T). The GMPE provided Bkkar et al. (2014)nainly consist of earthquake records
from ltaly, Turkey and Greece and the majority of records for sslikemechanism events

with M>7 are obtained from earthquakes occurred in the Meamegion. The GMPE provided
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by Boore et al. (2014has a correction coefficient for different countries in the world including
Turkey. InBoore et al. (2014)interevent and intravent variabilities are determined for
various magnitudes considering period, distance and soil conditions. Both GMPEs have a
model forPGV, 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 finitdault (Y ) distance metric, which can be considered nam®urate for
earthquakes occurring on the faults than psmirce Y ). Local site effects can be estimated

with relative ease as mentioned GMPEs are utilising widely available 30 mvshaavelocity

data @ . This is particularly importantsaconsiderable 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 givekkicar et al. (2014and 30% weight

to Boore et al. (2014)Higher weight is given to the GMPE developedAkkar et al. (2014)
because such model contains a large proportion of recordings from Turkey. Both GMPEs a
capable of estimating §B for wide range of periods and satighe criteria specified by

Bommer et al. (2010p 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 RivefBray et al, 2004) The subsurface soil is heterogeneous with big
variations in soil layers. The soil generallynsists of silty clays, silty sanddean fine sands
and gravels. The groundwater level is changing with seasons but on av&ageb&low the
ground surface. Shallow groundwater level contributedth® occurrence of extensive
liquefactions dringthe 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 effectswrhdas a widely used

parameter to characterize seismic site damts due to its relative availability and generally
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acceptable performance. Moreover, many recent GMPEs have site amplification functions
based onw values to take into account site conditions. The estimated topographie slope
basedb values ag available globally througiheweb-based opefaccess USGS map server.

The use ofv  values obtained from topographic slope data can be used for large scale studies
as shown byriga et al. (2021)In this researctheshearwave velocities® ) map shown in

Fig. 45is used inthe PSHA performed for the city of Adapazari.
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Figure 45 Shearwave velocitiesdd ) 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 locatiomagility 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 quahgfyumber and area of the

99



Chapter 4 Probabilistic Seismic Risk Analysis Assessment Tool: for case study Adapazari, Turkey

buildings in Adapazari. In addition, satellite images from past decadeexamined 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 feoveell 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 thé&ndmber
of buildings and their locations in Adapazari. The study area is diudadjrid consisting of
58 cells as shown in Fig.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 coledrhatched area in Fig6) and 16216 from assumed
areas (green polygons in F§6). In assumed areas, number of buildings is found by using
density of buildings from adjacent mapped buildings arkashis work, only residential
buildings are used, tBupublic infrastructures, solely commercial or industrial buildiaugs
not mapped or quantified, due to lack of the reliable fragility curves for such structures.

Adapaari isthecapital oftheSakarya province for whidhe2011 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 ris@ §tories) buildings and ~20% are mid
rise (46 stories), with 2.5 being an average number of floors. Ther232 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 Sakargsipce ~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 assuméhthatoportion of RC

buildings in the city of Adapazari should be larger in comparison to the province data. In this

100



Chapter 4 Probabilistic Seismic Risk Analysis Assessment Tool: for case study Adapazari, Turkey

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 distition in the MonteCarlo

simulations.
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Figure 4.6 Cells structure, mapped building®d hatched areagndassumed areas (green
polygon3 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 1(&f8ik et al, 2003) therefore in this study to
reflect seismic resistance of the buildings, they are classifipadtd980 (LowCode) and post
1980 (HighCode). Satellite and aerial images from 1984, 1987, 1992, 1997 and 2005 are used
to track development dhe city and to assess age of the buildings inside of each ceHl.Fig.
shows example of images with subsi@rtime difference that were used for visual inspection.

It can be noticed from these images that the city expanded almost in all dsewtothe time

period of 19842020.
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b)
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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 higide buildings and 2 is used for lmede buildings in the
cel. This information will be used later in fragility functions capable of distinguishing low

code and higltode buildings.
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.4230.4330.4430.4530.46

Figure 4.8 Grid developed for Adapazari with assigriednd 2code values, which represent
high-code andlow-code buildings in the celespectively

Figure 4.9 Total number obuildings in each cell.
Ground motion intensities from PSHA and scenario earthquake are calculated in the centres
of the cells. For simplicitybuildings locations inside the cell are represented by the centroid

of the cell, which is common assumption in seismic risk stu@ies Bommer et al., 2002;
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