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ABSTRACT

PROBABILISTIC SEISMIC HAZARD ASSESSMENT FOR EAST
ANATOLIAN FAULT ZONE USING PLANAR SOURCE MODELS

Me n e,k kfek én
M.Sc., Department of Civil Engineering
Supervisor: Assoc. Prof. Dr. Zeyn€p, | er c e
January 2016, 11RPages

The objective of this study is to perform probabilistic seismic hazard assessment
(PSHA) using planar seismic source characterization models for East Anatolian Fault
Zone (EAFZ) and to update the design ground motions taskee in the region.
Development of planar seismic source models requires the definition of source
geometry in terms of fault length, fault width, fault plane angles and segmentation
points for each segment and associating the observed seismicity witedd&fult

systems. This complicated task was performed with the help of Updated Active Fault

Maps of Turkey (Emre et al., 2@l previously conducted geological site studies in

the literature, and Unified Instrumental Earthquake Catalogue of Turkey (Katafa

al., 2011). The statef-the-art seismotectonic model developed in this study includes

the fault segments, rupture sources, rupture scenarios, and fault rupture models that

are combined with composite magnitude distribution model to properly repthsent
characteristic behavior of faults. This study is also novel in terms of the employed
ground motion characterization framework. Recently published global Next
Generation Attenuation (NGMest2) ground motion prediction models (Bozorgnia

et al., 2014) ad TurkeyAdjusted NGAWe st 1 model s ( G¢l erce e
used in the ground motion logic tree with equal weights. The results are presented in
terms ofthe hazard curves ambaggregation ahe hazard for sixselectedocations
(Bing°l, El azeéej, Ka hr aand Hasealbey )and cédparean i y e .
with the Turkish Earthquake Code (TEC, 2007) requiremeégsmic hazard maps

for accepted hazard levels in TEC (2007) for different spectral periods and for



generc rock {Vs3=760 m/s andVs3=1100 m/s) site conditions are alpmvided
Results of this study will provide an update of the previous seismic hazard maps of

EAFZ and design ground motions proposed for the region.
Keywords: East Anatolian Fault Zone, prabilistic seismic hazard assessment,

planar seismic source models, ground motion prediction equations, hazard maps,
Turkish Earthquake Code
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CHAPTER 1

INTRODUCTION

The Anatolian plate is shaped by the tectonic movememliuodsian, Arabian and

African plates.The North Anatolian Fault Zone (NAFZ), East Anatolian Fault Zone

(EAFZ), West Anatolian Graben Complexes, Aegean Arc, and Bitlis Thrust Zone are

the most important fault systems in Turk@ynong these fault systems, NAFZ is the

one that produced the largesarthquake ruptures in the last century (e.g. 119888
rupture sequence with four M>6.7 earthaqt
Especially after the 1999 Kocael:/ and D
NAFZ and Marmara Region and publishedraates of seismic hazard and risk (e.g.

Atakan et al., 2002; Erdik et al., 2004; Crowley and Bommer, 2006; Kalkan et al.,
2009; G¢l er c e Oathedothéd haad EAF2haslbden tectonically quiet

relative to the NAFZ in the 21lcent ury @md ewhseddnin ter:r
probabilistic seismic hazard assessment (PSHA) stutinesprevious ruptureycle

for the EAFZ was in between 1800900 (1822 Eq. , Ms =7. 5;
Ms=7.2; 1893 Eq., Ms=7.1; 1874 Eq., Ms=7.1 and 1875 Eq., Ms=6.7}hamkxt

rupture cycle might be in the near future.

In the past, Turkey has suffered great damages due to destructive and large
magnitude earthquakes. The probability that the next earthquake along the EAFZ

will be destructive is ever increasing becausthefincrease in the number of critical

facilities (such as dams, hydro electrical power plants and pipelines) and population

in the region. In order to ensure that adequate and optimal seismic safety
requirements are met in the current atehned enginearg structures antb reduce

the structural damage and loss of human lives, it has become an important task to
assess the level of seismic hazard properly and accurately. Unfortunately, only a
limited number of seismic hazard studies covering the EAFZmegre currently

available and a brief summary of these earlier studies are providethia Chapter.

Over the past 5 years, substantial information related to the seismotectonic properties

of the EAFZ was published; the active fault maps of Turkey wymiated by MTA

(Emre et al.,, 2012), Duman and Emre (2013) documented the geometry and

1



segmentation characteristics of the EAFZ, measurements of active crustal
deformation of the northeastern corner of the Mediterranean Sea from GPS were
provided by Mahmoudet al. (2013) and the Integrated Homogeneous Turkish
Earthquake Catalog thatovers the events between years 192010 was
disseminatedby Kalafat et al. (2011)Additionally, stateof-the-art global and
regionalizedground motion prediction equations (®&Hs)that areapplicable to
Turkey were developed These new developments allow the PSHA analyst to
properly represent the seismic source and ground motion charactdastiEAFZ

and call for the update of thdesign ground motions based on the PSHA
methodology

1.1 Research Statement

The aim of this study is to update the design ground motions and seismic hazard
maps around EAFZusing the planar source models that combine the recently
published information on source geometry and fault kinemdafos.this purpose,
seismic source characterization models are developed by defining the geometry of
planar fault sources (fault length, width, and segmentation points) with the help of
previously conducted site studies and Updated Active Fault Map of T(Ekere et

al., 2012). The approach proposed by Werking Group of California Earthquake
Probabilities (WGCEP2003 San Francisco Bay Area Model is adapted along with
the composite magnitude distribution model by Youngs and Coppersmith (1985) to
determire the magnitude recurrencglationsfor the fault segments, rupture sources,
rupture scenarigsand fault rupture models. Events in timstrumentalearthquake
catalogugKalafat et al., 2011) arassociatedvith the fault rupture modelandthe
scenarioweightsfor rupture scenarioare determined by balancing the accumulated
(depending on the associated seismicapyd released (by the proposed rupture
model) seismic momentdor each rupture systeniThis study also proposes a
substantial change from tlather available studies in terms of the ground motion
characterization framework. Recently developed N®Ast 2 GMPEs (Bozorgnia et

al.,, 2014) and the Turkeidjusted NGAWe st 1 ( G¢l erce et al
were regionalized based on Turkish stromgtion database are employed for ground
motion estimates and variability.

The results are presented in termstled hazard curves amdkeaggregation othe
hazard for sixselectedl ocati ons (Bing©°l, El azej,

Kahr a



P ¢ t ¢ and ldasanbeylipnd compared with the Turkish Earthquake Code (TEC,
2007) requirementsThe seismic hazard mapasr peak ground acceleration (PGA),
0.2 and 1 second spectral acceleratemesprepared for two different site conditions;
Vs3=760 m/s representing the B/@undary of NEHRP site classification scheme
and Vs3=1100 m/s to provide the reference rock site conditions that might be used in
site-specific response analysis. Proposed design ground motions are compared to the
TEC (2007) requirements and the signifitahfferences are thoroughly discussed
The hazard mapgresented here will bring in a significanbntribuion to the
ongoing discussions related to the adaptation of current-smajed PSHA project
results in earthquake zoning maps and clearly denaiasthe need of defining
planar source zones for accurate estimatiodesignground motions, especially in

the neasfault areas.

1.2 Previous SeismicStudies in the Region

The PSHA studieperformedfor Turkey are limitedexcept for thenitiative nation

wi de wor ks of Erdi k et al . (1DB8Bi,ndgl 9BDYC
Yarar et al. (1980) proposed a seismic hazard map for Turkey in terms of the
maximum MSK MedvedeVSponheuérKarnik scale) intensity and maximum

horizontal peak groundcceleration (HPGA) for the return periods of 200 and 500

years based on a f@ar earthquake catalogue and the neotectonic maps of Turkey.

The authors modeled EAFZ by a single source zone and predominantly with the
strike slip characteiAs shown in Figue 1.1, theproposedcontours for the 500 year

horizontal PGA indicate that the estimated PGA is approximatel80Qyals (0.3

0.4g) around the EAFZ.

20 years after thaErdik et al. (1999) performeda PSHA study in terms of PGA for

all Turkey consideng rock site conditions (sites with shear wave propagation
velocity greater than 700 m/s) by identifying 37 seismic source zones based on the
seismicity profile and the tectonic regime. To use in the seismic source
characterization modelinstrumental andhistorical earthquake catalogues were
collected and the moment magnitu(M,,) values of all the events with different
magnitude scales in the compiled catalogues were estimated in order to get a unified
magnitude scaleThe main strand of EAFZ betwedfar | é ova and Tg¢r ko
characterized as one source zone and another zone was defined for the southern

extension of EAFZ in the Hatay region. A



Osmaniye region were presented; the authors did not use a speaifte zone

covering these fault segments. For PSHA calculations, Erdik et al. (1999) employed

three earlystage ground motion prediction equations (GMPEs) proposed by

Campbell (1997), Boore et al. (1997), Sadigh et al. (1997) by assigning equal

weights inthe logic treeTheiso-horizontal PGA contour map corresponding to 475

year return period presented by the authors is shown in Figuréhk 2evels of 475

year return period PGA throughout the main s
T¢r koj | ut)h eansdo uftorern extension of EAFZ from
0.7¢g. However i n Osmaniye Faalt, proposgd PGA valdes r at a K
gradually decrease to 0.2g to 0.3g.

e

Figure 1.1: Contour Map of Horizontal Peak Acceleration (expressed in galdpr Rock Site
Conditions and for 500 Years Retun Period (after Yarar et al., 1980)

Kayabal ébuilf{ @ @robabilistic seismic hazard map and presented iso
acceleration maps for 100 and 475 years return periods to serve as the basis for the
seismichazard zonation of Turkey. Seismic source characterization was based on the
assumption that the earthquakes occur only along faults: the author did not use
background (areal) seismic zones because of the uncertain distribution of epicenters
of the past e#inquakes. Therefore, 14 seismic source zones based primarily on the
map of neotectonic elements of Turkey compiled by Yaltirak et al. (1998) and the

seismic source zonation map used by Eti al. (1985) were usedhe minimum



earthquake magnitude was get4.0 in the calculations since the events smaller than
this value do not have sigreAnt contribution to hazard. &imum earthquake
magnitude for each seismic source zone was determined from the relationship
between fault rupture length and the eartiigumagnitude proposed by Bonilla et al.
(1984).
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Figure 1.2: PGA(g) Corresponding to the Return Period of 475 Years (10% probability of
exceedance in 50 years) (after Erdik et al., 1999)

Kayabalée (2002) ifrequency pdrametersnpeogosbig Alptekia

(1978) after small modificationgor the source zoné¢hatcorresponds to EAFZ, the
assigned total fault length was 820 km and the maximum magnitude was taken as
Mw=7.8 In the PSHA calculations, the computer code SISTEHAN Il was used and
the ground motion prediction model proposed by Joyner and Boore (1988) was
employed. The PGA values for the return periods of 100 and 475 years (for bedrock)
was computed for 5106 grid points, and-&meleration maps were constructed by
contouring the accelation values at each node as shown in FigureTha. 475

years return period isacceleration maps show that the PGA values are as high as
0.69g for EAFZ.

Recently,Bayrak et al. (2014)investigated the earthquake probabilities around the
EAFZ by analyzing the earthquake recurrence parameters for different segments of
EAFZ. The authors suggested five seismogenic source zones on the EAFZ based on



the tectonic and seismotectonic regimeijnested the mean return periods for each

segment and produced theand bvalue maps for the EAFZ based on maximum

likelihood regression The earthquake recurrence parameters were determined in

terms of the most probable maximum magnittaiel 00 yearmean return period for

an earthquake occurreneadthe probabilities folarge earthquake8ayrak et al.

(2014) estimated the lowestvba | ue ar dkadl 8awag °degi on and <co
that this region has a high stress level due to the tectonic regintbe @ther hand,

they observed highestvboa | ue ar o uisiatiye Kegionéakdhstated that this

region has higher geological complexity and the stress in this region decreases over

time and can be released by the events that are more frequent bugr small

magnitude. The authors suggested minimum mean return period of 181 years for the
earthquakes with magnitude greater than 7.0 for the northern end of the EAFZ

(Karl éova) and proposed that the next most
region. The authorsé6é study does not Il nclude any

motions.
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Figure 1. 3: |l soacceleration Contour Map (contour val
to the Return Period of 475 Years (10% Probability of Exceedance in 50 Year§)a f t er Kayabal &,
2002)

In addition to the local PSHA efforts mentioned above, the seisotonic models
of recent and global PSHA projects partially or fully cover the territory of Turkey.
The SHARE (Seismic Hazard Harmonization in Europe) projgcesented the



occurrence of the earthquakes in EMediteranean region based on three different
seismetectonic modelszonebased mdel, the fauksource and background zone
modelanda kernelsmoothed model tharoducesarthquake rate forecasts based

fault slip and smoothed seismicigource modelsMultiple GMPEs (Akkar and
Bommer, 2010 (35%); Cauzzi and Faccioli, 2008 (35%); Zhao et al., 2006 (10%);
and Chiou and Youngs, 2008 (20%)) are used in PSHA calculations of SHARE
project for shallow crustaand active tectonic regionsThe seismic hazard map for
Turkey showing 10% exceedance probability in 50 years for PGA (475 years) based
on SHARE results is shown in Figure 1.4. This figure indicates that the proposed
PGA values through the main stranfl EAFZ (betweenKar | €éova and Ty¢g
shownby a green boin Figure 1.4 are about 0.5dower than the estimates of Erdik

et al. (1999)PGA values (0.3g to 0.4g) smaller than the main strand are proposed for
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Figure 1.4: PGA(g) Corresponding to the Return Period of 475 Years (10% Probability of
Exceedance in 50 Years) around Turkey (taken frorhttp://www.efehr.org)

The EMME (Earthquake Model of the Middle East) project &egl to evaluate the
earthquake hazard, the associated risk on the basis of structural damages, casualties
and economic losses as well as the effects of relevant mitigation measures in
theMiddle EastRegion. Moment magnitude (M, bodywave magnitude (g) and
surfacewave magnitude (M earthquake catalogs were built based on global


http://www.efehr.org/

catalogs covering the time period from 1900 to 2010 including 6.102 records (984
records from Turkey). Additionally, countfpcused historical earthquake catalogs
with more ttan 2000 recordsvere compiled. Areal source zones based on the
collected catalogues and active fault sources wienelopedin the project. The
source zones were defined by tectonic regionalization, maximum magnitude,
predominant rupture mechanism, deptistrdbution and earthqke recurrence
parameters. PGAdzard map for 475 years was presented within the EMME project
is shown in Figure 1.5. The PGA values throughout the main strand of EAFZ
(bet ween Kar | éshowanbyargeen Dim kgure [1.% are again
around 0.5g. On the other hand, for the southern continuation of EAFZ, the PGA

values are a little bit lower (0.4g) than the values estimated for the main strand.
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1.3 Outline of the Study

Theoutline of thisthesis can be summarized adws:

In Chapter 1 the research statemestpresentedvith an emphasis on the previous
seismic hazard studie$ the region inglobalandlocal scales.

In Chapter 2, the geological and seisrtectonic characteristics of the EAFZ are
summarized brieflySeismic source characterizatioropgess is discussed in details.
The geometry and segmentation points of fault rupture systenagnitunde
probability distribution models and model parameters; association of catalogue

seismicity with defined rupture systepmagnitude recurrence models, the approach

8



for balancing the accumulated seismic moment by released seismic moment are
presented.

Chapter 3 briefly introduces the NGA West2 and Turkagljusted NGA Westl
horizontal GMPE modelaused inthis study Sensitvity analysis for the selection of
most applicable model is also presented in this chapter.

Chapter 4 includes hazard curves and deaggregation of the hazard for main
locations. Hazard maps of the region for different site conditions; comprehensive
summaryof the study with discussion of the results and recommendations for future

works are also given in this chapter.
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CHAPTER 2

SEISMIC SOURCE CHARACTERIZATION

The East Anatolian Fault Zone (EAFZ) is a northesstthwestrending, left lateral
strike slip fault system starting at Kar
Anatolian Fault Zone (NAFZ) and continues to Antakya in Eastern Turkbg
transform nature of the EAFZ wWa92)dndr st r
later on the seismotectonic features of this fault zone has been studied by numerous
researchers (McKenzie, 1972; Arpat and Kk:
1978; Jackson and McKenzie, 1984; Dewey et al., 1986; Ambraseys, 1988; Taymaz

et al., 1991; Westaway and Arger, 1996; Westaway, 2003, 2004; Duman and Emre,
2013). A comprehensive summary of the previous literature on the geological and
tectonic characteristics of EAFZ was provided in Duman and Emre (2013) and
others; therefore, onlythe issues that significantly affect the seismic source
characterization (SSC) model to be used in PSHA will be elaborated in this section.

2.1 Fault Geometry Models

One of the main concerns in SSC modelling is the definition of fault segmentation
modek for the earthquake rupture forecast. Several studies proposed different
segmentation models for EAFZ based on different criteria: Hempton et al. (1981)
suggested 5 segments based on the geometrical properties of the fault plane and
changes in the faulrdend; whereas Barka and Kadinskgde (1988) defined 14
distinct segments based on the discontinuities along the fault plane and the relation
bet ween the previous surface ruptures al
(1992), divided the EAFZ into 6egments based on fault siepers and changes in

strike assuming that the segments can move separately along their lengths. A similar
approach was adopted in the recent work of Duman and Emre (2013); the authors
defined 7 segments with segment lengthyinarin between 3113 km as shown in

Figure 2.1. The fault segmentation model proposed by Duman and Emre (2013) was

also adopted in thepdatedActive Fault Maps of Turkey (Emre et al., 2012).

11
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Figure 2.1: Segmentation Model for the EAFZ Proposed by Duan and Emre (2013)

Recent large magnitude earthquakes (e.g. 2002 Denali and 2010 El®lasapah
Earthquakes) showed that the fault ruptures may be complex and span multiple
connected fault segments even if the segments are separated by district gleologic
and geomorphological features (Haeussler et al., 2004; Fletcher et al., 2014). To be
able to consider multiplsegment ruptures in the rupture forecast, the segmentation
model proposed by Duman and Emre (2013) for the main strand of EAFZ is

modified byconnecting some of the neighboring

Karl éova Segments ar«KacbambvaeRupnuoe t 8gstld

modi fied -als&K&®@ke@eva Rupture System as

Palu Segments are combinedtab e PRalugRupture System,

Erkenek Segments ar e c o-bBrkenekh Ruptureé Systdmu i | d

These 3 distinctand nemver | apping rupture systems
and T¢rkojlu ar e s howmsmallensegmentsuare eomBined .
into relatively bigger rupture systems, the changes in the fault plane trend, fault jogs
and discontinuities are considered by dividing the rupture systems into smaller fault
segments and using these segments as basic nguitdocks for the earthquake
rupture forecast. The methodology used in this study was outlined in Working Group
on California Earthquake Probabilities (WGCEB03) San Francisco Bay Area

Model, however, a brief description of the terminology is provided.he
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Figure 2.2: Rupture Systems Defined for EAFZ (majority of the fault lines are digitized from
the Updated Active Fault Maps of Turkey published by MTA in 2012)

In WGCER2003,the shortest fault sectiomhich iscapable of rupturing repeatedly

to produce largearthquakes is defined agaalt segment Both kinematic ¢hanges

in fault complexityandstrike, occurrence of restraining bends, changes in lithology,
etc.) and dynamic (timing of events, slip rate, roptiength, and distribution of
seismic activity) criteria can be used to delimit the fault segments. The fault
segments defined for EAFZ is presented in TableThé&rupture source is defined

as single or multiple adjacent fault segments that may rugnode produce an
earthquake i n the f utRauRuptureSystemesxanpgsede , t |
of 4 fault segments and these segments may be combined into 10 different rupture
sources including single or multiple segments as shown in Figure 2.3. Asiplgo
combination of sources that describes a possible failure mode is defined as the
rupture scenario by WGCER2003 According to Figure 2.3, 10 different rupture
sources consi dePak dupture Systemhcan b gambimed mto 8
different rupgure scenarios. Thdault rupture model includes the weighted
combination (weighted average) of all rupture scenarios for the rupture system. The
technical basis for choosing the weights of the rupture scenarios by balancing the

accumulated and releasedsse&ic moment is explained in the next section.
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Table 2.1: The Fault Segments and Rupture Systems Defined for EAFZ. Magnitude of the
Characteristic Earthquakes is Calculated Using Wells and Coppersmith (1994) and Hans and
Bakun (2014) Rupture AreaMagnitude Relations

Slip 5
- Length | Width WCo4 HB14
SeEmentName | gam) | Gam) |2 | Maw®) | Maw®)
Gokdere 66 15 10 7.04 7.04
Tlica 43 15 10 6.85 6.81
Karliova 37 15 10 6.78 6.73
Pitirge-Palul 39 15 10 6.80 6.76
Piitiirge-Palu2 46 15 10 6.88 6.85
Piitiirge-Palu3 32 15 10 6.71 6.66
Piitiirge-Palud 34 15 10 6.74 6.69
Pazarcik-Erkenekl 42 15 8 6.84 6.80
Pazarcik-Erkenek2 39 15 8 6.80 6.76
Pazarcik-Erkenek3 35 15 8 6.75 6.70
Pazarcik-Erkenek4 24 15 59 6.59 6.54
Karatag-Osmaniyel 28 15 59 6.66 6.60
Karatas-Osmaniye2 66 15 59 7.04 7.04
Karatas-Osmaniye3 36 15 59 6.96 6.96
Amanosl 43 15 21 6.85 6.81
Amanos2 41 15 2.1 6.82 6.79
Amanos3 40 15 .3 | 6.81 677
Stirgiil 11 15 2 6.24 6.20
Stirgii2 2 15 2 6.61 6.55
Stirgii3 28 15 2 6.66 6.60
Cardakl 34 15 2 6.74 6.69
Cardak2 50 15 2 6.91 6.89
Savnunl 30 15 2 6.69 6.63
Savrun2 13 15 2 632 27
Savrun3 2 15 2 6351 6.46
SOURCES SCENARIOS
1
1 ]
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Figure 2.3: Rupture Source and Full Rupture Scenario Layouts of a FouSegment Fault (left
hand side: 10 rupture sources and right hand side: 8 rupture scenarios)
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2111 éKkar |l éova Rupture System

| |l ®K@aal éova Ruoprtiugien adyesst efmm om t he Karl eéov:
easily be traced continuously to the eas
fault system has a total length of 80 km and the general strike of the fault segments is
N50E as shown in Figure 2.4lahmoud (2012) reported that the morphology of

these fault segments is very clear and shows many examples of offsets in rivers and

stream&arlldewa Rupture System i s char ac
i ncluding the 1866 KahAnbiaseyws and Haecksdnhl§a8)a k e  (
and 22 May 1971 (Ms=6.8) Bi ng©°l Eart hqu

(2013), the 3.5 m offset that has been recorded on the fault trace by Herece (2008) is

an evidence for associating the 1866 Earthquake rupture zonelwéli€lar | € ov a
Rupture System.

Kar | éova Se g maasternmastsparttohtkeis ruptune sygtem extending in

bet ween G°yn¢gk and Karl éova regions with
right stepping sections varying in length over the rangd-b2 km Ouman and

Emre,2 013) . On the other hand, Il éca Segm
extends between G°yngkl &md (BBierygrfeln RiInai nAsy
Her ece, 2008) and 17 km (Arpaumaaand kar o
Emre2013) maxi mum fault offsets were docur
studies from metamorphic units. |l 1l éca Se
and terminates i n tDOuman and Emre2018)f Arp8tiamdg ° | P
kar o] | u (teda diszontinuoesB®km long surface rupture with a maximum

of f set of 0.25 m between the G°yn¢gk Ben
1971 Bing®©°l Earthquake. Later on, ¢etin
et al. (2011) observed surfacepture scars related to the same event along this
segment. The fault width for these segments is{oattulated as 15 km based on the
surface rupture |l ength of 1971 Bing©°l E

(1994) rupture aremagnitude relation giveim Equation 2.1:

0 c8wyl @B ng m8¢o 2.1

where RA is the rupture area (surface rupture length multiplied with fault width).
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2.1.2P ¢ t ¢-Paly Rupture System

karojlu et al. (1992) defined two separate s
Hazar (named as Palu Segmentyman and Emre2013) and Lake Hazar and

Sincik (named as DRmpanandgbmieZ®E3)Y Mieenauthorb y

proposed that these segmeiits an b e s epar apad dasinveflectee a pul |

by Lake Hazar is formed, otherwise the two segments are continuous and hence
during an earthquake,Arechne structoral \studypnofthe t oget he
Hazar Basin constrained by singleannel higkresolution seismic data combined

with landbased observations and analysissefdimentologicahnd geophysicadata

from Lake Hazar revealed that the main strand of the EAFZ is continuous across the

Hazar Basin (Moreno et al., 2009h the light of above mentioned discussions

related tocomplex and multsegment ruptures of the recent large evehts spatial

distribution of the seismic activity between 1900 and 2014>@ in the region is

evaluted using the data downloaded friottp://www.koeri.boun.edu.tAccording to

Figure 2.5, the seismicity is continuously
including the Lake Hazar Region, indicating that these segments may be combined in

theart hquake rupture forecast. Therefore, I n
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defined in previous st uMau®gptura Bystentimthibi ne d
study.

The Palu Segment of this rupture system extends in between Lake Hazar and

G° k d e r eningr Bend witla a total length of 66 km. This segment exhibits a

strike slip character with a general strike of N60E. According to Barka and
KadinskyCade (1988) and Demirtak and Yeél

ma z
gap and capable of producing a lamgarthquake since it has been significantly
loaded in the past 200 years (Nalbant et al., 2002).

38 E S°E 40°E
3 N !. *N
It ’_:fs.‘ - ='-=:;;:t;= axn
S8hE 3" E 40°E

Figure 2.5: The Spatial Distribution of Catalog Seismicity (1902014, Mw>1; downloaded from

KOERI web site) in the Vicinity of Lake Hazar Basin

The lates moderateo-large magnitude event in the region was occurred on 8 March

2010 Kovancélar Earthquake (Mw=6.1) and 1

with the northern branch of Palu Segment (Emre et al. 2010; Tan et al., 2011). Tan et
al. (2011) sted that the seismogenic brittle zone depth for the aftershocks of
Kovancél ar Earthquake 1is about 15 km whi
width value c-HhclubkavadRuptuidééBgastem. Th
of t he-PducRuggure§ gst em (P¢t ¢rge Segment) h a:

shape extending up to the east of ¢eli kh
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length of about 85 km. 9 to 22 km geological offsets of basement rocks and

mor phol ogi cal of f sertast aRiev eme aVsailrleay 1 (nArtphaet F
1975; Hempt on, 1985; Herece and Akay, 1992;
Arger, 2001; Westeway, 2003; Herece, 2008) along this segment. Considering the

geometrical discontinuities in the mapped fault plane inUpdated Active Fault

Maps of Turkey (Emre et al., 2012), 4 ssdgments are defined fér ¢ t ¢Palg e

Rupture Systemas shown Figure 2.6 and Table 2.Well-documented
paleoseismological evidence is not available for the recurrence interval of the large

maghi t ude ear t hqu-d&ueRupturenSystern.dn ARpraseys @ %89)

and Ambraseys and Jackson (1998), two large magnitude events that occurred in

1874 (Ms= 7.1) and 1875 (Ms= 6.7) were documeniedndL a k e Haz ar . ¢tetin
al. (2003) discussed thmossibility of joined rupture of the Pallazar and Hazar

Sincik Segments during the 1874 event. AccordinBuoan and Emré2013), the

1905 (Ms=6.8) Earthgquake may have occurred a
Assessment of the spatial distributiof seismicity in the region pointed out low

seismic activity for this segment; therefore
Segment has reached the final phase of seismic cycle due to low seismicity since

1874 Earthquake. In addition to thosertkquakes, two other large magnitude

historical events have been reported in the area: AD 995 (Ms = 7.(Aari¥89

(Ms = 7.0) Earthquakes (Moreno et al., 2009).
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2.1.3 P a z a-Erkendk Rupture System

PazaErlk&nek Rupture System eaextdertcd i khaitg
region known to be seismically active according to the historical earthquake catalogs
(Poirier and Taher, 1980; Ambraseys and Barazangi, 1989; Ambraseys and Melville,
1995). The earthquake records in historical era display that the arbadraaffected

by destructive earthquakes for about 2000 years (Ergin et al. 1967, Ambraseys, 1989;
Soysal et al ., 1981, ¥rgel ¢ et al ., 20
Ambraseys and Jackson (199 8)J)ErkenekdRupNea| bant
System is associated with the largest of the known historical earthquakes occurred
along the EAFZ, such as the 1114 (M > 7.8), 1513 (Ms=7.4), and 1893 (Ms=7.1)
Earthqguakes. The rel alt¢girkkmj bet wemeamrme ¢ h ea s
Segment by Dumaa nd Emr e, 2 0 1-Brkenek (ha@med¢as IEikdndka n
Segment by Duman and Emre, 2013) Segments is a controversial issue. Lovelock
(1984), Lyberis et al. (1992), and Chorowicz et al. (1994) argued that no major active
strikei slip faults are presentintl@® | bak é& Ar ea. On the contr
Dewey et al . (1986) , Per i n- eGdegq1988)a | . (
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strike of N65E with the total length of about 60 km (Figure 2.8) formiidp Xm

long sectios that are separated by right and left ste@rs, each less than 0.5 km

(Duman and Emre, 2013). The western section of Erkenek Segment which follows
the southern flank of the G°ksu River Va
(kar oj | u 2).eTotal effsets,of 28 &n@ 22.5 km were suggested by (Herece,

2008) based on the geological features for Erkenek Segment. The 80 km long
Pazarcék Segment extends between T¢grkojl
N55E. According to Duman and Emre (2013 Pazar cék Segment h
shape with an echelon pattern in the west (consisting of four sections of about 10 km

|l ength) and a more | inear geometry betwe
Yal -én (1979), We st e wa y2008) tsuggasted 128 K0 0 6 ) a
geological total offsets for this segment. Based on the fault discontinuities mapped in

the Updated Active Fault Maps of MTA (Emre et al., 2012), 4sedments are

defined for this rupture system as shown in Figure 2.8 and Tdble 2
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Figure 2. &rkendk Kuptune System: The Subsegments, the Buffer Zone Used for
Source to Epicenter Matching, Assigned Slip Rates and Seismicity of the Region
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Another main concern in developing the SSC models for EAFZ is defining the

termination point of EAFZ. Some researchers have suggested that the EAFZ
continues westwards fr om TFQsmdnigeFaultZoaend connec
(McKenzie 1976, Géelen et al . 1987; Karig an
1990, Westaway and Arger 1996;edtaway 2003). Another interpretation was
proposed by karojlu et al . (1992), Her ece
Duman and Emre (2013) <claiming that the EAFZ
and reaches Amik Basin through Amanos Fault. Additionaileghraoui et al.

(2009) proposed that the EAFZ branches into-S\® t r e nd i-@sganifear at a K

Fault and SSWWNNE trending Karasu Fault based on GPS measurements and the

anal ysis of faulAntkaiknyeamarteigcisoni.n |IMartahki s st uc
Osmaiiye and Amanos splays are considered in the earthquake rupture forecast as

parallel fault segments that shares the total slip rate in the region as shown in Figure

2.9. The fault lines provided in Updated Active Fault Maps of MTA (2012) are

digitized to déermine the geometry and segmentation points of the Amanos Rupture

System as the Karl eova, I'1 éca, Pal u, Pe¢et er ge
t he K@smaniya Rupture System was not completely mapped by MTA (Emre

et al., 2012), the northernpar of t he system was extended up
Junction using the fault lines provided bicKenzie (1976), Hempton (1987), and

Westaway and Arger (1996l). t i's not abl-®smaniyadnd Amfamos Kar at ak
Rupture Systems defined in this study arxeic | os e mat ¢ hOsmantyeh t he Kar
and Karasu Faults presented by Westeway3paAd Meghraoui et al. (2011).

2.1.4 Amanos Rupture System

Amanos Faul't is the southern strand of t he
Junction and extending up tite west of Amik Lake. The fault has a general strike of

N30-35E and a total length of about 120 km (Figure 2.9). Duman and Emre (2013)
presented three sthe g ment s ( Kér ékhan, Hassa and Nurda
foll owing the i néetalr(3P92gwith @ mirmnchaode appleed by j | u
extending the fault to the south (up to west of Amik Lake) considering the seismicity

around the region. These 3 ssiligments are directly adopted from Duman and Emre

(2013) to form the Amanos Rupture System.
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The 1822 Antakya Earthquake (Ms=7.2) that produced ak@&®ng surface

rupture (Ambraseys and Jackson, 1998 and Seyrek et al., 2007), has been associated
with the Amanos Rupture System. Previous studies found no evidence of fresh fault
related topographical feature that have prevailed since this event on this part of
EAFZ. If the moment magnitude of the 1822 Event is calculated by the magnitude
conversion equations provided in Section 2.2.1 gs'ML, then the width of the fault

can be back calculated from byugdion2.1 as 16 km based on this event

215K a r a®saaniye Ripture System
The western br anc hOsmdniyetRupture Systerd) splitk fioma t a k
T¢rkojlu and extends t o K-dSEarnda kotaldengthh a g
of about 150 km. McKenzie (1976) documented the satellite images of scarps along
the line of Yunur t al ék and Kar at ak Faul ts and
continuation of the EAFZ from Tg¢grkojlu
Westaway and Arger (1996) argued that the EAFZ should be considered to continue
across the Amanos Range to the bound#ryhe Gulf of Iskenderun along the
Ka r a0smakiye Fault. Several other studies (e.g. Aksu et al., 1992a, 1992b;
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Kempler and Garfunkel, 1994) claimed that the left lateral s#iipeearthquake

activity continuing offshore in a zone appears to be like wi t h t-he Kar at a
Osmaniye Fault and the Girne Mountain range of Northern Cyprus. Yurtmen et al.

(2000) st at e dOsmamiget Fault Home fétrasr aapard &f the modern

Turkish-African plate boundary. In thdpdated Active Fault Maps of MTA (Emre et

al., 2012)Kar at ak Faul't l'ies 1 n parallel to the Y
these two very close fault <Sempnyelnands ar e r ept
Kar a0smakiye2 Subs e gment s t hat foll ows t he Kar at a
rupture fagecast. The eastern continuation of this system, thessgiment named as

Ka r a0smakiye3, was not mappetty MTA; therefore, the fault geometng

determined based on the distribution of seismicity and fault lines given in McKenzie

(1976), Hempton (1987), and Westaway and Arger (1996) (Figure 2.10b).
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216Northern Strandtafd&l®RFZnd Sgagrgun Rupture
The main strand of EAFZ shows a narrow defo
¢eli khan; however, starting fromsplihe west of
from the main strand of the EAFZ and transfer the deformation out of the fault zone.

SFZ (here ef erred to as S¢rg¢ and ¢Cardak Rupture
a sinistral stri ke slip fault by Arpat and |
delineated by Perin-ek and Kozlu (1984) and
(2006) al® mentioned that the SFZ took up the sinistral displacement between the

Arabian and Anatolian plates in the East@natolia during the Pliocene.

Strike-slip
> @ \ith reverse component

At &

c’» Pure strike-slip : 3%\

4 & trace of o,&oc, plane
& Strike-slip —-- trace of 6, &c, plane

» with normal component

Figure 2.11: The Spatial Distribution of Horizontal Components of Constructed Palaeostress
Configuratonsand Segments of the SFZ (taken from Ko- and Ka

According to Ko- a n dhasKnzogpmodioni@ feafu2 dnd@ ) , SFZ
kinematic data indicating dextral strilgdip nature with reverse (in the west) and

normal (in the east) components; howe it is subparallel to the sinistral EAFZ

and this makes the SFZ an enigmatic structure in having a dextral sfifke

character within a sinistral strikslip setting The authors presented the smoothed

trajectories of the principal stress planeseblasn stress inversion results (Figure

2.11) and proposed that SFZ is a dextral stslke fault zone, which has a reverse
component in the west especially along the
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¢ardak Rupture System); Ilgalahg theokummadva ¢ 0 mp c

Segment (here referred to as S¢rgeé¢ Rupt ul

36.‘5° E 37‘.’ E 37.?" E 38;’ E
- - =
! Hekimhan
fjni‘t“bai - Siwim .
, 3 5
) 5
: & Darende b =
/ W\ MALATYA
38,5 N+ 5 sanz 5 : ) F38,5° N
* A - Akgadag ) M.alitya
L] o £ y )
Jo ] Al ®
° © . Etbistar i \ 5

{ “»
Rgganehh oL

. 2omlyt ' 2m
LU

)

38° N “[F38°N

”

bl o

A ADIYAMAN

g ®
AR ERD Py g Adiyaman
2
-
Besni
Gakirhiyok J
; ¢
37,5° N S 37,5° N
Yaylak
. Magnitude (Mw) ©4-45 ©6-6.5
K ©45-5 @g5-7
©5-55
Py MR o L = @7
5O erEns — its
o -W‘),. Strike Slip Faults
- = - ff Content may ndt feflectNational Geagrapbic{ * * * Strike Slip Faults Which are not
- - : ||qu§§r§ GRFARTHRE NERWOIC GsUN|  mapped by MTA (2012)
37° N1Q 2’ ¥ 50 g : Sorp ‘ F37°N
T T T

36°E 36,5° E 37°E 37,%" E 38°E

Figure 2.12: Northern Strand of EAFZ (S¢rge, ¢ a
Sub-segments, the Buffer Zone Used for Source to Epicenter Matching, AssignelipSRates and
Seismicity of the Region

Duman and Emr e (20 xMigis Fauk {SMIR) esgstent d&sethe S¢r g
northern strand of the EAFZ and divided the system into twedtdtal strike slip
strands separated by G° k doFigureRel fot details).ni ng |
The 160 km | ong eastern strand between C
S¢rg¢e and ¢ardak Rupture Systems) coinci
Kaymak-¢e& (2013) . Figure 2.12 aSFdweeryt hat
|l ow: only 4 events with Mw>4 can be | oca
Kaymak-é& (2013) di s c u samsgnitlde teversts recorde@ in t wo
1986 are located at the intersection of the SFZ with the Malatya Fault Zone;
therdore, association of these events with SFZ is not very clear. Duman and Emre
(2013) showed that the strike of the fault system changes by an averageabfhs

end ofG° ksun Restraining Bend and stalNEn ¢t he
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SW trend. Theauthors divided the western strand into severaisagments which

were later grouped into Saveidno pr akkal e Faul t Kyagtagmkand YU
Faul t System. Later fault S y s-Osmaniyel s alread
Rupture System; therefore, SaviRapture System is built by combining the Savrun,

¢tokak and T espgments ldefiheé in Bumbn and Emre (2013) (Figure

2.12).

216.1S¢rg¢ Rupture System

The fault segments between ¢eli khan and Mal ¢
the S¢tgpe RGBpstem (Figure 2.13). S¢rg¢ Faul
¢eli khan wit h W ptnke amxl itemanttes! ity theENurhak Fault

Complex.The fault has a sinusoidal shape with total length of about 64 km (Arpat

and Saroglu 197%)nd the bifurcatiomngle is about 3 Ko - and Kaymak-&, 20
In its eastern part, the fault is characterized by a shutter ridge with 17 km long and 1

km wide then traverses westwards for 20 km
River Valley, where tributaries andtervening ridges are offset systematically. In

the west, it is represented by two subparallel faults 5 km apart ending with the

Nurhak Area of Fault ComplexityDuman and Emre2013). Various kinematic

indicatorsand morphological feature@glated with he activity ofS¢ r g¢ Fault Zone
(SFZ) are observedrom the satellite images dhe region. ie most prominent of

these are the linearly arranged pressure ridges formed mainly along the Kurucaova
Segment (here reffered -oversalangth&maingaurse3 Segment
of the SFZ ( Ko- BumdnakdEynn@Z013) stated ti2alah Sffset

of the fault trace across the surface of a Holocene alluvial fan shows Holocene
surface faulting occurred aloeag the S¢rge¢ Fa
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2162¢ardak Rupture System
¢ardak Faul t -sligfault zodeestartdingetiveers Nurhakknethe east
and G°ksun Restraining Bend in the west

and it is divided into eastern and western sections separated bkma-Qusle right

stepover Duman and Emreg013). The eastern continuatiohtbe fault is relatively

near

Wi

Kaymak- €

t h

(2013)

a

gener al

stated

stri

k e

t hat

t he

of

N75W and

eastern

has a reverse component which exhibits a noticeable bending gedavedryl the

south based on palaeostress configurations. THarBldng western section stand

side by side with the rock units related to Berit Mountain with a volcanic complex on

t s

northern

bl ock. This sectiontrendncl ude
N45E at its western tip. As Figure 2.14 shows, twosetpments defining the eastern
sections of the ¢ardak Faul't

and

western
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2.1.6.3 Savrun Rupture System
bui

segments defined in Duman and Emre (2013) as shown

Savrun Rupture System is
segments exhibit distinctive active Hditeral fault features such
shutter ridges, topographic saddles and fresh fault scarps

northern outcrop of the Misiéndér eén Compl ex

1984 Robertson et al., 2004). Savrun Rupture System has a total length of 63 km

with a general strike of N4OE (Table 2.1)t begi ns

't by -combining
in Figure 2.16. Fau

as offset channels,

and they delimit the

( Kozl u, 1987, P
from G°ksun Rest

and extends up to Kesiksuyu Dam in north of Sum8axe the style of faulting for

the NorthernStrand of EAFZ is a cordversial issue, a set of sensitivity analysis is

performed to understand the impact of this parameter on the hazard results.
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The sensitivity analyses are performed for example-faedir and far field sites

(shown in Figure 2.16a) by changing the style of faulting parameter (as-dipke

and reverse) and the dip angikthe fault (9@ for SS and 4%5Afor RV). Figure

2.16(b) and (c) show the hazard curves for Site 1 and Site 2, respectively (please note

that in the sensitivity analysis, all rupture systems defined above are employed). For

near fault site, the dip alegand $yle of faulting (SoF) parameter do not have a
significant effect on the hazard results as expected. As the gotsite distance

increases, decreasing the dip angledaases the PGA, especially for higher hazard

levels. If the dip angle isseed as 68 t o represent the oblioc
then the choice of SoF parameter does not change the design PGA values. Based on

the analysis results, the SoF parameter is selected to be both SS and RV (with equal
weights in the logic tree) and thip angle is sett65A i n t he PSHA run
segments of S¢rg¢ and ¢ardak Rupture SysH
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217G°kdere Restraining Bend

G°kdere Restraining Bend stands between east
to Duman and Emre (2013) GCOknllengley2Fkenstr ai ni ng
wide and changes the general strike of the EAFZ arouAdThe authors observed

folds, thrusts and strike slip faults in eastern and western parts of the Tidend.
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southern edge of the bend is bounded by the Murat River, which wasitedy

incised to adepthof 7000 000 m during Quaternary tim
Herece (2008) measured approximately 600 m uplift based on elevated terrace
deposits during the same period. ln t he
apat Basin. The northwest and southeast flanks of the bend are delimited by strike

slip faults. In the northwest, faults related to a continuation of the Palu Segment
merge with the bend and are transformed into thrust faults or anticlinalxesg
andEme,2013). Arpat (1971) and Arpad4«mand ka
|l ong surface ruptures related to the 197
of t he faul t s-Kamoldéeolvead -&alhd RUFuEt Qystegne are
discontinuous neahte G° kder e Restraining Bend. On
were observed in this region during the instrumental period (Figure 2.17). To model

this seismicity, two alternative source zone models are defikleztnative 1 is an

areal source zone that coanct s t he neKarhlb®@ov a g®adud éPgt ¢
Rupture Systems as shown in Figure 2.17(a) ti@areal source zone, the truncated
exponential magnitude distribution model wasedwith a maximum magnitude

value of Mw=6.9 based on the length of taulthat defines the boundaries of the

bend. Thefault mechanism of the areal source was selectedvasse faulin order

to be on the safe side. The parameters of the truncated exponential model are not
calculated using the seismicity within the zonecsiithe limited data may lead to
statistically unstable results. Instead, thard bvalues calculated for the EAFZ are

used to constrain the zoseecific a and bvalues by directly adopting thevalue

(slope) and normalizing the activity rate@uée by the area raticAlternative 2 is

defined by adding th&° k der e Segmentl |(®e6a |l lem)vat dRuph
Systemb et ween the east of PalFigure2ddb). Bithisg © | B
alternative model, a planar fault for western continumatioo f -K &t E€éava Rupt
System was considered although it was not mapped iJgaated Active Fault

Maps of MTA (Emre et al.,,2012) I n order to be consiste
source model parameters, 15 km width and 10 mm/yr slip rate is abdigribe

G°kdere Segment .
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2.2 Rupture Models and Moment Balancing Procedure

After the fault geometry models are defined, the rupture models are built by
following these steps: i) selection of the proper magnitude probability distribution
functions (PDFs) and defining the model parameters, ii) association of the catalog
seismicity with the defined rupture systems, iii) modeling the accumulated seismic
moment using the rmual slip rate and selected magnitude PDF to form the
magnitude recurrence model, and iv) balancing the accumulated seismic moment

with the released seismic moment lthea the associated seismicity.

2.2.1 Magnitude Probability Distribution Models and Model Parameters

Seismic sources generate different sizes of earthquakes and magnitude distribution
models describe the relative rate of these small, moderate and large earthquakes.
Typical magnitude distributions functions that are use®SKHA are showim Figure

2.18.

fm (Mw) Truncated Exponential Model

/} Composite Model

Characteristic Model

-

Mw

Mchar

Figure 2.18: Magnitude Distribution Functions Used in PSHA

The exponential model proposeoy Gutenberg and Richter (1944) is the most

common magnitude recurrence relation:
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0EW & @ 2.2

In Equation 2.2, Ms magiitude N is cumulative number of events larger than M; a
is activity rate and b is the relative rate of different magnitude eventsedbétion

is truncated for mimhum and maximum magnitudes because there is a certain
limited magnitude that a source cg@moduce and there is a certain minimum
magnitude that is considered in engineering applications.

After being truncated from both ends the function takes the following form as shown
in Equation 2.3 and 2.4:

A @ 0 0
Q0 ! il — - 2.3
p A@Br 0 0
I AP T © 2.4
where 0 is the minimum magnitude and is the maximum magnitude.

Youngs and Coppersmith (1985)ggestedruncated exponentiahodel for large
regionsand regions with multiple faults. According to authors this madeeneral

is not suitabldor individual faultswhichmay tend to rupture as
events. The alternative magnitudwdelf or t hi s case i s the
proposed bySchwartz and Coppersmith (1984yed line in Figue 2.18). In
characteristic PDFonce a faulbeginsto rupture in large earthquakesjstlikely to
rupture the whole fault segment andgenerate similar size earthgpkes. In
characteristic modelsmaltto-moderate magnitude vents on a fault are not
considered.

In 1985, Youngs and Coppersmithroposed composite mod#iat combines the
characteristic magnitudaodel(black line inFigure 2.18)andtruncated exponential
model. Bothseismologicaland geological properties are considered this new
model Large magnitudevents are represented withe characteristic earthquake
magnitudeand small to moderate magnitude events areesepited byexponential
model The key feature othe composite modes the relative size of the released
seismic moments for small to moderate and large magnagad&quakesin this
model, 94% of the accumulated seismic moment is released by the ehstiact
earthquakesaind 6% of the accumulated seismic moment is releasedntgitto-
moderate arthquakesThe equations that define the composite magnitude PDF is

given below:
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and Myharis the characteristic earthquake magnitude.
G¢l erce and Vakilinezhad (2015) showed t

magnitude PDF with seismic sources defined by planar fault geometries results in
unrealistically high rates for smdlth-moderate ragnitude eventsTherefore, the
composite magnitude PDF proposed by Youngs and Coppersmith (1985) is preferred
to represent the relative rates of small, moderate and large magnitude earthquakes
related to the rupture systems defined in Section 2.1. Only fa he G° kder e
Source (Alternative 1), the truncated exponential magnitude PDF is employed
(please refer to Section 2.1.7 for model parameters). The minimum magnityde (M

is set to M,=4.0 for all seismic sources. Characteristic magnitudes for ssghent

are calculated by the relationships proposed by Wells and Coppersmith (WC94,
1994) and Hans and Bakun (HB14, 2014) for steke faults and are listed in Table

2.1. As shown in Figure 2.19, the difference in the estimateg,Malues using
WC94 and HB14 equations is not very significant (less than 0.1 magnitude unit for
all magnitudes) and the values estimated by WC94 equations are systematically
larger than the values estimated using HB14 equations. The more conseraijve M
values based on W84 equations are preferred and used in the developed SSC
model. The upper bounds for the magnitude distribution functions,.fMare
determined by adding 0.25 magnitude units to the characteristic magnitude for each
source.

The Integrated and Homogeneoluskish Earthquake Catalog (Kalafat et al., 2011)
published by KOERI including the events with,# that occurred between 1900

and 2010 is utilized to represent the instrumental seismicity in the region. This
catalog is enriched by the M4 events that ocered in between 2011 and 2014
(downloaded fromhttp://www.koeri.boun.edu.tr/sismo/2/earthquadegalog/). The
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My values for 41 events that occurred in between 2011 and 2014 were not available;
therefore, magnitude conversion equations proposed by Akk&r(@010) (given in
Equations 2.7 and 2.8) are used to calculate these misginglives.

Mw=1.104M,-0.194, 3.5,0 o 3 2.7

My=0.953M.+0.422, 3. 800 6.8 2.8

Difference between Mchar (WC94) and Mchar (HB14)

0.10
T
= +* +o
= * ¢ *
5 Toene
= *
2
= 0.00 *
- *
&
]
£
=
=
2
= -0.10

6.50 6.60 6.70 6.80 6.90 7.00 7.10
Characteristic Magnitude estimated by W(C94

Figure 2.19: TheDifference Between Characteristic Magnitude Values Estimated by WC94 and
HB14 Equations

After the magnitude scales are unified, aftershocks and foreshocks are eliminated
based on the method proposed by Reasenberg (1985) using the ZMAP software
package (Wemer, 2001). Reasenberg (1985) algorithm assumes a dynamically
modeled (spatial and temporal) interaction zone centered on each earthichake.
events which occur in the zone of previous earthquakes are defined as aftershocks.
The bvalues for each zone @lwn in Figure 2.20 are calculated using the maximum
likelihood method provided in ZMAP software package and presented in Figure
2.21. Figures 2.21a€) show the completeness magniwded the bvalues for

| | Kaal éov aPRalRugt ¢Praepekr kb e B@smaniye, and Amanos
Rupture Systems. The completeness magnitude and-vh&id calculated for the
whole EAFZ shown in Figure 2.21(f). Analysis results show that thalle varies

in between 0.64 and 0.90 for different rupture systems defined &ARZ, whereas
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the bvalue for the whole system is equal to 0.84. A recent study on the earthquake
probabilities around EAFZ by Bayrak et al. (2014) proposed quite simiatues

for approximately the same rupture systems as shown in Figure 2.22.nBibtis i

study and in Bayrak et al. (2014), the lowesta | ue i s obKanIneadv d o
Rupture System inKHachéowg tagtornt hkbadl Bic
when compared to the others. Both the rupture system spedifitués (shown in

Figures 2.21 (a&)) and the fvalue calculated for the EAFZ (0.84 according to Figure

2.21(f)) are employed in the PSHA with equal weights assigned in the SSC logic
tree. Since the seismicity within the b
Savrun Ruptre System is limited, only thevmlue calculated for the EAFZ (0.84) is

used for these rupture systems.

35;’ E 35,1‘3" E 36: E 36.?” E 37: E 37‘?° E 38:’ E 38,?" E 39: E 39,?" E 40:’ E 40,?“ E 41: E
N
40° N ‘L’ : 40° N
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38,5° N+ F38,5° N
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37,5° N F37.5° N
37° N F37°N
36,5° N [F36,5° N
36° N 36° N
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0 30 60 120 180 240 Esri. HERE, DeLorme, Map . © Opens and the GIS user community
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Figure 2.20: Zones Defined Around the Rupture Systems to Calculate the\talues
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2.2.2 Associationof Catalog Seismicity with Defined Rupture Systems

Associating the catalog seismicity with defined rupture systems might be
challenging, especially when the distance between the parallel fault strands is
relatively small. To perform sourde-epicenter mahing, buffer zones are created
around the rupture systems and the epicenters located within the buffer zone are
assumed to be the earthquakes originated from that particular rupture system. The
buffer zones cKaeraltéeodv aRalupPagntrdgbd gkeé o a k 5 Kar at ak
Osmani vye, Ama ey Saviud RuBwe fystems are shown in
Figures 2.4, 2.6, 2.8, 2.9, 2.13, 2.14 and 2.15 respectively. Bulut et al. (2012) stated
the seismicity around the regigenerally follows the trend of the EAFZoag a 20

km wide stripe except for the Celikhan Area wherefafiit distances of seismicity
clusters are larger. We used buffer zones that are 10 km wide (5 km in each side of
the fault)-KaarlcwwvdaPR alRedaxGsmanige, Amanos and
Savrun Ruptur e S yEskeneknRiptureFSgstem, Bha buffar zogekis
slightly widened to 12 km (6 km in each side of the fault) to be able to capture the

seismicity in the region. Snaiehe EAFZ splits into two brancl
¢ el i kshmaanl, | modi fications ar e made - on t he b
Osmani ye, Amanos ; -Ekenek R®pgire gSystems Raa ghawn dné k

Figure 2.9 and 2.13.

2.2.3 Accumulated Seismic Moment and Magnitude Recurrence Models
Magnitude PDF only representise relative rate of different magnitudéwents In
order todeterminethe absolute rate of eventhe rate oeventsabove the minimum
magnitudewhich is termed athe activity rate N(Min), should be used’he activity
rate of areal sourcemay be calalatedbased orthe seisicity within the defined
area. Howevemn order to calculate the activity rate of fault sourt¢kes,accumulated
(Equation 2.9) and releaséquation 2.10¥%eismic moments are balanced (Equation
2.11)

Mo= & D 2.9

| Q¥o=1.5M+16.05 2.10

N Mmih = °A S - 2. 11
>an:an”Q(MW)1 b_M5,+ 16 dlo 5
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The activity rateand themagnitude distribution are used to calculate the magnitude
recurrence relation, N(M), as shown in Equaoh?.

NM = Wy, o 0 2. 12

2.2.4 Annual Slip Rate

Equations 2.2.12 indicate that the annual slip rate is one of the most important
parameters of themagnitude recurrence model. McClusky et al. (2000) and Reilenger

et al. (2006) proposed a 10 mm/yr slip rate for the northeastern part of the EAFZ
(between ¢eli khan and Karl éova) based on
well-established value for the n nu a | slip rat&arbéawdapan:
P ¢ t ¢Palg Rupture Systems. On the other hand, various interpretations on the
annual slip rate are available for t he
(corr esponds-Erkenek Ruptare Bmsnzdafined énkthis study) in the

current literature. Figure 2.23 shows the decrease in the annual slip rate associated
with the EAFZ from north to the southern end of the fault zone. Meghraoui et al.
(2006) and Karabacak et al. (2011) suggested the 9 niolgcene slip rate based

on pal aeosei smol ogi c al -Erkenek eegidn.i Maormaud n s f

(2012) also proposed a similar value for the annual slip rate based on GPS

measurements for the east of Tg¢rkdaa | u. H .
slip in the region is shared by the ErKk
D¢zi - i Fault and smaller unmapped faults
folding; therefore suggested a reduced s

of EAFZ. Similarly, Duman and Emre (2013) anticipated-8.8 mm/yr slip rate for

the Pazarceéek and Erkenek Segments based
geodetic dat a. I n this study, -Bkenekm/ yr S
Rupture System coitering that the total slip rate is shared by the parallel Savrun
Rupture System based on the interpretations of Herece (2009) and Duman and Emre
(2013).
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Figure 2.23: Annual Slip Rates Based on the Block Model Proposed by Reilinger et al. (2006)

The Kar asmakiye and Amanos Rupture Systems are considered in the

earthquake rupture forecast as parallel fault segments that share the total slip rate in

the region. Arger et al. (1996) recorded 3.5
Kar a0smakye Rupture System, which corresponds to a slip rate of

5. 8N1. 5mm/ yr b sagendatingrtechpigue ansgsatetnany basalts of

the region. Meghraoui et al. (2009) investigated the kinematics of Matakya

Triple Junction and proposed a block rabdased on repeated GPS surveys between

1991 and 2004 that analyze the horizontal velocities at 22 stations located across the

EAFZ the Dead Sea Faul't Zone (DSF2z). Based
mm/ yr slip rat-©Osmardye BaslisSsKOFhanHaRab7Z&&. 9 mm/ yr &
the Karasu Fault (KF) was suged in the offered block modéh 2011, the authors

modified the slip rates proposed in 2009 based on repeated GPS surveys with 32

(observed and predicted) GPS vectors using a simulated annglglomighm with a

downhi | | simpl ex met hodsmaniye Eaulswas reducecht e on t |
to 5.6N1.7 mm/yr and 3.8NK2 mm/yr slip rate
(where Yesemek and Amanos Faults stand) by Meghraoui(204atl)

In 2012, four alternative block models for the fault segments on the south of

T¢rkojlu juncture was proposed by Mahmoud (
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Exceptfor Model A, all models predict similar slip rates for tmain strand oEast
Anatolian Fault (9 mm/yearh value comperable with the previous estimates based
on geodedic measurements and long term geological estimates. In Model A, the
Ka r a0smakiye Rupture System was neglected whereas in Modeiw®,
microplates between KOF and KF was defined; thereforly, Models B and C are
consistent with the fault model defined in this study. The fault slip rates predicted by

each alternative block model proposed by Mahmoud (2012) is given in Figure 2.25.

/ ,A,;;«'n
P /

o i 77 Arabia -
Arabia //'/ 34

32

32

Figure 2.24:B1 ock model s t e s fTripk Junaion bytMalemoud 20190 ] | u
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Figure 2.25: Fault slip rates predicted by the block models prosed by Mahmoud (2012)

According toFigure 2.25, the slip rate partitioningetween KOF and KF is not

significantly affected by the block defined on the southlatay. The annual slip rate

on the-OKkamaai g Rupture Syst enm/yrwaModele st i mat ed
B and mMm/iBHYModel C. It is notable that these estimates are not really

consistent with the previous annual slip rates proposellldyhraouiet al. (2009

2011 but close to the slip rate values proposed by Rojay (260gay et al. (2001)

proposed that the Karasu Fault Zone is a linkage zone between DSFZ and EAFZ and

this fault zone has a left lateral slip rate of 4.1 mm/yr based on thdatalna from

46



displaced lavasOn the other hand, Seyrek et al. (2007) suggest2@ mm/yr slip

rate for Amanos Fault based on radiometric dating study on quaternary volcanism

and the slip rate of 2.68 mm/yr was given for the Yesemek Fault based on a
measirement of 10 km offset of ophiolites from the southern section of the fault by
Westeway (2003). Bertrand et al. (2006) suggested 1.5 to 2.3 mm/yr slip rate for
Amanos Fault based on GPS studies. In the light of above discussions; 2.1 mm/yr

slip rate is asigned for Amanos Fault and 5.9 mm/yr slip rate is assigned for

K a r a0srmaakiye Fault considering the total slip rate of 8mm/yr for the east of
Té¢rkojlu al ong t he Thaimpact sftthisassunptiorfonthdr e E A

proposed hazard maps is thorougtiiscussed in the last Chapter.

2.2.5Balancing the Accumulated Seismic Moment by Released Seismic Moment

The magnitude probability density function andodel parametergb-value or
maximum magnitude¥hall betestedbefore implementing them in a PSHA study

(G¢l er ce and20¥% A weight isgiventioaeach rupture scenario and the
cumulative rates of eventelated withthat particular rupture system are plotted

along with tle weighted average of the rupture scenariobal@ncethe assigned

weights and to evaluate the balance of the accumulated and released seismic
mo me nt . moiménbalanding graphd K&damlreovikar(-Elo&aa
G°kder e)PalPy,t ¢ Edienda y c KlkeOrsartaank y e , Amanos,
¢ardak, and Savrun Ruptur e -&38srdsgeatugely.ar e p |
In these plots, the black dotepresenthe cumulative annual rates of earthquakes

and the error barstand forthe uncertaintylue tounequal periods of observation for

various magnitudes (Weichert, 1980). The best fit between the cumulative annual

rate of events and the weighted average of rupture scenarios (red broken lines) is
established by modifying the weights of the rupture scesar

In Figures 2.2&.33, the scenarios that are separated by plus signs in the legend are
the scenarios with multiple rupture sources. When multiple segments rupture
together, these scenarios are separated by a comma sign in the legend. For example,
thel +K | ine in Figure 2.26¢(a) represents
segments are ruptured individually. This scenario brings in relatively higher rates for
smaltto-moderate earthquakes when compared to the I,K scenario which represents
the ruptue of these two segments together to produce a larger event. In each
fimoment balancimy pl ot , relatively higher wei gh
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scenarios that combine the individual (singégment) rupture sources based on the
assumption that singleggment ruptures are more likely than multisksgment
ruptures. The weights assigned to each rupture scenario are shown in parenthesis in
Figures 2.262.33 and these values are adopted in the logic tree. Please note that none
of the scenarios are discardey assigning an insignificant (or zero) weight in the
momentb al ancing procedur e. For somePalu upture s\
Rupture System shown in Figure 2.27, number of associated events is large enough
to constrain the scenario weights assigttedach scenario. For Amanos and Savrun
Rupture Systems, the number of associated earthquakes is very small, indicating that
the assigned scenarios weights are not statistically stable. For these rupture systems,
extreme combinations of scenan®@ights ae avoided. It is notable that for all
rupture systems, the rate of lang@agnitude events is overestimated by the proposed
recurrence models (within the limits of the error bands in positive side). Since the
catalogue used in this study is limited to thme range of 190@010 and all large
magnitude events on EAFZ was occurred before that time span, this overestimation
is misleading. Proposed recurrence model would be bmitestrained in the large

magnitude range if these historical earthquakes weheded
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and Proposed Magnitude Recurrence Model
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Figure 2.30: Cumulative Rates of Catalog Event$or Amanos Rupture System and Proposed
Magnitude Recurrence Model
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Magnitude Recurrence Model
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CHAPTER 3

GROUND MOTION CHARACTERIZATION

Attenuation Relations or Ground Motion Prediction Equations (GMPES) are used for
the prediction of strong ground motion parameters and associated uncdréasiedy

on the parameters such as magnitude, setorsgge distance, locadoil conditions,

fault mechanism, etc. GMPEs are widely used in both probabilistic and deterministic
seismic hazard analysis as well asriany earthquake engineering applications like
seismic analysis and design of structures, social and financial #bissaton,
development of regional seismic hazard maps for use in building coddsa #te.

last two decades, many global and local GMPEs have been developed as a result of
enlarging, regional andlobal ground motion databases. The decision of which
modé to employ isa critical step ina PSHA studybecause the resulting design
ground motions are strongly dependent on the chosen GMPEs. Local models are
derived based on regional databases and they are more likely to reflect the regional
tectonic charactestics compared to the global models. On the other hand, local
GMPEs have smaller (and less stable) databases and generally do not extrapolate
well to larger magnitude events. Also because of their limited databases, local
GMPEs may not provide realistic mstraints on some important features such as
short di stance scaling, style of faul ti:
2015). According to Bommer et al. (2010), local models may not give very precise
results while adding larger uncertainty due the problemsrelated with the
extrapolation of magnitude scaling determined fremaller events. On the other
hand, global GMPEs have larger well compiled strong ground motion database
which decrease the epistemic uncertainty in the models. Howevea] @MPESs do

not reflect regional characteristics as well as local models and their applicability

should be evaluated before implementing them in the PSHA study.

3.1 Regionalization of Global GMPEs
The Pacific Earthquake Engineering Research Center (PEER) launched an extensive
research program in 2003 to develop stdtthe-art GMPEs for shallow crustal
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earthquakes in active tectonic regions. In 2008, the research project ended up with a
comprehensie database of strong ground motions recorded worldwide and a set of
peerreviewed GMPEs (NGANestl models) were published for horizontal ground
motion component (Power et al., 2008). Slowly, N@BA&stl models have been used

in PSHA studies in various regis, raising the issue of their applicability outside
California. Recent studies by Stafford et al. (2008), Scasserra et al. (2009}, Shoja
Taheri et al. (2010), and Bradley (2013) tested the applicability of the-W@#t1
GMPEs for EureMediterranean Regigritaly, Iran, and New Zealand. Scasserra et
al. (2009) have taken a further attempt and modified the distance scaling of the
NGA-Westl GMPEs by reegressing the model coefficients related to the distance
attenuation and the constant term for PGA, 02, D.and 2 second spectral periods.
Bradley (2013) found that the Chiou and Youngs (2008) model performed better than
the other NGAWest1l models in capturing the difference between small magnitude
scaling of the NGANestl and New Zealand datasets, espgcaiter the small
magnitude model proposed by Chiou et al. (2010) was included. However, several
other features of the Chiou and Youngs (2008) GMPE had to be adjusted for New

Zealand and coefficients of the modified model were provided by Bradley (2013).

3.1.1 TR-Adjusted NGA-West1l Models
G¢lerce et al . (2015) performed a comprehens
of the NGAWestl GMPEs in terms of magnitude, distance and site effects scaling
with respect to the Turkish strong ground motions. Hughors systematically
modified the incompatibilities between the N&¥estl GMPEs and Turkish strong
motion dataset and recommended a new set of Tigpegific versions of the NGA
Westl GMPEs, the THRdjusted NGAWestl GMPEs. Since the details of the-TR
adjusted NGAWe st 1 model s are discussed in G¢lerce
summary is provided below:
T The Turkish strong motion dataset used b
1142 recordings from 288 events with the earthquake metadata,-sogite
distance metrics for the recordingsssyvalues for the recording stations, and
horizontal component spectral values in terms of GMRotI50 (Boore et al.,

2006) for 23 spectral periods between 0.01 and 10 seconds.
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1 By using randorreffects regression with eonstant term, model residuals
between the actual strong motion data and global model predictions are
calculated for a period range of 0-0Q seconds.

1 From residual plots, the differences in the magnitude, distance, and site
amplification scaling betweenhe Turkish dataset and the NGMestl
models are evaluated.

1 Interevent residuals indicated that the ground motions in the dataset are
overestimated by all 5 NGAestl models. In order to preserve the well
constrained large magnitude scaling of the dlatetaset, only smato-
moderate magnitude scaling of the N@Westl GMPEs is modified.

1 The distance scaling of the NGAlestl models is not adjusted because no
trend is observed in the intevent residuals vs. rupture distance plots up to
100 kilometersAS08 (Abrahamson and Silva, 2008) and CY08 (Chiou and
Youngs, 2008) models with separate gamma terms are modified for the
distances between 100 and 200 km.

1 An adjustment function is fitted for &¢p scaling in AS08 and CY08 models

in order to modify overgimation at the dfi soil/engineering rock sites.

Turkey adjusted NGA models are compatible with the regional strong ground motion
characteristics and preserve the well constrained feature of the global NGA models;
therefore, they are suitable for gr@umotion characterization studies in Turkey
(G¢l erce et al ., 2015) . G¢l erce et al
median predictions of THDO8 model (TRadjusted version of the Idriss, 2008
model) remains for the long periods even after abdgistment; therefore, the TR
adjusted version of the IDO8 model is excluded and all otheadjisted NGA
Westl models are included in the GMPE logic tree in this study.

3.2 NGA-West2 Ground Motion Prediction Models

Some important issues in the GMPE fpanance and supporting research projects
were not addressed in the course of N@&stl project; therefore, NGW/est 2
project was launched in 2011 to update N@/&stl project. The new project mainly
targeted to: 1) expand the NGAestl database for smathoderate, and large
magnitude events; 2) revise the N&¥estl GMPEs for the horizontal component of

ground motion and develop new GMPEs for the vertical ground motion data; 3)
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develop damping models to scale response spectra predicted by GMPEs to damping

values different from the reference value; 4) evaluate directivity models and their

effects on horizontal ground motion and directionality of horizontal ground motion.

The GMPE developers of NGWest2 research project are Abrahamson, Silva, and
Kamai (ASK#4 model); Boore, Stewart, Seyhan, and Atkinson (BSSA14 model);
Campbell and Bozorgnia (CB14 model); Chiou and Youngs (CY14 model) and Idriss
(114 model). Within this project, the database has expanded to 21,332 (10,706

recordings associated with events@00OM,, 04.5) recordings with mainly three

componentecordings. This new database has events with magnitude ranging from

Mu=3 to M,=7.9 and recordings with distance ranging from 0.05 km to 533 km. The
applicable ranges for the ASK14, BSSA14, CB14 &¥il4 models in terms of

distance, magnitude, shear wave velocity and spectral periods are listed in Table 3.1.

Table 3.1 Model Applicability Range of the Four NGAWest 2 GMPEs for Magnitude, Distance,

Vs30, and Spectral Period

NGA-West2 Model| ASK14 BSSA14 CB14 CY14
Magnitude (Mw) 3.8-8.5 (?é'g:g'\f) 3.3-8.5 (SS)| 3.5-8.5 (SS

. 3.3-8.0(RV)| 3.5-8.0

Mecah Al 3.3-7 (NM

(Mecahnism) (A NM133.7.0 vm| ®RV.NM)

Distance (km) 0-300 0-400 0-300 0-300
Vs;30(NVs) 180-1500 150-1500 150-1500 180-1500

: PGA-10sec| PGA-10sec | PGA-10sec

Period Range PGV PGV PGV PGA-10sec

It has been recognized that the N@Westl GMPEs lead to an owprediction of

ground motions from small to moderate events (Chiou et al. 2010, Atkinson and

Boore 2011, Campbell 2011). Based on the new and large database, the magnitude

scaling of NGAWest 2models were changed to account for this guediction

probl em

for

smal |

t o

moder at e

magni tude

(2015), magnitude scaling of the NGAest 2 and TRadjusted NGAWest1l models

is very similar for CB14 and CY14 modelgth more flexible functional forms,

except for the small difference in 5<M<6.75 range. For smaller magnitudes (M<4),
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predictions of NGAWest 2 models and TFRdjusted NGAWestl models are

similar. The updated model by Idriss (2014, ID14) has approximabelysame
magnitude scaling with the previous version (ID08) and both models are significantly
different than the TRadjusted version. Therefore, NGAest 2 model proposed by

Idriss (2014) is excluded from the candidatdFE list.

ASK14, BSSA14, CB14, andY14 models acknowledged the regional differences

in large distance scaling; however, regional terms were developed for regions like
Taiwan, Japan, China and Italy with significant amount of data in the-W@&#t 2

database. The number of Turkish recordimgthe NGAWest 2 database is sparse

(only 55 recordings); therefore, individual anelastic attenuation terms are not
provided for the Turkey. BSSA14 model combined the recordings from Turkey with
the recordings from China fdodidetl oa €Enh as 6
Turkey modification on their scterm. In ASK14 model, Turkish recordings were
grouped with ground motions from I ran un
separate anelastic attenuation or site amplification coefficients are notgurdeid

Middle East region after the evaluations. Similarly, CB14 and CY14 models did not

find a difference between the large distance scaling of California and Turkish ground
moti ons. Findings of G¢l erce etWesatP . (20
prgect: the distance scaling of the Turkish dataset is not significantly different than

the distance scaling of NGWestl and West 2 models.

The suite of the NGAVest 2 models was found to provide median greonadion

predictions that agree to within factmtabout 1.5 to 2. The biggest differences are
realized for the cases in which the N@¥est 2 database is inadequate, such as for

large earthquakes (Mw=8) at close distances, and for hamgiligites located over

the rupture plane of shallow dipping treuakes. Therefore, ASK14, BSSA14,

CB14 and CY14 models are included in the GMPE logic tree to properly represent

the epistemic uncertainty. A brief summary é&ach model is provided below.

3.2.1 Abrahamson et al., 2014 (ASK14) Model

ASK14 model is amupdate to the Abrahamson and Silva, 2008 (AS08) model based
on the NGAWest 2 database (Ancheta et al. 2014). The input parameters of the
model are the same as the parameters used by AS08 model; however, following
modifications are included in the new maodie loading level for nofinear site

effects is based on the spectral acceleration at the period of interest rather than the
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PGA; the distance scaling for hanging wall (HW) effects includes a dependence on
the source teite azimuth; regional differees in largedistance attenuation and site
amplification scaling between California, China, Japan and Taiwan are incorporated;
the scaling for the hanging wall effect is developed based on constraints from
numerical simulations; the standard deviation mgnitudedependent with smaller
magnitudes resulting larger standard deviations at short periods, but smaller standard
deviations at long periods and different from the old model, small magnitude events
(Mw=3) are included in the updated model. The fumaldorm of ASK14 model is

given in Equation 3.1 as;

| n Sfa MR),FFrvfz M +Fyfg M +Fa 1 1CRy p#fs 3A; 1 gMs 3 0
Fuwla R R uwRBx, W, BrioR M+fg Z7 ortf1 §Z1 .¥ss)o + R¥s@.6 R), 3.1

wheref; is the basic form of the magnitude and distance dependence for strike slip
earthquakesf; a nfg are functions for style of faulting modél,is aftershock
scaling functionfsg is the site response model using median spectral acceleration on
hard rockf, is hanging wall modefg is depth to top of rupture modé|, 4is the soll

depth model. Regionalization okis also included in this model.

3.2.2 Boore et al., 2014 (BSSA14) Model

The new and improved BSSA14 model is provided as an update foe Boal
Atkinson, 2008 (BAO8) model to compute medians and standard deviations of
average horizontal component of recorded ground motion amplitudes for shallow
crustal earthquakes in active tectonic regions. Regional variability in source, path and
site effects is considered, however the model does not address directivity effects. The

functional form of the BSSA14 model is given in Equation 3.2 as:

InY=Fg(M, mech+Fp(Rjp,M, region+Fs(VszoRip,M,region z 1,§ ¢ IlZ]b,V&o) 3.2

where Y represents theatural logarithm of a ground motiong s the source
function, F is the function related with path andiFs t he si te ,i@ffect fun
the fractional number of standard deviati ons¢

the standard deviation; Mhechand R, are the predictor variables.

3.2.3 Campbell and Bozorgnia, 2014 (CB14) Model
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CB14 model is developed after Campbell and Bozorgnia, 2008 (CB08) model for
estimating horizontal ground motion from shallow crustal continental earthquakes in
acive tectonic regions. This new model brings in the modifications for hanging wall
effects over the rupture plane, improvements in smaljnitude and fasource
estimates, anohcrease in inteevent variability for Mw > 5.5 due to the inclusion of
earthqakes from additional active tectonic regioBssed on the large database of
NGA-West 2, this model presents better constraints on magnitude scaling and

attenuation of small magnitude events. The general form of the equation is given

below as;
InY=In PGA PSA<PGA and T<0.25 s

where fagis the magnitude termg;; is the geometric attenuation terny; i the style
of faulting term; fingis the hanging wall termgfis the shallow site response term;
fsedis the basin response terngp s the fault dip term;f, is the hypocentral depth

term; & is the fault dip term and 4, represents the anelastic attenuation term.

3.2.4 Chiou and Youngs, 2014 (CY14) Model

CY14 model is presented as an update model for Chiou and Youngs, 2008 (CY08)
model to predict horizontal ground motion amplitudes caused by shaliastal
earthquakes occurring in active tectonic regions. The median groatidn values
predicted by CY14 model are similar with older model for magnitudes Mw>7,
however the results are lower for magnitudes Mw< 5. The new CY14 model includes
minor adjusments to CYO08 form related to style of faulting effects, hanging wall
function, scaling with the depth to top of rupture, scaling with sediment thickness,
and the inclusion of additional terms for the effects of fault dip and rupture
directivity. In additon, regional differences in far source (80 km g,RO500 km)
distance attenuation and site effects between California and other sdivaic

regions are included.

3.3 Comparison of the Hazard Curves for Selected GMPE Models
Selected TRAdjusted NGAWestl andNGA-West 2 modelsvere implemented
individually to quantify the effect of each model on the hazard outcome. The study

was performed for two example sites with,&5km and Ry=15km and assuming
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Vs37450 m/s; 760m/s andlD0 m/s for the spectral periods of 0.01 s and 2.5s. For

these analyses, all seismic sources defined in Chapter 2 with the full SSC logic tree

were incorporated. The hazard curves for each individual GMPE is presented in

Figures 3.1, 3.2 and 3.3 and follmg interpretations can be made based on these

figures:

T

In general, the PGA estimations of Fljusted NGAWestl models are
slightly lower than the estimations &fGA-West 2 models. This result is
expected since the magnitude scaling of the-Athusted NGAWestl
models (in average) is smaller than the N@&st 2 models (in average).

Effect of the selected GMPE decreases as the distance from the source
increases. The maximum difference between the estimated PGA values using
different models is about 0.12gr R.,,=15 km case and 0.24g for,R5 km

case for the annual rate of exceedance level of 0.0021 (2% chance of
exceeding in 50 years).

For the annual rate of exceedance level of 0.001, the maximum difference
between the models increases up to 0.14dRf@~15 km case and 0.28g for
Ru=5 km case. For smaller annual rate of exceedance levels (e.g. 0.01), the
maximum difference between the models becomes insignificant, especially
when the source to site distance increases.

For Vs3=450m/s and T=2.5s speal accelerations, TR_Adj_AS08 and
ASK14 model s6 estimates are ggiSknght | y
case.

TR_Adj_AS08 model provides slightly lower PGA values and CB14 model
estimates slightly higher GA values than other models fgs=1100 ms and
Ru=15 km case. On the other hand, ASK14 model estimates are larger than

other models for T=2.5 s.

Since there are no systematic differences between the hazard estimates of selected

models in the high frequency and low frequency rangesadjistel NGA-Westl
models (TR_Adj_AS08, TR_Adj_BA08, TR_Adj_CB08, TR_Adj_CY08) and four
global NGAWest 2 models (ASK14, BSSA14, CB14, and CY14) were included into
GMPE logic tree with equal weights (50 % weight is assigned to global and

regionalized models (12% each)).
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Figure 3.1: Hazard Curves for T=0.01s and T=2.5susing TR-Adjusted NGA-W1 models and
NGA-West2 models (Vs30=450 m/s; Rrup=5 km and Rrup=15 km)

Figure 3.2: Hazard Curves for T=0.01ls and T=2.5susing TR_Adj_ NGA Models and
NGA_West2 Models (Vs30=760 m/s; Rrup=5 km and Rrup=15 km)
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