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Calisma kapsaminda ilk olarak Turkiye ve global 6lgekli iki deprem yer hareketi
veri tabani derlenmistir. Turkiye deprem veri tabanindan Joyner-Boore (RJs) ve
fay kingina en yakin mesafe (Rrup) tabanh yer hareketi tahmin denklemleri
(YHTD) taretilerek farkli deprem senaryolari altinda kargilagtirmalarn yapilmistir.
Tarkiye ve Avrupa’da yapilan YHTD uygulamalarinda Ris mesafe tlrt daha basit
hesaplama asamalarina sahip oldugu icin arastirmacilarin buyuk bir kismi
tarafindan tercih edilmektedir. Yapilan karsilastirmalar 1sidinda, Tarkiye ve
Avrupa tabanli YHTD’lerde c¢ok tercih edilmeyen mesafe turi olan Rrup
parametresinin de Turkiye icin uygunlugu degerlendiriimigtir. Ayrica Ris ve Rrup
denklemlerinin odak merkez (hiposantr) derinligine bagmliliklan da artik
analizleri yardimiyla yapiimistir. Calismanin diger etabinda ise global deprem veri

tabani kullanilarak basit ve kompleks fonksiyon yapilarindaki denklemlerin



degerlendirmeleri yapilmistir. Bu asamada, basit fonksiyon yapisina ilk olarak
hiposantr derinligi ve dalma agisi terimleri ve sonrasinda da tavan blok terimleri
eklenerek kompleks fonksiyon yapisindaki YHTD’ler gelistiriimigtir. Boylelikle
kompleks fonksiyon yapisinin artilari ve eksileri, Ris ve Rrup tanimlarina bagli
olarak denklemlere bir belirsizlik katilip katiimadigi ve mesafe tirl kaynakli olasi
bir epistemik belirsizligin varligi da irdelenmistir. Sonug¢ olarak kompleks
fonksiyon yapisindaki Rrup tabanli denklemler yerine daha basit yapidaki Rus
tabanli denklemlerin gelistiriimesinin  daha makul bir segenek oldugu
gOzlemlenmistir. Ayrica denklemlerin medyan tahminlerinde ve standart
sapmalarinda mesafe tlrine bagh olarak epistemik belirsizligin varhgi da

gOzlemlenmistir.

Anahtar Kelimeler: Yer hereketi tahmin denklemi, Joyner-Boore mesafesi, Fay
kingina en yakin mesafe, Kompleks fonksiyon yapisi, Epistemik belirsizlik
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The Turkish and global scale ground-motion databases are firstly compiled in the
scope of the study. Joyner-Boore (Rug) and closest distance to the fault rupture
(Rrup) ground-motion prediction equations (GMPEs) are developed from the
Turkish ground-motion database and their comparisons are performed under
different earthquake scenarios. In the GMPESs application conducted in Turkey
and Europe, the Rys distance metric is preferred by a significant part of the
researchers because of its simple calculation steps. In the light of comparisons
conducted in this study, suitability of the Rrup distance metric that is not preferred
in Turkey and Europe is evaluated for its potential use for Turkey. In addition,
statistical dependence of the selected Rss and developed Rrur GMPEs to the
hypocentral depth term are examined by the help of residual analysis. In the next

stage of the study, the evaluations of the basic and complex functional form



GMPEs are conducted by employing global ground-motion database. In this
stage, the GMPEs in complex functional form are developed by firstly adding the
hypocentral depth term and dip terms, and then the hanging wall terms to the
basic functional form. In this vein, advantages and disadvantages of complex
functional form, the existence of any difference related the definition of Rss and
Rrup distances, and the existence of epistemic uncertainty depending on the
distance types are evaluated. As a result, development of the Russ based models
can be considered as more sufficient with respect to the Rrup based GMPEs. In
addition, it is observed that the median predictions and standard deviations of

GMPEs include epistemic uncertainty depending on the selected distance metric.

Keywords: Ground-motion prediction equation, Joyner-Boore distance, Rupture
distance, Complex functional form, Epistemic uncertainty.



TESEKKUR

Lisansustu egitimim boyunca engin bilgi ve tecrubelerinden yararlandigim,
sadece bilimsel anlamda degil sahip oldugu essiz bilgisiyle hayatima yon veren,
destegini esirgemeyerek her zaman yanimda oldugunu hissettiren degerli
hocalarim Dog. Dr. Ozkan KALE'’ye ve Dog. Dr. M. Abdullah SANDIKKAY A'ya,

Yardimlari, yapici yorumlari ve onerileriyle tezimi tamamlamamda bana yardimci
olan sayin jiri tyelerim Prof. Dr. Zeynep GULERCE, Prof. Dr. Berna UNUTMAZ,
Dog. Dr. Alper ALDEMIR ve Dr. Ogr. Uyesi Bekir Ozer AY’a,

Bu tezin tamamlanmasinda 118M720 numarali proje ile maddi destek saglayan
TUBITAK’a,

Hayatim boyunca her kosulda bana destek veren ve sabir gosteren, onceliklerini
her zaman benim onceliklerime gore degistiren ve bunun karsiligini higbir zaman
tam olarak 6deyemeyecegim, bugunlere gelmemde en buyuk katkilari olan, bu

hayatta hicbir seye asla degismeyecegim canim aileme,

Sonsuz tesekkdrler...

Oguz Salih OKCU

Eylal 2020, Ankara



TABLE OF CONTENTS

TABLE OF CONTENTS.....oiiit it ettt et e e e e e e e e e eeeee e
LIST OF FIGURES ...ttt e et et e s et e e e e ere e e e eV
SYMBOLS AND ABBREVIATIONS ...t e e e e e XV
1 ANErOAUCHION .. e e e et e e e e e e |
1.1.Strong Ground-Motion Databases...........cccoooev i ceieieeicieee e e 1
1.2.DiStance MEtriCS. ... ... oot et e e e e ]
1.3.General Functional Forms of GMPES............c. oo v 3
1.4 Information About Current GMPES...........ccoii i e 8
1.5.Content of This Study.........eeeeii e e e 1
1.6.0rganization of This StUdy .........ccooeiiiir i e e 12
2.Compilation of Strong Ground-Motion Databases .............ccccceecvveveeieeeennn. 13
2.1.Compilation of Turkish Strong-Motion Database..............cccccceevivvnee.. 13
2.2.Compilation of the Global Database.............cccccooieeicii i, 16
3.GMPE Evaluations for TUrkey.........ccooooiiiiii i e e e 19
3.1.Development of the Rrup Dependent GMPE.............coooiiiiiiii i 20

3.2.Development of the Rrup Dependent GMPE with the Hypocentral Depth
T O M e e e e e et e e e e e eeeene s 24

3.3.Development of Rus Distance Metric Dependent Kale et al. (2013)
Equation’s Version with Hypocentral Depth Term............ccccceivi e eeee ... 28

3.4.General EValUationS ... ... oo oo e e e e e et e 34

vi



3.5.Comparisons of the Median Prediction Values for Turkish GMPEs......... 35
4 Development of Global GMPES ...........ccooo i e e e 0 4D
4.1.Development of Rus and Rrup based GMPEs in Basic Functional Form .45

4.2 .Development of Rus and Rrup Based GMPEs in Basic Functional Form with

Hypocentral Depth Term..........cocoii i s e e e e 20 D3
4.3.Development of Rys and Rrup based GMPEs with Dipping Angle Term..61
4.4 .Development of Rrup Based GMPE in Complex Functional Form........... 66
4.5.Comparisons of the Median Prediction Values for Global GMPEs .......... 76

5.Conclusions and SuggestionsS...........cc e ces it e e . B
B5.1.CONCIUSIONS ... e e e e e e e e e e e 81
5.2.8UQQESHIONS ...t e e e e e 84

B.REFEIENCES.. ... oot e e e e e et e e e e e e e et e e OO

CIRRICULUM VITAE ... e e e e e e D

vii



LIST OF FIGURES

Figure 1.1. Schematically demonstration of point source (Repi and Ruyp) and

extended source (Rrup and Rug) distance-metrics (Erdogan, 2008).

Figure 1.2. Demonstrations of distance metrics for different fault rupture
geometries: a) a site on hanging wall side of a dipping fault, b) a site
on footing wall side of a dipping fault, c) a site on a vertical fault
(adopted from Campbell and Bozorgnia, 2014)........ccccceveeiveieinnennn. 6

Figure 1.3. Change of spectral acceleration values of T = 0.2 s versus distance

(Vs30 = 760 m/s; fault type: reverse; sites are on the hanging wall

Figure 2.1. Ground-motion data that will be used in regression analyses: a) Rrup
and Rys versus Mw distribution, b) Rus versus Rrup comparison..15
Figure 2.2. Hypocentral depth distribution of ground-motion database in terms of
FAUIE Y P, e e 15
Figure 2.3. NGA-West 2 near source database that will be used in regression
analyses: a) distribution of Rus and Rrup versus Mw, b) comparison
Of RUB VEISUS RRUP. ..ottt e e et 17
Figure 24. Distribution of hypocentral depth of ground-motion database
dependent on magnitude in terms of style of faulting. .................. 18
Figure 3.1. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and
between event residuals versus hypocentral depth (bottom row) for
basic functional form Rrup equation. .........cccccce i e 25
Figure 3.2. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and
between event residuals versus hypocentral depth (bottom row) for
basic functional form Rrup equation with depth term add-on........ 27
Figure 3.3. Period dependent total standard deviation comparisons for Rrup

(=T o [UE=1 (o] PSP 28

Viii



Figure 3.4. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and
between event residuals versus hypocentral depth (bottom row) for
basic functional form Kale et al. (2015) Rus equation. .................... 29

Figure 3.5. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and
between event residuals versus hypocentral depth (bottom row) for
basic functional form Rys equation with depth term add-on............ 31

Figure 3.6. Period dependent total standard deviation comparisons for Ris
L= To [ L= LA o] o I ORI 32

Figure 3.7. Comparison of bss regression coefficients, which controls the
hypocentral depth term, from the analyses that are held under Turkish
Strong-Motion database for both equations. ...........ccccccveieeninnnee. 33

Figure 3.8. Period dependent total standard deviation comparisons for depth term
added versions of Rys and Rrup equations............cccceveeeiiiiiiiinnnne 33

Figure 3.9. Distributions with comparisons of between-event residuals versus
magnitude (top row) and hypocentral depth (bottom row) of Basic Rus,
Basic Rrur, RiB + ZHyp and Rrup + ZHyp equations.........................35

Figure 3.10. Drawings of fault geometries for a) site on hanging wall for dipping
fault, b) site on footing wall for dipping fault and c) site near the
vertical fault (adopted from Campbell and Bozorgnia, 2014).......... 37

Figure 3.11. Comparisons of Ris and Rrup distance-metrics versus Rx distance-
metric that is calculated for situations in Figure 3.10..................... 38

Figure 3.12. Distance dependent change of PGA for different magnitude values
(Vs30 = 760 m/s; strike-slip fault). .........coooeeie e 39

Figure 3.13. Distance dependent change of spectral acceleration (T = 0.2 s)
values for different magnitude values (Vsso = 760 m/s; strike-slip
FAUIL). <o e e 40

Figure 3.14. Distance dependent change of spectral acceleration (T = 1.0 s)

values for different magnitude values (Vsso = 760 m/s; strike-slip

FAUIL). o e 40
Figure 3.15. Distance dependent change of PGA for different magnitude values
(Vs30 =760 m/s; normal fault)...........cccooe i 41



Figure 3.16. Distance dependent change of spectral acceleration (T = 0.2 s)
values for different magnitude values (Vs3o = 760 m/s; normal fault).

.42

Figure 3.17. Distance dependent change of spectral acceleration (T = 1.0 s)
values for different magnitude values (Vs3o = 760 m/s; normal fault).

.42

Figure 3.18. Comparisons of PSA ratios: a) Normal fault type for T = 0.2 s, b)
Strike-slip fault type for T = 0.2 s, ¢) Normal fault type for T = 1.0 s,

d) Strike-slip fault type for T=1.0sS..ceciieiiiiiiiiie e 43

Figure 4.1. Distributions of between-event residuals versus magnitude (15t row),
within-event residuals versus distance (2" row), within-event

residuals versus Vs3o (3™ row), between-event residuals versus

hypocentral depth (4" row) and between-event residuals versus

dipping angle (5™ row) for basic functional form Rys equation..... 50

Figure 4.2. Distributions of between-event residuals versus magnitude (15 row),
within-event residuals versus distance (2" row), within-event

residuals versus Vs3o (3@ row), between-event residuals versus

hypocentral depth (4" row) and between-event residuals versus

dipping angle (5™ row) for basic functional form Rrup equation... 51

Figure 4.3. Random variability comparisons of basic functional form Ris and Rrup

Figure 4.4. Distributions of between-event residuals versus magnitude (15t row),
within-event residuals versus distance (2" row), within-event
residuals versus Vsso (3™ row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus
dipping angle (5% row) for basic + Zxyp functional form Rus equation.

...56

Figure 4.5. Distributions of between-event residuals versus magnitude (15 row),
within-event residuals versus distance (2" row), within-event
residuals versus Vs3o (3™ row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus
dipping angle (5" row) for basic + Znyp functional form Rrup

EUALION. ...t et e e e e e e e e s e naneaees DT



Figure 4.6. Random variability comparisons of hypocentral depth term added
functional form Rus and Rrur GMPES. ......ccoeciiiiiiiiiv el .59

Figure 4.7. Comparison of ass regression coefficients, which controls the
hypocentral depth term, from the analyses that are held under Global

database for both equations.............c.coooiiii i 60

Figure 4.8. Comparison of as2 regression coefficients, which controls the
hypocentral depth term, from the analyses that are held under Global

database for both equations...............oiiiiiiiii 60

Figure 4.9. Distributions of between-event residuals versus magnitude (15t row),
within-event residuals versus distance (2" row), within-event

residuals versus Vs3o (3 row), between-event residuals versus

hypocentral depth (4" row) and between-event residuals versus

dipping angle (5" row) for basic + Znyp + Dip functional form Rys

EQUALION. .o e e e el . OO

Figure 4.10. Distributions of between-event residuals versus magnitude (15t row),
within-event residuals versus distance (2" row), within-event

residuals versus Vsao (3 row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus

dipping angle (5" row) for basic + Znyp + Dip functional form Rrup

EQUALION. ..o e e e ee e sree e e ae e e, O

Figure 4.11. Random variability comparisons of hypocentral depth and dipping
angle terms added functional form Rys and Rrur GMPEs............. 66

Figure 4.12. Within-event distributions of basic functional form Rys (top row) and
Rrup (bottom row) equations for Rus = 0 km (left column) and Ris >

0 km (right column) situations depending on Rx distance for PGA.

.67

Figure 4.13. Within-event distributions of basic functional form Rys (top row) and
Rrup (bottom row) equations for Rus = 0 km (left column) and Ris >

0 km (right column) situations depending on Rx distance for T =0.2s.

...68

Figure 4.14. Within-event distributions of basic functional form Rys (top row) and
Rrup (bottom row) equations for Rus = 0 km (left column) and Ris >

0 km (right column) situations depending on Rx distance for T =1.0s.

...68

Xi



Figure 4.15. Distributions of between-event residuals versus magnitude (1t row),
within-event residuals versus distance (2"¢ row), within-event
residuals versus Vs3so (3@ row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus
dipping angle (5™ row) for basic + Znye + Dip + HW functional form
RRUP €QUALION. ... et et e e et e 72

Figure 4.16. Within-event distributions of complex functional form Rus (top row)
and Rrup (bottom row) equations for Ris = 0 km (left column) and
Rus > 0 km (right column) situations depending on Rx distance for
P G A e e e e e 73

Figure 4.17. Within-event distributions of complex functional form Rus (top row)
and Rrup (bottom row) equations for Ris = 0 km (left column) and

Rus > 0 km (right column) situations depending on Rx distance for T

Figure 4.18. Within-event distributions of complex functional form Rus (top row)
and Rrup (bottom row) equations for Ryjs = 0 km (left column) and

Rus > 0 km (right column) situations depending on Rx distance for T

Figure 4.19. Random variability comparisons of Ris and Rrur GMPESs in complex
{01 10 PSPPSR 76
Figure 4.20. Change of PGA values for different magnitude values according to
distance (Vs3o = 760 m/s; strike-slip fault)...........cccccocoeieini 77
Figure 4.21. Change of spectral acceleration values (T = 0.2 s) for different
magnitude values according to distance (Vs = 760 m/s; strike-slip
FAUIL). e e e 78
Figure 4.22. Change of spectral acceleration values (T = 1.0 s) for different

magnitude values according to distance (Vsso = 760 m/s; strike-slip

Figure 4.23. Comparisons of PSA values: Strike-slip fault type and reference rock

site condition for T = 0.2 s (left column) and T = 1.0 s (right column).

Figure 4.24. Change of spectral acceleration values (T = 0.2 s) for different

magnitude values (Mw 6.5, 7.0 and 7.5) dependent on distance (Vs3o

Xii



= 760 m/s; reverse fault): dipping angle 30° (15! row), 45° (2" row),
60° (3™ rOW), 75° (41 FOW). ... ceeeeeee et e et e e e 80

Xiii



LIST OF TABLES

Table 3.1. Period dependent nonlinear site effects model coefficients that defined

in Sandikkaya et al. (2013) Study.......cccovviiiiii i 22
Table 3.2. Constant model coefficients of Rrup equation that is in basic functional
10 ] .3 O RUPPPSPPRP 23

Table 3.3. Period dependent model coefficients of Rrup equation that is in basic
functional form. ... e e e e 23
Table 3.4. Model coeffidents of the Rrup equation that is in basic functional form
with hypocentral depth term. ........... oo 26
Table 3.5. Constant model coefficients of the hypocentral depth term included
version of Kale et al. (2015) equation that uses Rys as distance
1= [P 30
Table 3.6. Period dependent model coefficients of the hypocentral depth term
included version of Kale et al. (2015) equation that uses Rus as
diStanCe METHIC. .....oiiiie e e 30
Table 3.7. Values of fault parameters that changes dependent on magnitude. 36
Table 4.1. Model coefficients of basic functional form Rys equation. ................ 47
Table 4.2. Nonlinear site effects coefficients that are mutual for all equations. 48
Table 4.3. Model coefficients of basic functional form Rrup equation...............48
Table 4.4. Random variability values of basic functional form Rijs and Rrup
GMPES. ...t e e e e et e e e e e e e s e e enneaeas 52
Table 4.5. Model coefficients of basic functional form Ruys equation with
hypocentral depthterm. ...........ccccoiiiiiii i D4
Table 4.6. Model coefficients of basic functional form Rrup equation with
hypocentral depthterm. ...........cocoo i DD
Table 4.7. Random variability values of hypocentral depth term added functional
form Rus and RRup GMPES. ... e 58
Table 4.8. Model coefficients of basic functional form Rus equation with

hypocentral depth term and dipping angle term version. ............... 62

Xiv



Table 4.9. Model coefficients of basic functional foom Rrup equation with
hypocentral depth term and dipping angle term version. ..............62

Table 4.10. Random variability values of hypocentral depth and dipping angle
terms added functional form Ruse and Rrur GMPEs. ..................... 65

Table 4.11. Model coefficients of Rrup based equation incomplex functional form.
...70

Table 4.12. Hanging wall coefficients of Rrup based equation in complex
functional form. ... s e L

Table 4.13. Random variability values of Ris and Rrur GMPEs in complex forms.
75

XV



SYMBOLS AND ABBREVIATIONS

Symbols

T Period

Repi Epicentral distance

Ruyp Hypocentral distance

Zuvp Hypocentral depth

Rrup Rupture distance

Rus Joyner-Boore distance

Rx Horizontal distance between site and upper edge of the fault
rupture

Mw Moment magnitude

ZTOR Depth of upper edge of the fault rupture

RW Rupture width

Vs30 Average shear wave velocity of upper 30m layer of soil

VREF 750 m/s

Vcon 1000 m/s

PSA1130 Spectral Value of reference rock site of Chiou and Youngs
(2008) study

PGAREeF Maximum ground acceleration value for reference rock that
calculated for Vs3o = 750 m/s

Dip Dipping angle of the fractured fault

fmag Magnitude scaling function

fais Distance scaling function

fsof Style-of-faulting scaling function

faat Anelastic distance attenuation function

XVi



f site

flin

f; nl

fhyp
fryp,H
fryp,m

fi hng
fhng, RX
fang, RRUP
fhng, RUB
fhng, M
fhng, zTOR
fi hng, &

(0)

T

O]
Ps2s

Abbreviations
GMPE

NGA
NGA-West2
PGA

PSA

HW

Site amplification function

Linear site effects function

Nonlinear site effects function

Hypocentral depth effects function

Hypocentral depth model

Magnitude dependent hypocentral depth model
Hanging wall effects function

Rx dependent hanging wall effects function
Rrup dependent hanging wall effects function
Rus dependent hanging wall effects function
Mw dependent hanging wall effects function
Z7tor dependent hanging wall effects function
Dipping angle dependent hanging wall effects function
Total standard deviation

Between-event standard deviation
Within-event standard deviation

Site-to-site standard deviation

Ground-Motion Prediction Equation

Next Generation Attenuation Project

Next Generation Attenuation Project West 2 Database
Peak Ground Acceleration

Pseudo-Spectral Acceleration

Hanging Wall

XVii






1. INTRODUCTION

This section has separated into subtopics. Those subtopics are about strong
ground-motion databases which form the main scope of this study, details of the
distance-metrics, general functional forms of ground-motion prediction equations
(GMPEs) and information about current GMPEs.

1.1. Strong Ground-Motion Databases

Strong ground-motion databases are considered as the fundamental resources
for earthquake researches. In this context, it is very important to have reliable
parameters of these databases and to keep them updated with the newest
information. In the last decade, strong ground-motion databases reached a
certain reliability level with the studies that have been done in Turkey and Europe
(e.g., Akkar etal., 2010; Akkar et al. 2014a). It is also possible to show Ancheta
et al. (2014) as a global scale database, which is a part of NGA-West2 project
and the most up-to-date data of global databases. All the catalogue parameters
that are going to use for developing the GMPEs (moment magnitude, distance
metrics, fault types, site classes, fault geometries, etc.) and ground-motion
intensity measures such as peak ground acceleration (PGA), peak ground
velocity (PGV) and pseudo-spectral acceleration (PSA) are included in these

databases.

1.2. Distance Metrics

From past to present, usage of distance metrics in functional forms of GMPEs
has been passed through a certain evolution. Epicentral distance (Reri, the
distance between site and the surface projection of the earthquake center) and
hypocentral distance (Ruyp, the distance between site and the earthquake center)
are the common distance metrics that are used in previous generation of

predictive models. The truth of causing big problems, because of those distance



metrics are modelling the fault source as a point source, has been revealed with
the researches after middle and high magnitude earthquakes that have

measurable fault rupture dimensions (extended source).

Bommer and Akkar (2012) showed that, usage of point source distance metrics
(Repi and RHyr) can cause overprediction of spectral acceleration at a site that is
exposed to a middle or high magnitude earthquake (biased ground-motion
intensity measure estimates). Therefore, GMPE developers concentrated on
alternative distance metrics that can consider extended sources, instead of point
sources. The most common and the most used extended source distance metrics
are closest distance to fault rupture (Rrup) and Joyner-Boore distance (Rus;
Joyner and Boore, 1981). While Ry is defined as the dosest distance between
site and surface projection of the fault rupture, Rrup is the closest distance

between site and fault rupture.

The relation between fault geometry of mentioned distance metrics and a
considered site (or station) has been shown in Figure 1.1. As seen clearly in here,
while Reri and Ruyp are calculated considering the starting point of the fault
rupture, in RisB and Rrup calculation, dimensions of the fault rupture are also
gaining importance. At this point, two important differences between Rijs and Rrup
can be mentioned: hanging wall and hypocentral depth concepts. While Rus
equals to 0 km value on all the points of surface projection of the fractured fault
(namely, different site locations), Rrupr becomes = 0 km because of the focal
depth effect. This situation gives Ruys distance metric feature of considering
hanging wall effects directly, by the definition. For Rrup distance metric, this
definition requires additional features. There will be explanations regarding to
hanging wall in the following subsections. Anotherimportant difference that differs
two distance metrics is the matter that hypocentral depth term is not given in
definition of Rus distance metric but it is considered directly in definition of Rrup
distance metric. These two differences bring out two separate ways of developing

GMPEs with revealing two different interpretations between researchers.
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Figure 1.1. Schematically demonstration of point source (Reri and Ruyp) and

extended source (Rrup and Rug) distance-metrics (Erdogan, 2008).

1.3. General Functional Forms of GMPEs

A reliable GMPE must have a functional from that includes particular earthquake
parameters that reflects source, path and site characteristics. In consideration of
current developments, a basic functional form that is given between Equation 1.1
— 1.6 is required to look out for magnitude (fmag), distance (fiis), style of faulting
(fsof), anelastic distance attenuation (faat) and site classification (fste) differences.
By the help of this kind of equation, necessary ground-motion intensity measures
(GMIM) can be obtained with using four earthquake parameters (moment
magnitude, Mw; distance, Rus; normal, Fnwm, reverse, Fry, or strike-slip style of
faulting; time-based average of shear wave velocity of the uppermost 30 m of top
soil, Vs30). This functional form may be named as “basic functional form” because
of scarcity of parameters and general structure. This equation, which is formed
mainly after Abrahamson and Silva (2008) study and later Sandikkaya et al.
(2013) site classification model has been added, is used as main functional form
of prediction methods Akkar et al. (2014b) and Kale et al. (2015).



Iny = fmag + fais + fsof + faat + fsite (1.1)

P {bl + by(My — 6.75) + bs(85— My)2, My, <675 (1.2)
m49 by + b,(My, — 6.75) + b3(8.5— My)?, My >6.75
fuis = [ba+ bs (My, — 6.75)] In_|RZ + b2 (1.3)
fsor = bg Fym + bg Fry (1.4)
0, Rj<80 -
faat - { blO(R]B - 80), R]B > 80 ( ’ )
fsite
Vs30 PG Aggr + ¢ (Vs30/Vrer)"™
sb ln(—)+ sb ln[ , Vezg < V;
_ ! REF 2 L(PGARgr + ©) (Vsso/Virer)™ 530 = TREF (1.8)
min (Veao, V,
sby ln< (30 CON)), Vs30 = Virer
Vrer

It is possible that sub-terms of basic functional form, which has been shown in
Equation 1.1, might show different features. The important matters that have to

be included are:

e nonlinear magnitude dependency of function of equation as stated in
Bommer et al. (2010),

¢ magnitude dependent distance attenuation,



e one or two-staged maximum likelihood method (Joyner and Boore, 1993)
or derivation according to random-effects method (Abrahamson and
Youngs, 1992),

e usage of prediction parameters like moment magnitude and extended-

source distance metrics, considering site effects having regard to Vsaso.

Equation 1.7 can be given as an alternative to consider linear (fin) and nonlinear
(fn) site effects shown in Equation 1.6, which is given as an example. This form
of equation considers reference rock site spectral value (PSA1130) to define
seismic demand for soil nonlinearity and used in CY08 (Chiou and Young, 2008)
and CY14 (Chiou and Youngs, 2014).

fsite = fun t+ fur (1.7)
fiin = slmin{ln (%),0} (1.7a)

fo = S4[ess(mln(V530,1130)—360) _ 655(1130—360)]1n<
S3

Rather than basic functional form, especially GMPE developers who works with
global databases add hanging wall model term to the function that defined in
Equation 1.1 when Rrup distance metric is employed as prediction parameter.
According to fault geometry, earthquake effects on sites that are on moving block
are higher and observed spectral values are greater. Parameters that are used
for considering these effects are: horizontal distance between site and upper
edge of the fault rupture (Rx), depth of upper edge of the fault rupture (Zror),
rupture width (RW) and dipping angle of the rupture (Dip). According to location

of the site (footing wall or hanging wall), Rx may take negative (footing wall) or



positive (hanging wall) values. In addition to these parameters, Rss and Rrup

distance metrics have been shown in Figure 1.2. for different fault orientations.

(a) (b) (c)
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Figure 1.2. Demonstrations of distance metrics for different fault rupture
geometries: a) a site on hanging wall side of a dipping fault, b) a
site on footing wall side of a dipping fault, c) a site on a vertical fault

(adopted from Campbell and Bozorgnia, 2014).

For considering hanging wall effects, one of the alternative models to add on
Equation 1.1 is given in Equation 1.10 and sub-terms of this equation are also
given between Equation 1.11 - 1.17. These equations are developed with records
from NGA-West2 database (Ancheta et al., 2014) in Donahue and Abrahamson
(2014) and then simplified to make it more practical to use in GMPEs by
Abrahamson et al. (2014). Equation 1.10 has a complicated structure dependent
on dipping angle of the fault (fhng, dip), magnitude (fing, Mw), Rx (fhng, Rx), ZTOR (fhng,
ztor) and Rus (fang, RuB) terms. This situation generates the need of four additional
prediction parameters. To this end, when this function added in the main

functional form, it is possible to name it as “complex functional form”.

fhng = b12 fhng,dip fhng,MW fhng,RX fhng,ZTOR fhng,R]B (1 10)

_{(90—dip)/45, dip > 30 (1.11)

fung.aip = 60/45,  dip <30



fhng,MW

1.12
0, My <55 )
Rx Ry’
hl +h2 (R_1)+ h3 (R_l) ) Rx< Rl
fhng,RX = RX_RI 2 (113)
- < <
0, Ry>R,
R, = W cos(dip) (1.14)
Rz =3 R1 (1 15)
ZT0R2
— <
frngzron = 100+ Zror =10 (1.16)
0, Zror > 10
1, R]B = 0
fangry = {1~ R/30,  Rjp <30 (1.17)
0, Ry =30



1.4. Information About Current GMPEs

Akkar and Cagnan (2010), Bindi et al. (2011), Akkar et al. (2014b), Bindi et al.
(2014), Derras et al. (2014), Kale et al. (2015), Kuehn and Scherbaum (2016),
Kotha et al. (2016) developed GMPEs for Europe and Middle East, and global
models of Boore and Atkinson (2008) and Boore et al. (2014) GMPEs can be
classified as basic functional form GMPEs and they’ve been developed using Rus
as a distance metric. On the other hand, from global NGA-West1 and NGA-West2
GMPEs Abrahamson and Silva (2008), Campbell and Bozorgnia (2008, 2014),
Chiou and Youngs (2008, 2014), Abrahamson et al. (2014); Japanese based
Zhao et al. (2006) and Cauzzi et al. (2015) use Rrup as main prediction
parameter. From these global equations, NGA based equations are classified as
complex functional form, others (Japanese based) are classified as basic
functional form GMPE. In addition to this, Rys distance metric is also required for
hanging wall modelling as secondary distance parameter in the Rrur based NGA

models.

In the light of these information, it can be said that, researchers who work with
Europe and Middle-East data, prefer basic functional form and form their
equations on Rys distance-metric. Here, one of the most important reasons to
choose Rus is lower number of earthquake parameters to calculate Rs than to
calculate Rrup distance-metric. While it is enough to know the dimensions of the
fractured fault and the dipping angle for Rus calculation, to calculate Rrup, ZTor
which can add an effective uncertainty to calculations depending on the quality
of database and the focal depth information are needed in addition. Furthermore,
in Rrup based GMPEs, requirement of consideration of hanging wall effects in
ground-motion predictions and putting the functional form into a complex

structure can be shown as another reason.

Putting aside the choice of distance metric, complex functional form has its own
deficits. Adding more terms to the functional form make it more complex. As this

complexity grows, regression analyses are getting complicated either and making



it harder for models to converge, which is statistically lowering the reliability of
models. Also, these additional terms require additional earthquake parameters
and this situation brings forward the problem of inadequate number of earthquake
parameters in strong-motion databases. Even though a more complex model will
be presented, it will cause another problem in the user-side, such as the limitation
of usage in probabilistic seismic hazard analyses because of the requirement of
more earthquake parameters. Problems like these push GMPE developers to use

simpler functional forms in their equations.

If there’s another evaluation wanted to be done about current GMPEs, this can
be investigating the answer of the question: Does distance metric (Rss or Rrup)
whichis selected as a main prediction parameter effect the predictions of ground-
motion intensity measure? At this point, to make a fast evaluation, median
predictions of Abrahamson et al. (2014) — ASK14, Boore et al. (2014) — BSSA14,
Campbell and Bozorgnia (2014) — CB14 and Chiou and Youngs (2014) — CY14
from NGA-West2 equations are obtained under two different earthquake
scenarios and compared in Figure 1.3. Different source to site distances are
considered and equivalent Rus, Rrup and Rx distance values are specified for site
locations. Figure 1.3 is plotted for spectral acceleration value of T =0.2 s versus
change of Rx distance value. Important differences between predictions of
equations are observed here for close distances depending on magnitude. These
differences are smaller between Rrup equations but Ris equation (BSSA14)
apparently follows different path than others. All the equations here are
developed under the same main database (Ancheta et al., 2014) but developed
with different number of recordings according the special selection criteria of
different studies. In addition to this, they all have different functional forms. In this
context, itis hard to say that type of distance metric is the main reason for these
differences. This subject can be understood by changing only the distance

parameter and fixing all the other components.
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Figure 1.3. Change of spectral acceleration values of T = 0.2 s versus distance
(Vs3o = 760 m/s; fault type: reverse; sites are on the hanging wall
side).

Another matter that come into light is considering hypocentral depth as a
prediction parameterin Ris GMPEs. Campbell (2016) discusses that this situation
is causing some inconsistencies in GMPE predictions. However, this comment
hasn’t been done in the result of an extensive study about this matter. Campbell
(2016) comprises residual analyses of several Europe GMPEs (Akkar et al.,
2014; Bindi et al., 2014; etc.) using the database that have been used for
Campbelland Bozorgnia (2014). Also, in the results of the evaluations have been
done in Campbell (2016), trends have seen in hypocentral depth versus between-
event distributions of Pan-European equations which are using Rys distance
metric. Although, the present Rjs equations don’t use hypocentral depth term as
a prediction parameter, in this study the necessity of hypocentral depth term in

both Rus and Rrup equations will be shown.

Differences between median predictions of different equations given in Figure 1.3
brings forward the epistemic uncertainty concept that have to be considered
during the calculations of probabilistic seismic hazard analyses. Budnitz et al.
(1997) and Bommer (2012) emphasized that there have to be a specific
dispersion in the median predictions of GMPEs that have chosen for seismic

hazard analyses. If exactly the same ground-motion intensity measure
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predictions cannot be obtained from Rus and Rrup models, then it is possible to

talk about an epistemic uncertainty depends on modelling deficiency.

1.5. Content of This Study

In the light of the information that summarized above, using Turkish Strong-
Motion database, a Rrur GMPE which is equivalent to Ris model in Kale et al.
(2015), will be developed. Here, the most suitable funcion parameters will be
compiled for Rrur model with making an evaluation between necessary functional
forms and earthquake database, then GMPE coefficients will be obtained with
implementing nonlinear multi-staged regression. Thereafter, general evaluations
will be held with comparisons between present Kale et al. (2015) equation and
recently developed equation under different earthquake scenarios. In the scope
of this stage, effects of focal depth to analyses that mentioned in the previous

section will be discussed.

In the second and main part of the content of this study, earthquake recordings
that are suitable to the extent of this study in main earthquake parameters (Mw,
Rus, Rrup, style of faulting, Vsso, etc.) and record qualities (filter status, usable
period values, wave structure quality, etc.) will be chosen and similar processes
will be held as the previous stage. In this stage, different than previous stage, two
different GMPEs that holds both distance-metrics (Ris and Rrup) as main
prediction parameters will be derived. Derivation of these GMPEs will be from
basic functional form to complex functional form and in the end of these steps,
there will be many Rys and Rrur GMPEs in different functional forms that have
been derived from the same database. Thus, it will get easier to evaluate the
basic and complex functional forms. At this stage, the aim of this study is not to
develop a new global GMPE but rather to investigate the resemblance of two
GMPEs derived from different distance-mefrics and examine the degree of which
complex functional form is necessary, in an exhaustive way. Therefore, GMPEs
are going to derive for significant critical period values. Comparisons of GMPEs

will be held for spectral prediction values of GMPEs in critical earthquake
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scenarios that will be generated for different magnitude (Mw), distance (Rus, Rrup

and Rx) and style of faulting (reverse and strike-slip) in these period values.

1.6. Organization of This Study

In this study, epistemic uncertainties between two distance-metrics (Rss and
Rrup) have been evaluated in the results of residual analyses, median and
random variability comparisons which are obtained as a product of regression
analyses have been made. Regressions analyses are conducted on two different
databases. In the Second Chapter of this study, compilation of those two
databases has been presented. In the Third Chapter, as regional applications,
regression analyses are performed with using Turkish Strong-Motion database;
residuals, median and standard deviations of those GMPEs are evaluated. In the
Fourth Chapter, transformation from basic to complex functional form has been
conducted with adding a new term to GMPEs in every step. Evaluations of
residuals, median and standard deviations also have been made in this chapter
for every GMPE thatdeveloped under the global database. Finally, the summary

and the conclusions of this study are presented in Chapter 5.
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2. COMPILATION OF STRONG GROUND-MOTION DATABASES

Database which has been used for the evaluation of Rrur GMPE, which is
developed with using Turkish data, is taken from Kale et al. (2015). The database
which has been used here, contains Rs distance metric. To make suitable to the
purpose of this study Rrup distance metrics have been added to the relevant
database. The database which has been used in the second part of this study is
adjusted with the record quality and the compatibility criteria of records to GMPEs
from Campbell and Bozorgnia (2014) which is for this study, the most convenient

set of NGA-West2 database, which contains nearly 21000 records.

2.1. Compilation of Turkish Strong-Motion Database

In the scope of this study, the strong motion database that uses Joyner-Boore
distance metric (Rus; the closest distance of record station to the fault surface
projectile) and has been developed for Kale et al. (2015) is taken directly. Moment
magnitude of the earthquake (Mw), distance between the source and the station
(as RuB), style of faulting of earthquake, average shear wave velocity of the record
station (Vs3o0; average shear wave velocity of the upper 30m layer of the soil) and
hypocentral depth (Znyp) have been used as the parameters for development of
the GMPEs from this database. In addition to these, the closest distance to the
fault source from record station (Rrur) also has been added to the database as
it’s going to be the main parameter in this study. Despite the fact that there are
fault plane solutions for 13 records in Kale et al. (2015) database, Rrup
information couldn’t have been gathered for these records. Rrup distance metrics
of these records have been re-calculated considering their ruptured fault planes

and added to the database.

The compiled database includes 670 strong ground-motion acceleration records
of magnitude between 4.0 and 7.6 (4.0 < Mw < 7.6), Rss and Rrup < 200 km and

hypocenter depth up to 35 km from 175 active shallow crustal earthquakes.
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Number of records that belongs to strike-slip and nomal fault earthquakes are
more than reverse ones. This situation was evaluated consistent considering the
general fault type of Turkey. In the database, according to Turkish Building
Earthquake Code 2018 (TBEC18) site conditions, acceleration recordings are
dominantin ZC (360 m/s < Vs30 < 760 m/s) and ZD (180 m/s < Vs3o < 360 m/s)
site classes. Alongside with this, the database includes sufficient amount of rock
type (ZA and ZB, Vs30 > 760 m/s) of acceleration records. Therefore, consistent

regression results can be obtained.

General seismological features of the database shown in Figure 2.1. Rys and
Rrup distance metrics versus Mw distribution has been shown in Figure 2.1.a
while the comparison of Rjs and Rrup distance metrics between each other has
been given in Figure 2.1.b. In these figures, to show on logarithmic axis, records
with distance values lower than 0.1 km (3 for Rrup and 9 for Rys) are taken as 0.1
km. In this stage, when Figure 2.1.b has been analyzed, it can be seen that
there’s a serious discrepancy between Rys and Rrup but especially after 80 km
this dispersion diminishes completely. This observation, which is completely
coincides with the literature (Akkar et al., 2014), is connected to definition of

distance metrics and projectile surface area of fractured fault.

To evaluate the possible effect of hypocentral depth, which is one of the most
important topics of this study, to ground-motion prediction equations that use
especially Rys distance mefric, Figure 2.2 has been illustrated. In this figure,
change of hypocentral depth of earthquakes in the compiled ground-motion
database versus magnitude has been shown. In addition to this change,
distribution of fault types also has been shown on this figure using different
pointers. The most apparent comment that can be said after this figure is
hypocentral depths that belong to greater magnitude values (especially Mw > 6.0)
are lower. Depth distributions of middle and small magnitude recordings are

generally behaving regular inrbetween 0 and 30 km.
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Figure 2.1. Ground-motion data that will be used in regression analyses: a) Rrup

and Rys versus Mw distribution, b) Rus versus Rrup comparison.
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Figure 2.2. Hypocentral depth distribution of ground-motion database in terms of
fault type.
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2.2. Compilation of the Global Database

In the second part of this study, a global strong motion database has been
compiled from NGA-West2 database (Ancheta et al., 2014) to use in evaluations
of basic and complex forms of ground-motion prediction equations. The main goal
in this study is application of basic and complex functional forms in GMPEs
depending on distance-metric. Ancheta et al. (2014) database includes
approximately 21000 acceleration records. To this main set, quality criteria of
Campbelland Bozorgnia (2014) has been applied. In this context, these recording
are excluded from main database to obtain an earthquake database to use in

regressions:
e Recordings with no measured or estimated Vsso values
e Earthquakes with no rake angle or focal mechanism

e Earthquakes with hypocentral depth of more than 20 km or on the ocean

plate or on the stable continental regions

e Recordings with non-realistic spectral shapes, late triggering, low quality,

considered as unreliable because doesn’t locate on the free surfaces

e Recordings that qualified as low quality according to criteria of Mw < 5.5
and N <5o0r 55 <Mw<6.5and N <3 (Earthquakes with one recording
but with big magnitude have been included.) (N: number of recordings with
closest distance to fault fracture plane (Rrup) lower than 80 km or equal to
80 km)

e Earthquakes that moment magnitude values (Mw) have been empirically

estimated from other magnitude types

Global database which is compiled with application of these criteria that are
explained here, includes 13670 ground-motion acceleration recordings from 322
earthquakes with magnitude between 3.0 — 7.9. Comparisons of Rys and Rrup
distance-metrics versus Mw and comparison of Ry and Rrup distance-metrics
have been given in Figure 2.3. In this figure, Ris or Rrup values below 0.1 km

have been shown as 0.1 km because logarithmic axis has been used but in
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calculations, real values have been used. Chosen database includes mostly
strike-slip and reverse style of faulting. Alongside with this, there are limited
number of normal faults are included too. Most of the recordings in earthquake
database are in ZC (360 m/s < Vs30 < 760 m/s) and ZD (180 m/s < Vs30 < 360
m/s) site conditions. This is a similar feature with Turkish database. Global
database includes greater number of close distance acceleration records. When
the slope between Rys and Rrup distance-metrics has been considered in Figure
2.3.b, it is similar to the behavior of Turkish database shown in Figure 2.1.b. In
this context, Rus-Rrup relation in Turkish database can be considered as reliable.
Here, the reasons to choose a global database are higher number of recordings
and positive differences in quality of records.
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Figure 2.3. NGA-West 2 near source database that will be used in regression

analyses: a) distribution of Rys and Rrup versus Mw, b) comparison

of Rus versus Rrup.

Change of hypocentral depth dependent on magnitude according to style of
faulting has been shown in Figure 2.4. This database is showing a decent
distribution according to hypocentral depth. All of the recordings with magnitude
lower than 5 have strike-slip fault mechanism, while similar distributions have

been observed in other magnitude values.
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3. GMPE EVALUATIONS FOR TURKEY

In this part of this study, a Rrur GMPE, which is equivalent to the Ris model in
Kale et al. (2015), has been developed with using the Turkish ground-motion
earthquake data that recently compiled in the previous part. In addition to this
model, hypocentral depth terms have also been added to the functional forms of

Rus and Rrup models.

Abrahamson and Youngs (1992) mixed-effects algorithm has been chosen as
regression method. Regression procedure implemented exactly same as in Kale
et al. (2015). Thus, it is aimed to observe only the effect of change of distance
metric in ground-motion model predictions. Weighted regression algorithm that
depends on magnitude value has been used in Kale et al. (2015). Hereby, low
uncertainty which is in high magnitude ground-motion data and high uncertainty
which comes from low magnitude earthquakes can be controlled in random
variable models of prediction equations. Ground-motion database has been
evaluated as different grades: near source database (Rss < 80 km), far source
database (80 km < Rus < 200 km) and complete database (Rus < 200 km). While
the magnitude dependent regression coefficients and style of faulting coefficients
have been derived from near source database, the distance scaling coefficient
has been predicted from complete database. Besides, far source database has
been used for acquiring anelastic distance attenuation term. After applying some
smoothing to the regression coefficients, constant coefficient and standard

deviation terms have been calculated with using complete database.

Dependency on hypocentral depth has also been investigated for developed and
present prediction equations. In this stage, statistical dependency assessments
for different depth groups has been done (e.g. 0-5 km, 5-10 km etc.) by the
calculation of the difference between empirical data and prediction data (hamely

residual). Also, by adding the hy pocentral depth term to the regression function,
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effect of hypocentral depth term to the results has been discussed for both of the
GMPEs.

In the scope of this study, comparison of the median prediction values of GMPEs
has been done under several earthquake scenarios by using developed and
present equations. In the earthquake scenarios that will be used for comparison,
different types of distance metrics that are calculated consistent with the fault
dimensions calculated from Wells and Coppersmith (1994) study have been
taken into account. Moreover, to obtain the other earthquake parameters that will
be needed for calculating the Rrup distance metric (hypocentral distance; dipping
angle of the fault; distance from the upper edge of the fault plane to the surface,
Ztor), empirical connections from Kaklamanos et al. (2011) have been taken

noticed.

3.1. Development of the Rrur Dependent GMPE

The functional form of Kale et al. (2015) equation has been shown in Equation
3.1. This functional form includes magnitude scaling (fmag, Equation 3.2), distance
scaling (fais, Equation 3.3), style of faulting (fsor, Equation 3.4), anelastic distance
attenuation (faat, Equation 3.5) and linear and nonlinear site amplification (fsie,
Equation 3.6) terms. Fnm and Frv terms in Equation 3.4 are dummy variables that
belongs to normal and reverse style of faultings and they take unit value for
normal and reverse faulting types, respectively. Both of the parameters are zero
for strike-slip faults. Nonlinear site amplification termis taken from Sandikkaya et
al. (2013). Function constants values are: Vcon = 1000 m/s, Vrer = 750 m/s, ¢ =
2.5 and n = 3.2. In this equation, PGARrer is the maximum ground acceleration

value for reference rock that calculated for Vsso = 750 m/s from Equation 3.1.

Random variability model has been configured as heteroscedastic magnitude

dependent and shown in Equation (3.7 - 3.9). Total random variability (standard
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deviation, o; Equation 3.7) is a combination of between-event standard deviation
(1) and within-event standard deviation (®). “sds” and “sd>” are weighted standard
deviation terms, meanwhile w is weighting function that obtained from pure error

analysis and can be calculated with Equation 3.9.

Iny = fmag +fdis + fsof + faat + fsite (31)

mag = b, + b,(My, — 6.75) + b3(8.5— My)?, My > 6.75

fais = [ba + bs (My, — 6.75)] In /Rgvp + b? (3.3)

fsof = bg Fny + bg Fry (3.4)

0,  Rpyp <80

Jaar = { b1o(Rryp —80),  Rpyp >80 (3.5)
Joue V. PGA (Veso/Vigr)"
+ ¢ (Vs30/VRer
sb ln(ﬂ) + sb ln[ REF , Voo <V,
_ U WVrgr 2 L(PGARgr + ) (Vsz0/Vrer)™ 530 = TREF (3.6)
min (Vezo,V,
sh, 1n< (Vs30 CON))' Veso = Vegr
VREeF

o =+12+ P2 (3.7)

®=wsd;; T=wsd, (3.8)
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ay, My, < 6.0
w=<a; + (a, — a)[(My — 6)/0.5], 6.0 < My, < 6.5 (3.9)
a,, My, > 6.5

List of period dependent nonlinear site amplification model coefficients that have
been derived for Turkey and Middle East and used in regression analysis of
Sandikkaya et al. (2013), is given in Table 3.1. Constant model coefficients that
come from regression analysis results are given in Table 3.2, as period
dependent variables listed in Table 3.3.

Table 3.1. Period dependent nonlinear site effects model coefficients that defined
in Sandikkaya et al. (2013).

Period (s) sbl sb1
PGA -0.41997 | -0.28846
0.01 -0.41729 | -0.28685
0.02 -0.39998 | -0.28241
0.03 -0.34799 | -0.26842
0.05 -0.21231 | -0.22385
0.1 -0.26492 | -0.28832
0.15 -0.48496 | -0.39525
0.2 -0.64239 | -0.44574
0.3 -0.82052 | -0.45287
0.4 -0.90568 | -0.41105
0.5 -0.95097 | -0.37956
0.75 -1.00027 | -0.32233

1 -1.01881 | -0.28172
15 -0.96317 | -0.22449
2 -0.91305 | -0.18388
3 -0.84242 | -0.12665
4 -0.79231 | -0.08605
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Table 3.2. Constant model coefficients of Rrup equation that is in basic functional

form.

b2 b5 b6 b7

0.193 0.17 8 -0.354

Table 3.3. Period dependent model coefficients of Rrup equation that is in basic

functional form.

Period (s) b1l b3 b4 b7 b8 b9 b10 al a2 sd1 sd2
PGA 2.13572 -0.07049 -1.25932 -0.354 -0.01329 -0.09158 -0.00112 0.57 0.45 1.0778 0.718
0.01 2.15188 -0.06981 -1.2615 -0354 | -0.01349 | -0.09158 | -0.00112 | 0.574 | 0.453 1.0699 0.7127
0.02 2.18315 -007058 | -1.26451 | -0354 | -0.01189 | -0.09158 | -0.00112 | 0.577 | 0.455 1.0678 0.7113
0.03 2.27764 -0.06976 -1.27573 -0.354 -0.00748 -0.09158 -0.00112 0.581 0.458 1.0706 0.7107
0.05 2.57668 -0.06226 -1.32364 -0.354 0.03907 -0.09158 -0.00139 0.588 0.463 1.0836 0.7218
0.1 3.16877 -0.05217 | -1.41831 | -0.354 0.1 -0.09158 -0.00206 | 0.606 | 0.475 1.0649 0.7784
0.15 3.36364 -006397 | -140713 -0.354 0.06727 -0.09158 -0.00257 | 0.624 | 0.488 1.0266 0.7483
0.2 3.29931 -0.07494 | -1.35895 | -0.354 00162 -0.09158 | -0.00266 | 0.642 WO0.5 0.9921 0.7252
0.3 2.85133 -0.09387 -1.24116 -0.354 -0.03697 -0.09158 -0.00204 0.678 0.525 0.9542 0.6511
0.4 2.33395 -0.10977 -1.12534 -0.354 -0.06582 -0.09158 -0.00161 0.7 0.55 0.9569 0.6352
0.5 1.87615 -0.12342 | -1.03066 | -0.354 | -0.08511 | -0.01297 | -0.00127 | 0.673 0.55 0.9703 0.6464
0.75 1.10781 -0.15056 | -0.88761 | -0.354 | -0.11756 0 -0.00066 0.62 0.55 1.0673 0.659

1 0.66829 -0.17099 | -0.82253 | -0354 | -0.14267 0 -0.00022 0.62 0.55 1.0721 0.6314
1.5 0.15868 -0.19999 -0.77308 -0.354 -0.14621 0 0 0.62 0.55 1.1167 0.618
2 -0.18563 -0.21978 -0.75629 -0.354 -0.14621 0 0 0.62 0.55 1.1779 0.5741
3 -0.66314 -0.2453 -0.74522 | -0354 | -0.14621 0 0 0.62 0.55 1.1678 0.6296
4 -0.9687 -0.26119 -0.74175 | -0354 | -0.14621 0 0 0.62 0.55 1.0381 0.5536

Between-event and within-event residuals of Rrup equation that are derived from
regression analysis are obtained according to mixed-effects algorithm that is
given in Abrahamson and Youngs (1992). Change of between-event residuals
versus magnitude (Mw) and hypocentral depth (Z1yp) and also change of within-
event residuals versus distance (Rrup) have been shown in Figure 3.1 in different
panels for peak ground acceleration (PGA), T= 0.2 sand 1.0 s. In these figures,
red circles stand for residuals (within-event or between-event); black squares
represent average values of different magnitudes, distances and depths and
black lines show 95% confidence intervals for average values. If confidence
intervals are crossing the zero line or the mean is very close to zero, that shows

this model makes consistent predictions in related period value. In this context, it
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is clear that there is no problem in the equation related to magnitude and distance.
When the residuals dependent on depth have been evaluated, it can be seen that
there is particular level of bias in trends for PGA and T = 0.2 s values for shallow
earthquakes. Although this trend is in negligible level, a new version Rrup
equation with hypocentral depth term has been developed to investigate the
option of decreasing the trend with adding the hypocentral depth term to Equation
3.1 and this process has been explained in the next section. The observations
made for the periods that have been selected here are also overarching for other

periods that are selected for the regression.

3.2. Development of the Rrur Dependent GMPE with the Hypocentral Depth
Term

For the purpose of investigating the effect of hypocentral depth term, Equation
3.10 has been obtained by adding hypocentral depth temm (f4p) to the Equation
3.1, whichis the Rrup based ground-motion prediction equation that is developed
in previous stage. The functional form of hypocentral depth term has been given
in Equation 3.11. This function is a suitable function for tectonic structure of active
shallow earthquakes that are recommended in Campbell and Bozorgnia (2014 ).
In this equation, Zuyp term stands for hypocentral depth of the earthquake in

kilometers.

Iny = fmag + fais + fsof + faat T fsite + fhyp (3.10)
0, Zuyp <0

13b11; ZHyp > 20

In this stage, regression coefficients of Rrup equation with depth term (namely

Rrup + Zuyr) has developed with the same regression steps that are used to
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obtain the Rrup based equation in the previous stage. Sandikkaya et al. (2013)

(see. Table 3.1) have been used again as nonlinear site amplification function.

The most of the coefficients haven’t been changed in the result of regression.

Therefore, in Table 3.4, only the period dependent values of the coefficients that

have changed are listed.

Within-Event Residuals Between-Event Residuals
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Basic Rgyp GMPE
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Figure 3.1. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and

between event residuals versus hypocentral depth (bottom row) for

basic functional form Rrup equation.
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Table 3.4. Model coeffidents of the Rrup equation that is in basic functional form

with hypocentral depth term.

Period (s) b1 b11 al a2 sdl sd2

PGA 2.01966 | 0.02056 | 0.57 045 | 1.0769 | 0.7021

0.01 2.03497 | 0.02073 | 0.574 | 0.453 | 1.0689 | 0.6968

0.02 2.06461 0.0209 | 0.577 | 0.455 | 1.0674 | 0.6933

0.03 2.15661 | 0.02105 | 0.581 | 0.458 | 1.0701 | 0.6925

0.05 2.44944 | 0.0224 | 0.588 | 0.463 | 1.0833 | 0.701

0.1 3.02391 0.0255 | 0.606 | 0.475 | 1.0646 | 0.7551

0.15 3.20897 | 0.02785 | 0.624 | 0.483 | 1.0254 | 0.7251

0.2 3.14893 | 0.02796 | 0.642 0.5 0.9903 | 0.7046
03 2.73199 | 0.02079 | 0.678 | 0.525 | 0.9527 | 0.6413
04 2.2539 0.01607 0.7 0.55 | 0.9563 | 0.628
0.5 1.78509 | 0.01679 | 0.673 | 0.55 0.97 0.637
0.75 1.01853 | 0.01708 | 0.62 0.55 1.0675 | 0.6455
1 0.57059 | 0.01683 | 0.62 0.55 | 1.0718 | 0.6198
15 0.07143 | 0.01476 | 0.62 0.55 | 1.1167 | 0.6084
2 -0.23942 | 0.0098 0.62 055 | 1.1785 | 0.5667
3 -0.7409 | 0.00737 | 0.62 0.55 1.1667 | 0.629
4 -1.02983 | 0.00893 | 0.62 0.55 | 1.0392 | 0.5449

Residual evaluations of derived ground-motion prediction equation are repeated
especially for the purpose of research to investigate the effect of hypocentral
depth term. Residual evaluations are given in the same format as in Figure 3.2.
In this context, an apparent change has been observed in magnitude and
distance dependent distributions. As seen in hypocentral depth versus between-
event residuals graph, the trend in shallow depths that has been observed in the
basic functional form Rrup equation has been diminished as well. Besides, there
are closer results to zero line for average residual values of Zuyr > 20 km. All
those observations show that, hypocentral depth term has enhanced the

prediction capability of equation.
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Figure 3.2. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and

between event residuals versus hypocentral depth (bottom row) for
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basic functional form Rrup equation with depth term add-on.

To observe more clearly the effects of hypocentral depth term to the total standard
deviations of the Rrup based ground-motion prediction equations, Figure 3.3 has
been prepared. In this figure, standard deviation values of basic Rrup equation
and Rrup with Znyp add-on equation has been shown fortwo different magnitude
values (Mw 5.0 and 7.5) with change of period. Here, it can be seen that

hypocentral depth term has an effect to decrease the random variability even if

just a bit.
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Figure 3.3. Period dependent total standard deviation comparisons for Rrup

equations.

3.3. Development of Rus Distance Metric Dependent Kale et al. (2013)
Equation’s Version with Hypocentral Depth Term

When taken into account the effects of the hypocentral depth term to the Rrup
based ground-motion prediction equation, it is a reasonable approach to
investigate the same effects in present Rig based Kale et al. (2015) equation. In
Figure 3.4, the distribution of between-event and within-event residuals versus
magnitude, distance and hypocentral depth of Ris based Kale et al. (2015)
ground-motion prediction equation has been shown. Here, comparing the Rrup
version of the same equation (see. 3" row of Figure 3.1), there are less trend has
been observed. Average residual values (black squares) generally scatter around
zero line. Even though there’s a fair amount of divergence from zero for Zuyp
values between 0 and 5 km, confidence intervals are still crossing the zero line.
In this situation, it's not possible to speak of dependence of hypocentral distance

for Ry equation, in this database.
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Figure 3.4. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and
between event residuals versus hypocentral depth (bottom row) for

basic functional form Kale et al. (2015) Rus equation.

Despite the observation above, regressions have been repeated for the purpose
of investigating the effect of hypocentral depth term on the Rys equation in basic
functional form. While developing the Rus based equation with hypocentral depth
term, the steps (Equations 3.1 - 3.11) that are used to develop the Rrur based
equation with hypocentral depth term have been followed. The only difference
between Rrup equation and this equation is utilization of Ris as distance metric
in regression steps. In other words, instead of Rrup distance parameter in
Equation 3.3 and 3.5, Rus has been used. This derived equation should be treated
as a version of the equation that is developed in Kale et al. (2015) which takes
into account of hypocentral depth term. Regression coefficients of the developed
equation have been listed in Table 3.5 and 3.6. Sandikkaya et al. (2013) has been

taken as site amplification function (see. Table 3.1).
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Table 3.5. Constant model coefficients of the hypocentral depth term included

version of Kale et al. (2015) equation that uses Rys as distance metric.

b2 b5 b6 b7

0.193 0.17 8 -0.354

Residual distributions of developed Ris based equation with hypocentral depth
term (namely Rus + Zuyp) have been given in Figure 3.5. Negative average
residual values of Ris equation have been observed notably close to zero
between 0 — 5 km in this situation. In general, when analyzing the hypocentral
depth term dependent residual distributions, it is possible to say that hypocentral
term is enhancing the prediction capability of Ris equation as well. For the
purpose of investigating the effect of hypocentral depth term to total standard
deviation values of Rus based equations, comparisons have been done in Figure
3.6. Here, the findings are similar to the observations that have been done for
Rrup equations. Hypocentral depth term has shown the effect of lowering the total

random variability of equations.

Table 3.6. Period dependent model coefficients of the hypocentral depth term
included version of Kale et al. (2015) equation that uses Rz as

distance metric.

Period (s) bl b3 ba b8 b9 b10 b11 al a2 sdl sd2
PGA 1.7063 -0.07049 -1.18164 -0.01329 -0.09158 -0.00156 0.0069 0.57 0.45 1.0516 0.72
0.01 1.7208 -0.06981 -1.18362 -0.01349 -0.09158 -0.00156 0.00705 0.574 0.453 1.0443 0.7126
0.02 1.75065 -0.07058 | -1.18653 | -0.01189 | -0.09158 -0.0016 0.00722 0.577 | 0.455 | 1.0423 0.7113
0.03 1.84118 -0.06976 -1.19699 -0.00748 -0.09158 -0.0017 0.0073 0.581 0.458 1.0459 0.7088
0.05 2.11844 -0.06226 -1.24101 0.03907 -0.09158 -0.00197 0.00814 0.588 0.463 1.0608 0.714
0.1 2.66984 -0.05217 | -1.32996 0.1 -0.09158 | -0.00267 0.01034 0.606 | 0.475 1.0429 0.769
0.15 2.85177 -0.06397 -1.31888 0.06727 -0.09158 -0.00296 0.01278 0.624 0.488 1.0058 0.7395
0.2 2.78768 -0.07494 | -1.27072 0.0162 -0.09158 | -0.00275 0.01315 0.642 0.5 0.9776 0.7167
0.3 2.39812 -0.09387 | -1.16008 | -0.03697 | -0.09158 | -0.00204 0.00712 0.678 | 0.525 | 0.9401 0.6543
0.4 1.96571 -0.10977 -1.05535 -0.06582 -0.09158 -0.00161 0.0035 0.7 0.55 0.9432 0.6392
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Table 3.6. (Cont'd)

0.5 1.53587 | -0.12342 | -097014 | -0.08511 | 0.01297 | -0.00127 | 0.00508 | 0.673 | 0.55 | 09521 | 0.6475
0.75 0.81441 | -0.15056 | -0.83799 | -0.11756 0 -0.00066 | 000669 | 0.62 | 0.55 1.049 | 06556
1 0.37218 | 0.17099 | -0.77438 | -0.14267 0 0.00022 | 0.00707 | 062 0.55 | 1.0534 | 06315
15 013571 | -0.19999 | -0.72272 | -0.14621 0 0 0.00527 | 0.62 0.55 | 10991 | 0.6144
2 -0.45584 | -0.21978 | -0.70389 | -0.14621 0 0 0.00048 | 062 | 055 | 1.1594 | 0.5724
3 -0.96705 | -0.2453 | -0.69065 | -0.14621 0 0 -0.00087 | 062 0.55 | 1.1588 | 0.628
4 -1.25689 | -0.26119 | -0.6862 | -0.14621 0 0 0.00036 | 0.62 0.55 | 1.0364 | 05404
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Figure 3.5. The distributions of between event residuals versus magnitude (top
row), within-event residuals versus distance (middle row) and
between event residuals versus hypocentral depth (bottom row) for

basic functional form Rys equation with depth term add-on.
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Figure 3.6. Period dependent total standard deviation comparisons for Rus

equations.

To compare the contribution of hypocentral depth term on Rz and Rrup
equations, regression coefficients that are controlling the hypocentral depth term
has been compared in Figure 3.7. In this figure, solid orange line stands for
hypocentral depth term added functional form of Rrup equation (Basic Rrup
GMPE + Depth), while solid blue line stands for hypocentral depth term added
functional form of Rus equation (Basic Ris GMPE + Depth). While the general
behavior is same, the line stands for Rys equation is clearly under the Rrup
equations. Therefore, it can be said that, the contribution of hypocentral depth
term in Rus equation is lower than the Rrup ones, under Turkish Strong-Motion

database.
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Figure 3.7. Comparison of bss regression coefficients, which controls the
hypocentral depth term, from the analyses that are held under

Turkish Strong-Motion database for both equations.

In addition to evaluations have been made abov e, random variability comparisons
have been made for Rys and Rrup equations with hypocentral depth term add-on
versions (Rus + Znyp and Rrup + Zuyp, respectively). These comparisons have
been shown in Figure 3.8. Here, standard deviations values of Rys based
equation is slightly lower than the Rrup equations. In the light of these
observations, if a comparison must be made for Rys and Rrup distance metrics,
it is not so possible to speak of superiority to one another in terms of modelling

the ground-motion under the earthquake database of Turkey.
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Figure 3.8. Period dependent total standard deviation comparisons for depth term

added versions of Rys and Rrup equations.
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3.4. General Evaluations

When considering the general situation of the Turkish earthquake database, it is
possible to sort the most reliable parameters as: moment magnitude values (Mw),
Rus and Rrup distance metrics, style of faulting, site classifications in terms of
Vs3o and hypocentral depth values. Generally, ground-motion prediction
equations in literature from Europe and Middle East regions use functional forms
that include Mw, Rus or Rrup, Vs3o and style of faulting parameters for predicting
the ground-motions. From global GMPEs, especially NGA-West2 equations (see.
Gregor et al. 2014), are also modelling hanging wall, hypocentral depth, basin
effects and dipping angle of the fault effects. Distance between upper edge of the
fault plane to the surface (Zror), sediment depth (depth to shear wave velocity of
1.0 km/s or 2.5 km/s), hypocentral depth (Znye), width of the fault plane, dipping
angle of the fault (dip) can be the necessary parameters for these modellings.
From these parameters, hypocentral depth is the only one that has trustworthy
amount of data to use in Turkish database. Even though empiric equations are
given for other parameters in different studies, it is not suitable to use them in
ground-motion prediction equation development phase while they mightincrease
the uncertainty. Considering these matters, only the equations that are developed
by adding Znye term to present functional forms under Turkish database has been

evaluated in this study.

Average residual values (with 95% confidence intervals) of four different
equations (Basic Rus, Basic Rrup, RiB + ZHyr and Rrup + Znyp) that have been
evaluated in Figure 3.9 versus their magnitude and hypocentral depth
comparisons are given. While it is not possible to talk about superiority of Rys and
Rrup to one another according to residual distributions dependent on magnitude;
average residual values of equations with hypocentral depth term are closer to
zero than the basic form Rys and Rrup equations’, especially for high magnitude
intervals. This situation can be interpreted as positive effect of hypocentral depth

term. As it is discussed in previous sections, adding the hypocentral depth term
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to function rectified the trend of residual values and contributed as a small amount

of decrement to the random variability.
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Figure 3.9. Distributions with comparisons of between-event residuals versus
magnitude (top row) and hypocentral depth (bottom row) of Basic

Rus, Basic Rrup, Ris + ZHyp and Rrup + ZHyp equations.

3.5. Comparisons of the Median Prediction Values for Turkish GMPEs

To compare the median predictions of the ground-motion prediction equations
that are considered in this study, there are different earthquake scenarios have
been produced. Different situations of the fault rupture and different positions of
the site have been shown in Figure 3.10. Here, the distance between the edge of
the fault rupture that close to the surface and the site has been represented with
Rx. Median comparisons have been evaluated based on this distance-metric. In
Figure 3.10, while in scenarios a and b dipping angle of the fault (Dip) is lower
than 90 degrees, in scenario c it is 90 degrees and this situation is a clear
example of strike-slip fault. In the situations that dipping angle is lower than 90
degrees (Figure 3.10.a and b); while Rx is positive (Figure 3.10.a), site is located
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on hanging wall; while Rx is negative (Figure 3.10.b), site is located on footing

wall.

Chosen earthquake scenarios have been used for distance calculations between
site and fault plane. For this purmpose, 4 different magnitude values (Mw 4.5, 5.5,
6.5, 7.5) have been considered. Width value of the fault rupture (RW) has been
taken from magnitude dependent empirical formulas that are recommended by
Wells and Coppersmith (1994). Ztor values have been calculated by the help of
empirical formulas which are recommended by Kaklamanos etal. (2011) and they
are dependent on hypocentral depth (Zuve), dipping angle and RW values.
Considering Kaklamanos et al. (2011); dipping angles of planes in normal,
reverse and strike-slip fault types are taken as 50, 40 and 90 degrees,
respectively. Zuyp, RW and Ztor values that are obtained from empirical formulas
for earthquake scenarios and their corresponding magnitude values are listed in
Table 3.7.

Table 3.7. Values of fault parameters that changes dependent on magnitude.

Mw Zvp (km) RW (km) Z1or (km)
4.5 8.7 29 7

5.5 9.4 53 6.2
6.5 10.1 9.9 4.2
7.5 10.7 18.4 0
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Figure 3.10. Drawings of fault geometries for a) site on hanging wall for dipping

sl B >
g

RW

fault, b) site on footing wall for dipping fault and c) site near the

vertical fault (adopted from Campbell and Bozorgnia, 2014).

In Figure 3.11, change of Ris and Rrup distance values are given according to
Rx distances that are generated with earthquake scenarios given in Table 3.7 and
Figure 3.10. Different fault geometries are given in Figure 3.10.a, 3.10.b and
3.10.c and they are used to calculate the distance-metrics thatare given in Figure
3.11.a, 3.11.b and 11.c, respectively. Rss and Rrup values for the hanging wall
side of the fault rupture are showing apparent differences (Rus = 0 km values are
shown as Rys = 0.1 km because y axis is in logarithmic scale). Rys values are
equal to Rx values for the situations that are shown in Figure 3.10.b and Figure
3.10.c. Again, in these situations, while R and Rrur values are showing
discrepancies for Mw 4.5, 5.5 and 6.5 scenarios up to Rx~ 10 km, all the distance-
metrics are reaching the same values for Mw 7.5 scenario. This is because Ztor

parameter is taking value of 0 km while fault rupture is reaching the surface.
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Figure 3.11. Comparisons of Ris and Rrup distance-metrics versus Rx distance-

metric that is calculated for situations in Figure 3.10.

As one can see in Figure 3.11.b and c, variations of Rys and Rrup distance-
metrics are similar. To reduce the complexity of comparing the Ris and Rrup
based ground-motion prediction equations; strike-slip (which is the dominant
seismotectonic structure of Turkey) and normal (Figure 3.11.a and c) fault type
scenarios are taken into account. Comparisons are made for Vs3 = 760 m/s

reference rock site condition and PGA, T =0.2sand T = 1.0 s periods.

Rx distance dependent median spectral acceleration (PSA) predictions of GMPEs
for 4 different magnitudes and strike-slip earthquake scenarios are shown for
PGA, T=0.2sand T =1.0 s values in Figure 3.12, 3.13 and 3. 14, respectively.
In Figure 3.15,3.16 and 3.17, comparisons of the same scenarios but with normal
faults are given. The most notable matter in these comparisons, equations with
Zuyp add-on are generating lower values than basic functional form equations,
especially for close distances. This difference changes also for both type of
distance-metric equations, dependent on magnitude. While magnitude is
increasing, difference between them is decreasing. Decrease observed in Rrup
based equation is lower than the one in Ry based equation. The difference
observed in Ry based equation in Mw 7.5 value is on substantially low level. This
depth

dependence of Rys based Kale et al. (2015) equation is on very low levels in

situation can be explained with the observation that hypocentral

38



residual evaluations phase. General behavior of change is nearly the same for

both basic functional form and depth term added functional form equations.

Even though Rus and Rrup based equations are derived from the same database,
they predict very different spectral values from each other especially for close and
middle distances, as seen clearly in comparison graphs plotted here (Figure 3.12-
3.17). In this phase, for the purpose of making a more detailed evaluation,
earthquake scenarios are divided into low (Mw 4.5; Miow), middle (Mw 5.5; Mmid)
and high (Mw 6.5 and 7.5; Mnigh) magnitude levels and dipping (normal fault) and
vertical (strike-slip) plane fault types. For Miow and Mmia magnitude levels, ground-
motion predictions of Rys prediction model are greater than Rrup equations for
strike-slip fault type scenarios (Figure 3.12, 3.13 and 3.14) on specific distances.
None the less, behavior is changing completely in Mnigh magnitude level. In these
scenarios, ground-motion predictions of the Rrup model are greater than the Rus

models. This observation is similar for all the period values.
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Figure 3.12. Distance dependent change of PGA for different magnitude values
(Vs3o = 760 m/s; strike-slip fault).
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Ground-motion behaviors are more complicated for dipping fault type situations
that are given in Figure 3.15, 3.16 and 3.17. Rus model predicts constant values
until Rus distance takes greater values than zero, along the surface projection of
the fault rupture. In this constant part, for Mmia and Mnigh magnitude levels, there’s
adistance value (Req) that ground-motion predictions of Rss and Rrup models are
the same. Req gets higher values as magnitude increases. When distance islower
than Req, ground-motion predictions of Rrur model is greater than Ris models.
After the Req intersection point, there are apparent differences between two
models as the predictions of Rrup model rapidly decreases. Dependent on
magnitude level, until certain distances, Rss model predicts higher ground-motion
intensity measure predictions than Rrur model. In specific distance value,
spectral values come to a convergence point. It has been already shown that Rys
and Rrup values are the same in the database for these values (see. Figure 2.1.b
and 2.3.b). Predictions of Rus model are always greater than Rrur models in

closer distances for Miow situation.
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Figure 3.15. Distance dependent change of PGA for different magnitude values

(Vs30 = 760 m/s; normal fault).
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Figure 3.16. Distance dependent change of spectral acceleration (T = 0.2 s)

values for different magnitude values (Vs3o = 760 m/s; normal fault).
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To determine the differences between the prediction equations more clearly, PSA
ratios of basic functional form Rys and Rrup equations have been calculated and
shown in Figure 3.18. Here, ratios of spectral accelerations of Rrup equation to
Rus equation from Figure 3.13, 3.14, 3.16 and 3.17 have been calculated and
shown in different panels. There’s no significant difference between ratios of
equations with depth term and ratios of basic equations. In these figures,
PSArrur and PSArJs are stand for PSA values of predictions of Rrur and Ris
equations, respectively. While unit value represents PSArrup = PSARsB situation,
PSArruP > PSArJs and PSArrup < PSARrJB represent above and below ratios of
unit value, respectively. The difference between ground-motion intensity measure
predictions between Rys and Rrup equations reaches up to 50% for high
magnitude earthquake scenarios. Plots of PSA ratios show that the differences
are more critical for the sites that are on the hanging wall side of the dipping

normal faults.
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Figure 3.18. Comparisons of PSA ratios: a) Normal fault type for T = 0.2 s, b)
Strike-slip fault type for T = 0.2 s, ¢c) Normal fault type for T = 1.0 s,
d) Strike-slip fault type for T=1.0 s.
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The clear result that is obtained from these evaluations, ground-motion prediction
equations that are developed using Ris and Rrup distance metrics (with
hypocentral depth term or not) generates different spectral amplitude values,
especially for close and middle distances. General spectral behavior is more
complicated in hanging wall side of the faults. However, the factors like
inadequacy of number of acceleration records and earthquake parameters both
are limiting the investigations of these matters in more detailed way. Therefore,
it's been chosen to do evaluations with a global database, in the next stages of
this study.
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4, DEVELOPMENT OF GLOBAL GMPES

In this part of study, derivation of GMPEs in different functional forms with using
the strong ground-motion database that is compiled from NGA-West2 database
(Ancheta et al. 2014) has been explained. In the first stage, considering the
recently compiled database, basic functional forms of GMPEs for Ris and Rrup
distance-metrics have been developed. In the next stages, with using the same
database, hypocentral depth tem, dipping angle and hanging wall terms are
added to the main functional form. As linear mixed-effects regression method,

Ime4.0 (Bates et al., 2013) in R programming language has been used.

4.1. Development of Rus and Rrur based GMPEs in Basic Functional Form

In this section, a different functional form, which has been proven that it's more
compatible with global database in statistical tests (see. Kale et al., 2017), has
been used. Considered functional form has been shown in Equation 4.1. This
functional form includes magnitude scaling (fmag, Equation 4.2), distance scaling
(fais, Equation 4.3), style of faulting (fsor, Equation 4.4), anelastic distance
attenuation (faat, Equation 4.5) and linear and nonlinear site effects (fsie, Equation
4.6) terms. Fnv and Frv terms in Equation 4.4 are dummy variables belongs to
normal and reverse faults and they take unit values for normal and reverse faults,
respectively. They are both zero for strike-slip faults. PSA1130 that is given in
Equation 4.6.c represents spectral acceleration value on reference rock for
related period. Random variability model is in homoscedastic structure and total
standard deviation (o) is given in terms of between-event (1), within-event (¢) and

site-to-site (¢ps2s) standard deviations in Equation 4.7.

Iny = fmag+fdis + fsof + faat * fsite (4.1)
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fmag
ag +a; My,
aO + al MW + az( MW - 45),
- aO +a1 MW+a2(MW_45)+a3(MW_55),
ag+ay My, +a,( M, —4.5)+ az(M,, —5.5) + a,( M,, — 6.5),

fais = [as + ag(My)] In /RJZB + h?

fsor = [ ag Fym + aoFry] fsor,m

0; M, <45
fsof,M = {MW —45;, 45<M, <55
1 M,, > 5.5
0, Rjp <80

faat - {alo(R]B - 80), R]B > 80

fsite = fiin + fu

. VS30
fun = a7 mm{ln (1130)’0}

fo = 54[6ss(min(V530,1130)—360) _ 655(1130—360)]1n<

o= JTZ + P2+ Pl

M,, < 45

45 <M, <55 (42)
55< M, <6.5

M, > 65

(4.3)

(4.4.a)

(4.4.b)

(4.5)

(4.6.a)

(4.6.b)

(4.6.c)

(4.7)

Model coefficients of Ris based equation, obtained in the result of regression

analyses, have been given in Table 4.1. From these coefficients, ao-a4 belong to

magnitude scaling, as-as belong to distance scaling, a7 belongs to linear site

effects and a0 belongs to anelastic distance attenuation. In Equation 4.3, h is
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fictitious depth and independent of period, it is takes as 7 km for Rys equation. In
Equation 4.4 .a above, as and ag are coefficients of style of faulting, and they take
values of -0.7 and 0 for normal and reverse faults, respectively. Nonlinear site
effects (Equation 4.6.c) coefficients are listed in Table 4.2 and they are dependent

on period, mutual for all distance-metrics and functional forms.

With using Rrup instead of Rus in the sub-functions of Equation 4.1 (namely,
Equation 4.3 and 4.5), Rrur based basic functional form ground-motion prediction
equation has been obtained. Regression coefficients belong to this equation has
been listed in Table 4.3 depending on period. Fictitious depth (h) is taken as 5 km
after the results of regression calculations (see. Equation 4.3). Style of faulting
coefficients in Equation 4.4.a, as and ag are -0.1 and 0 for normal and reverse
faults, respectively, similar as Rys equation. Coefficients that are listed on Table
4.2 have been used to calculate nonlinear site effects.

Table 4.1. Model coefficients of basic functional form Rys equation.

Period (s) a0 al a2 a3 a4 a5 a6 a7 alo0
PGA -4.69919 | 1.047288 0.04007 -1.19049 | -0.35161 | -2.52415 | 0233693 | -0.36196 | -0.00651
0.01 -4.65286 | 1.041856 | 0.037317 | -1.17704 | -0.35722 | -2.52669 | 0233865 | -0.35928 | -0.00653
0.02 -4.5679 1.036607 0.051108 -1.1897 -0.35278 -2.53502 0.233704 -0.3434 -0.00648
0.03 -4.13085 | 0.987781 | 0.097431 | -1.20466 | -0.33722 | -2.56925 | 0.234684 | -0.29361 | -0.00644
0.05 -3.31758 | 0913326 | 0.130273 | -1.17728 | -0.32917 | -2.64143 | 0.237859 | -0.23043 | -0.00679
0.1 -3.41554 | 0.980842 | 0.190614 | -1.32657 | -0.26642 -2.5104 0.216629 | -0.34295 | -0.00813
0.15 -4.91897 | 1.240999 | 0.029093 | -1.25924 | -0.37279 | -2.26706 0.186 -0.45042 | -0.00825
0.2 -5.9808 1368361 0.02284 -1.26891 | -0.46031 | -2.12713 | 0173708 | -0.55023 | -0.00777
03 -7.76721 1.609627 -0.06757 -1.31576 -0.5452 -2.00052 0.163883 -0.68524 -0.00662
04 -9.36437 | 1.842926 | -0.23819 | -1.13899 -0.75 -1.86548 | 0.146076 | -0.73484 | -0.00562
0.5 -10.5009 1.99609 -0.32014 | -1.12372 | -0.82113 | -1.79937 | 0.138188 | -0.78622 | -0.00489
0.75 -12.345 2.213366 -0.26118 -1.23179 -0.95833 -1.69208 0.122272 -0.83853 -0.00357

1 -13.5989 | 2362536 | -0.23156 | -1.26573 | -1.07618 | -1.62168 | 0.108396 | -0.84708 -0.0027
15 -14.8509 2437209 -0.17745 -1.15282 -1.31887 -1.62461 0.10891 -0.87252 -0.00157
2 -15.3417 2418154 -0.12915 -1.06369 -1.46474 -1.71279 0.123041 -0.87901 -0.00073
3 -15.937 2367119 | -0.05611 | -0.87076 | -1.70394 | -1.80914 | 0.135512 | -0.88489 | -0.00013
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Table 4.1. (Contd)

-16.172

2.290024

0.018453

-0.81665

-1.78987

-1.90597

0.153166

-0.88421

-0.00035

-16.4841

2.254559

0.035378

-0.76189

-1.83982

-1.93853

0.160223

-0.8627

-0.00036

Table 4.2. Nonlinear site effects coefficients that are mutual for all equations.

Period (s) s4 s5 s3
PGA -0.1417 | -0.00701 | 0.102151
0.01 -0.1417 | -0.00701 | 0.102151
0.02 -0.1364 | -0.00728 | 0.10836
0.03 -0.1403 | -0.00735 | 0.119888
0.05 -0.1862 | -0.00647 | 0.148927

0.1 -0.2943 -0.0056 0.230662
0.15 -0.3113 | -0.00585 | 0.266468
0.2 -0.2927 | -0.00614 | 0.255253
0.3 -0.2405 -0.0067 0.207277
0.4 -0.1975 | -0.00713 | 0.165464
0.5 -0.1633 | -0.00744 | 0.133828
0.75 -0.1028 | -0.00812 | 0.085153
1 -0.0699 | -0.00844 | 0.058595
1.5 -0.0425 | -0.00771 | 0.031787
2 -0.0302 | -0.00479 | 0.019716
3 -0.0129 | -0.00183 | 0.009643
4 -0.0016 | -0.00152 | 0.005379
5 0 -0.00144 | 0.003223

Table 4.3. Model coefficients of basic functional form Rrup equation.
Period (s) a0 al a2 a3 a4 a5 a6 a7 al0
PGA -3.74218 | 0.923795 | -0.00721 | -1.22051 -0.132 -2.77761 | 0.270858 | -0.35212 -0.006
0.01 -3.69537 | 0918367 | -0.01013 | -1.20685 | -0.13761 | -2.78031 | 0.271041 | -0.34949 | -0.00602
0.02 -3.60835 | 0913171 | 0.002583 | -1.21867 | -0.13319 | -2.78947 | 0.270966 | -0.33356 | -0.00596
0.03 -3.1632 0.864119 | 0.046106 | -1.23256 | -0.11587 | -2.82655 | 0.272269 | -0.28394 | -0.00592
0.05 -2.33705 | 0.789637 | 0.075294 | -1.20433 | -0.10447 | -2.90311 | 0.275795 | -0.22198 | -0.00625
0.1 -2.4387 | 0.857096 | 0.143529 | -1.35905 | -0.05035 | -2.76965 | 0.253982 | -0.33647 | -0.00759
0.15 -3.98 1.11968 -0.01047 | -1.29143 | -0.17533 | -2.51538 | 0.22216 | -0.44391 | -0.00774
0.2 -5.07263 1.24932 -0.01122 | -1.30145 | -0.27244 | -2.36563 | 0.208636 | -0.54338 | -0.00729
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Table 4.3. (Cont'd)

0.3 | -6.87426 | 1.490154 | -0.09984 | -1.3459 | -0.36428 | -2.23485 | 0.198744 | -0.6773 | -0.00616

04 | -8.50116 | 1.725565 | -0.27233 | -1.16336 | -0.58032 | -2.09248 | 0.180465 | -0.72577 | -0.0052

05 | -9.65828 | 1.882184 | -0.35709 | -1.14593 | -0.65563 | -2.02108 | 0.171778 | -0.77572 | -0.00447

0.75 | -11.5154 | 2.100652 | -0.30317 | -1.25007 | -0.79838 | -1.91123 | 0.155938 | -0.82563 | -0.00316

1 -12.8018 | 2.256341 | -0.27666 | -1.28356 | -0.9224 | -1.83264 | 0.140586 | -0.83263 | -0.0023

1.5 | -14.0759 | 2.334637 | -0.22469 | -1.17115 | -1.16469 | -1.83024 | 0.140353 | -0.85732 | -0.00118

2 -14.5697 | 2.317067 | -0.17686 | -1.08358 | -1.30463 | -1.91744 | 0.154094 | -0.86386 | -0.00034

3 -15.1836 | 2.270968 | -0.10331 | -0.89412 | -1.53931 | -2.00819 | 0.165133 | -0.87036 0
4 -15.4446 | 2.200208 | -0.02815 | -0.84242 | -1.62088 | -2.0977 | 0.180959 | -0.87068 0
5 -15.7725 | 2.167568 | -0.01093 | -0.78786 | -1.67001 | -2.12578 | 0.187166 | -0.84971 0

Between-event and within-event residuals of Rss and Rrup based ground-motion
prediction equations are obtained considering mixed-effects algorithm from Bates
el al. (2013). As main prediction parameters for residual evaluations magnitude
(Mw), distance (Ris and Rrur), average shear wave velocity of upper 30 m of the
soil (Vs30), hypocentral depth (Zuye) and dipping angle (Dip) are considered.
Change of Mw, Zuyp and dipping angle depending on between-event residuals
and change of Vs3 and distance (Rus and Rrup) depending on within-event
residuals have been shown in Figure 4.1 and Figure 4.2, for Ris and Rrup based
equations, respectively, in different columns for peak ground acceleration (PGA)
and periods of 0.2 s and 1.0 s. The format of these plots is the same as in
evaluations that are made for compiled Turkish database. As you may recall,
crossing zero or following quite close trends to zero for confident intervals of these
residuals are enough to show this model predicts consistent values for related

period.

In this context, according to residual distributions, there’s no problem in equations
in terms of magnitude, distance, Vsso and dipping angle. When evaluating
residual distributions dependent on hypocentral distance, there’s a trend seen in
shallow earthquakes for PGA and T = 0.2 s values. This trend shows the similar
behavior for both Rys and Rrup based equations. To eliminate this trend, a
hypocentral depth term has been added to both Rys and Rrup equations and

these versions of equations have been explained in the next section.
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Observations that are made for the selected period values in here are overarching

for other period values that are chosen for regression.
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Figure 4.1. Distributions of between-event residuals versus magnitude (15 row),

within-event residuals versus distance (2" row), within-event

residuals versus Vs (3 row), between-event residuals versus

hypocentral depth (4™ row) and between-event residuals versus

dipping angle (5" row) for basic functional form Rys equation.
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Figure 4.2. Distributions of between-event residuals versus magnitude (15t row),

within-event residuals versus distance (2" row), within-event

residuals versus Vs3o (3@ row), between-event residuals versus

hypocentral depth (4" row) and between-event residuals versus

dipping angle (5" row) for basic functional form Rrup equation.

To evaluate the random variability model components of both of these equations,

change of total standard deviation (0), between-event standard deviation (1),

within-event standard deviation (¢) and site-to-site standard deviation (¢ps2s)

depending on period have been listed in Table 4.4 and plotted in Figure 4.3. In

the comparison that is given in this figure, it has been seen that, in short period
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values, between-event standard deviation of Rrup equation is higher than the Rus
equations with a small amount. This difference is also the reason of small

difference in the total standard deviation.

Table 4.4. Random variability values of basic functional form Rijs and Rrup

GMPEs.
R,s based GMPE Rrup based GMPE
Period (s)
T Dszs (0} c T Dsas (0} c
PGA 0.3909 0.4094 0.5326 0.7773 0.4074 0.4091 0.5344 0.7867
0.01 0.3917 0.4090 0.5331 0.7778 0.4083 0.4087 0.5349 0.7873
0.02 0.3944 04131 0.5343 0.7821 0.4115 0.4128 0.5360 0.7919
0.03 0.4069 04210 0.5399 0.7965 0.4246 0.4210 0.5418 0.8069
0.05 0.4382 04428 0.5492 0.8305 0.4566 0.4431 0.5511 0.8417
0.1 0.4472 0.4581 0.5492 0.8435 0.4623 0.4581 0.5503 0.8523
0.15 0.4244 0.4588 0.5492 0.8320 0.4381 0.4586 0.5505 0.8398
0.2 0.4000 0.4564 0.5481 0.8177 0.4128 0.4561 0.5497 0.8250
0.3 0.3603 0.4483 0.5398 0.7888 0.3702 0.4484 0.5414 0.7945
0.4 0.3423 0.4606 0.5170 0.7724 0.3486 0.4617 0.5192 0.7774
0.5 0.3360 04712 0.5059 0.7687 0.3394 0.4720 0.5079 0.7720
0.75 0.3554 0.4804 0.4733 0.7623 0.3530 0.4829 04747 0.7636
1 0.3854 0.4872 0.4515 0.7680 0.3810 0.4894 04526 0.7678
1.5 0.4349 04731 0.4417 0.7798 0.4272 0.4757 0.4430 0.7779
2 0.4554 0.4650 0.4475 0.7899 0.4459 0.4684 0.4490 0.7873
3 0.4744 0.4501 0.4672 0.8037 0.4623 0.4517 0.4692 0.7987
4 0.4911 04351 0.4808 0.8134 0.4778 0.4362 0.4833 0.8076
5 0.5160 0.4335 0.4906 0.8336 0.5017 0.4343 0.4937 0.8271
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Figure 4.3. Random variability comparisons of basic functional form Rys and Rrup
GMPEs.

4.2. Development of Ry and Rrur Based GMPEs in Basic Functional Form
with Hypocentral Depth Term

To observe the effect of hypocentral depth term to the equations that are derived
in the previous section, Equation 4.8 has been obtained with adding hypocentral
depth term (fnyp) to the Equation 4.1. Functional form of hypocentral depth term
has been given in Equation 4.9. In this equation, fhypH ve faypm terms represent
variables that are related to Znyp and magnitude dependent hypocentral depth
modelling. This equation proposed in Campbell and Bozorgnia (2014) and
chosen because of the suitability of ground-motion database which has been

working on this study.

Iny = fmag+fdis + ﬁsof + faat + fhyp + fsite (48)

fhyp = fhyp,H fhyp,M (498)
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0; Zyyp <7
foypr =31 Zuyp —7); 7 < Zpyp < 20 (4.9.b)
13; Ziyp > 20

ajq, M, <5.5
frypm =1 la11 + (a12 — ay1) (My, —5.5)], 5.5 <M, <65 (4.9.c)
aqz, M,, > 6.5

The model coefficients of Ris based equation that are obtained in the results of
regression has been listed in Table 4.5. From these coefficients, the coefficients
between ao and a0 are the new values in new functional form that are explained
in previous section. Hypocentral depth related coefficients are listed in a11 and
a2 columns of the table. Rrup based ground-motion prediction equation which
considers hypocentral depth effects has been developed in the similar way as
previous section. In the sub-functions of terms that are given in Equation 4.8,
Rrup has been used instead of Ris. Regression coefficients belong to this
equation has been given in Table 4.6 for selected period values. Fictitious depth
(h), style of faulting and nonlinear site effects coefficients are exactly same as the

ones that are obtained in basic functional form section.

Residual distributions of equations that are derived in this stage are given in
Figure 4.4 and 4.5, for Ris and Rrup based equations, respectively. The chosen
format and considered periods are equivalent as in previous section (namely
Figure 4.1 and 4.2).

Table 4.5. Model coefficients of basic functional form Rus equation with

hypocentral depth term.

T(s) a0 al a2 a3 a4 a5 a6 a7 alo all al2

PGA -4.675 1.0037 0.0161 -0.9400 | -0.5336 | -2.5228 | 0.2332 | -0.3624 -0.00650 0.061 0.022
001 -4629 | 09980 | 0.0133 | -0.9256 | -0.5400 | -2.5253 | 0.2334 | -0.3597 | -0.00652 | 0.062 | 0.022
0.02 -4541 | 09907 | 00262 | -0.9207 | -0.5501 | -2.5337 | 0.2332 | -0.3438 | -0.00647 | 0.064 | 0.021
0.03 -4.098 | 09362 | 00718 | -0.9052 | -0.5585 | -2.5678 | 0.2342 | -0.2942 | -0.00644 | 0.071 | 0.022
0.05 -3271 | 0.8526 | 0.1025 | -0.8047 | -0.6125 | -2.6407 | 0.2375 | -0.2316 | -0.00678 | 0.080 | 0.017
0.1 -3.389 0.9352 0.1646 -1.0544 | -0.4659 -2.5091 | 0.2161 | -0.3442 -0.00812 0.064 0.022
0.15 -4911 1.2124 0.0112 -1.1210 | -04634 | -2.2648 | 0.1853 | -0.4508 -0.00824 0.043 0.026

54



Table 4.5. (Cont'd)

0.2 -5.983 1.3505 0.0119 -1.2234 -0.4755 -2.1241 | 0.1730 | -0.5500 -0.00776 0.030 0.031
0.3 -7.774 1.6028 | -0.0669 -1.3881 -0.4652 -1.9973 | 0.1631 | -0.6847 -0.00660 0.013 0.036
04 -9.369 1.8403 | -0.2350 | -1.2146 | -0.6739 | -1.8632 | 0.1456 | -0.7343 | -0.00561 0.006 | 0.027
0.5 -10.507 | 2.0001 | -0.3116 | -1.2462 | -0.7105 | -1.7977 | 0.1378 | -0.7860 | -0.00488 | -0.005 | 0.024
0.75 -12.355 | 2.2271 | -0.2466 | -1.4325 | -0.7856 | -1.6911 | 0.1221 | -0.8388 | -0.00356 | -0.019 | 0.025
1 -13.612 | 2.3804 | -0.2155 | -1.5001 | -0.8755 | -1.6209 | 0.1083 | -0.8476 | -0.00270 | -0.024 | 0.026
15 -14.872 | 2.4628 | -0.1596 -1.4383 -1.0767 -1.6240 | 0.1088 | -0.8735 -0.00157 -0.034 | 0.027
2 -15.365 | 2.4481 | -0.1127 -1.3326 -1.2424 | -1.7128 | 0.1231 | -0.8805 -0.00073 -0.040 | 0.015
3 -15.960 | 2.3977 | -0.0384 -1.1554 -1.4677 -1.8092 | 0.1356 | -0.8864 -0.00013 -0.041 | 0.017
4 -16.195 | 2.3202 | 0.0351 -1.0844 | -1.5691 | -1.9062 | 0.1533 | -0.8858 | -0.00035 | -0.041 | 0.014
5 -16.505 | 2.2837 | 0.0498 -0.9943 | -1.6513 | -1.9390 | 0.1604 | -0.8643 | -0.00036 | -0.039 | 0.006
Table 4.6. Model coefficients of basic functional foom Rrup equation with
hypocentral depth term.
T(s) a0 al a2 a3 a4 a5 a6 a7 alo0 all al2
PGA -3.687 0.8603 | -0.0379 | -0.8635 | -0.3956 | -2.7809 | 0.2713 | -0.3531 | -0.00599 0.082 | 0.024
0.01 -3.640 0.8547 | -0.0407 -0.8490 -0.4019 -2.7836 | 0.2715 | -0.3505 -0.00602 0.082 0.024
0.02 -3.550 0.8472 | -0.0286 -0.8434 -0.4120 | -2.7927 | 0.2714 | -0.3345 -0.00596 0.085 0.023
0.03 -3.096 0.7917 0.0154 -0.8267 -0.4193 -2.8295 | 0.2726 | -0.2850 -0.00592 0.092 0.024
0.05 -2.256 0.7073 | 0.0441 -0.7240 | -0.4718 | -2.9059 | 0.2761 | -0.2237 | -0.00625 0.102 | 0.019
0.1 -2.386 0.7919 | 0.1103 -0.9782 | -0.3332 | -2.7717 | 0.2542 | -0.3385 | -0.00758 0.085 | 0.024
0.15 -3.949 1.0737 | -0.0380 | -1.0495 | -0.3441 | -2.5169 | 0.2223 | -0.4449 | -0.00774 0.063 | 0.028
0.2 -5.058 1.2163 | -0.0339 -1.1559 -0.3622 -2.3661 | 0.2086 | -0.5435 -0.00728 0.048 0.032
0.3 -6.869 14699 | -0.1112 -1.3229 -0.3553 -2.2342 | 0.1985 | -0.6767 -0.00615 0.031 0.038
04 -8.496 1.7105 | -0.2799 | -1.1485 | -0.5723 | -2.0919 | 0.1803 | -0.7250 | -0.00519 0.023 | 0.028
0.5 -9.657 1.8745 | -0.3580 | -1.1806 | -0.6119 | -2.0200 | 0.1715 | -0.7750 | -0.00447 0.012 | 0.026
0.75 -11.520 | 2.1028 | -0.2957 | -1.3660 | -0.6916 | -1.9098 | 0.1556 | -0.8252 | -0.00316 | -0.002 | 0.026
1 -12.809 | 2.2626 | -0.2666 | -1.4354 | -0.7864 | -1.8312 | 0.1403 | -0.8325 | -0.00230 | -0.008 | 0.028
15 -14.089 | 2.3481 | -0.2115 -1.3746 -0.9875 -1.8289 | 0.1401 | -0.8576 -0.00118 -0.018 | 0.028
2 -14.585 | 2.3346 | -0.1647 -1.2691 -1.1486 -1.9164 | 0.1539 | -0.8645 -0.00034 | -0.023 | 0.016
3 -15.200 | 2.2891 | -0.0901 -1.0939 -1.3706 -2.0070 | 0.1649 | -0.8711 0.00000 -0.024 | 0.019
4 -15.460 | 2.2178 | -0.0160 -1.0246 -1.4682 -2.0966 | 0.1808 | -0.8714 0.00000 -0.023 | 0.015
5 -15.787 | 2.1842 | -0.0011 | -0.9348 | -1.5494 | -2.1250 | 0.1871 | -0.8505 0.00000 -0.022 | 0.008

There’s no problem seen in magnitude, distance, Vsso and dipping angle; after

analyzing these distributions, similarly as in the basic functional form equation

that is derived in the previous section. When considering residual distributions

dependent on hypocentral depth, it's been seen that the trend in basic functional

form has been vanished. In this context, it occurs that Zuye term is necessary for

both of the distance-metrics.
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Figure 4.4. Distributions of between-event residuals versus magnitude (15 row),
within-event residuals versus distance (2" row), within-event
residuals versus Vs (3 row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus

dipping angle (5" row) for basic + Zuye functional form Rus equation.
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Figure 4.5. Distributions of between-event residuals versus magnitude (15t row),
within-event residuals versus distance (2" row), within-event
residuals versus Vs3o (3@ row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus

dipping angle (5™ row) for basic + Znve functional form Rrup equation.

To evaluate the components of random variability model of Zuyp term added
functional form, change of total standard deviation (o), between-event standard
deviation (1), within-event standard deviation (¢) and site-to-site standard
deviation (¢s2s) with period are listed in Table 4.7 and given in Figure 4.6. In the

comparison that is given in this figure, likewise in the basic functional form, it's
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been seen that between-event standard deviation values of Rrup equation are
slightly higher than the Rus ones, in the short period values. This difference is also
the reason for the difference in total standard deviation. While it has been seen
that this observation still continues and cannot be resolved with the addition of
hypocentral depth term in this section. Although, it's been observed that

discrepancy is smaller than the one in previous section.

Table 4.7. Random variability values of hypocentral depth term added functional
form Rys and Rrur GMPEs.

Ris based GMPE Rrup based GMPE
Period (s)
T Dsas (0] c T Ds2s (0] o
PGA 0.3778 0.4083 0.5326 0.7702 0.3892 0.4076 0.5345 0.7768
0.01 0.3785 0.4079 0.5332 0.7706 0.3899 0.4072 0.5350 0.7772
0.02 0.3806 04118 0.5343 0.7746 0.3923 0.4112 0.5362 0.7813
0.03 0.3914 0.4196 0.5400 0.7879 0.4034 0.4191 0.5419 0.7950
0.05 0.4192 0.4411 0.5492 0.8197 0.4311 0.4409 0.5513 0.8271
0.1 0.4304 0.4567 0.5490 0.8338 0.4391 0.4562 0.5503 0.8390
0.15 0.4124 0.4580 0.5490 0.8253 0.4200 0.4574 0.5504 0.8298
0.2 0.3926 0.4561 0.5479 0.8139 0.4008 0.4554 0.5497 0.8187
0.3 0.3569 0.4482 0.5396 0.7871 0.3636 0.4481 0.5414 0.7913
0.4 0.3405 0.4607 0.5169 0.7716 0.3450 0.4617 05192 0.7757
05 0.3349 0.4713 0.5059 0.7682 0.3374 0.4721 0.5079 0.7711
0.75 0.3533 0.4803 0.4733 0.7612 03514 0.4830 04747 0.7629
1 0.3817 0.4869 0.4515 0.7659 0.3789 0.4893 04526 0.7667
15 0.4280 0.4726 0.4417 0.7756 0.4235 0.4755 0.4430 0.7757
2 0.4456 0.4646 0.4475 0.7841 0.4404 0.4682 0.4490 0.7840
3 0.4653 0.4496 0.4672 0.7981 0.4572 0.4513 0.4692 0.7956
4 0.4832 0.4346 0.4808 0.8084 0.4734 0.4359 0.4833 0.8048
5 0.5086 0.4332 0.4906 0.8289 0.4977 0.4341 0.4937 0.8246
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Figure 4.6. Random variability comparisons of hypocentral depth term added

functional form Rus and Rrur GMPEs.

To compare the contribution of hypocentral depth term on Rus and Rrup
equations, regression coefficients that are controlling the hypocentral depth term
has been compared in Figure 4.7 and Figure 4.8. In these figures, solid orange
line stands for hypocentral depth term added functional form of Rrup equation
(Basic + Depth Rrur GMPE), while solid blue line stands for hypocentral depth
term added functional form of Rus equation (Basic + Depth Ris GMPE). While the
general behaviors are similar, the lines stand for Rys equation are clearly under
the Rrup equations’. Therefore, it can be said that, the contribution of hypocentral
depth term in Rys equation is lower than the Rrup ones, under global database.

This situation has also been observed under Turkish database (see. Figure 3.7).

59



0.10} ///\\\ — Rp GMPE |
,,//'/ . 8 p———— RRUP GMPE

0.08}

0.06 |

0.04

dil

0.02r

0.00

-0.02

—0.04
0.01 0.10 1.00

Period (s)

Figure 4.7. Comparison of ass regression coefficients, which controls the
hypocentral depth term, from the analyses that are held under

Global database for both equations.
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Figure 4.8. Comparison of as2 regression coefficients, which controls the
hypocentral depth term, from the analyses that are held under

Global database for both equations.
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4.3. Development of Rys and Rrur based GMPEs with Dipping Angle Term

In the result of residual distributions, there’s no trend has been observed in
dipping angle distributions (as seen in previous sections). However, Campbell
and Bozorgnia (2014) suggests using dipping angle term in functional form. It is
indicated that there’s a correction required especially for small magnitude
earthquakes. For the purpose of investigating this term, dipping angle term (faip)
has been added to Equation 4.8 and Equation 4.10 has been obtained. Dipping

angle function has been given in Equation 4.11.

Iny = fmag +fais + fsof + faat + fhyp + fdip + fsite (4.10)
aq3 6, MW < 4.5

faip = Jazs (5.5 M,)8; 45< M, <55 (4.11)
0; M, > 5.5

Model coefficients of Ris equation that are acquired in the result of regression
analyses which considers current functional form, has been listed in Table 4.8.
From these regression coefficients, the ones between ao-a12 are the new values
of coefficients, which are explained in the previous section, in this new functional
form. The coefficient of dipping angle has been listed on a3 column of the table.
As in previous stages, Rrup distance-metric has been used instead of Rus
distance-metric (in Equation 4.3 and 4.5) in sub-functions of Equation 4.10 and
Rrup based equation, which considers hypocentral depth term and dipping angle
term, has been developed. Model coefficients of this equations have also been
listed in Table 4.9 with corresponding period values. Fictitious depth (h), style of
faulting and nonlinear site effects coefficients are exactly same as the ones that

are obtained in basic functional form section.

Residual distributions of equations derived in this stage have been givenin Figure

4.9 and Figure 4.10 for Rys and Rrup based equations, respectively. Here, format
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and considered periods in the residual distributions are the same as the ones in

previous stage.

Table 4.8. Model coefficients of basic functional form Ruys equation with

hypocentral depth term and dipping angle term version.

T(s) a0 al a2 a3 a4 a5 a6 a7 alo all al2 al3

PGA -4.931 0.9830 0.3680 -1.2521 -0.5522 -2.5212 0.2330 -0.3633 -0.0065 0.066 0.022 | 0.0046

0.01 -4.884 0.9774 0.3652 -1.2376 -0.5586 -2.5237 02331 -0.3606 -0.0065 0.066 0.022 | 0.0046

0.02 -4.793 0.9704 0.3722 -1.2277 -0.5683 -2.5320 0.2330 -0.3447 -0.0065 0.069 0.021 | 0.0045

0.03 -4.348 0.9159 0.4169 -1.2114 -0.5765 -2.5663 0.2339 -0.2950 -0.0064 0.075 0.022 | 0.0045

0.05 -3510 0.8331 0.4332 -1.0983 -0.6296 -2.6393 02372 -0.2323 -0.0068 0.084 0.016 | 0.0043

0.1 -3.627 0.9159 0.4919 -1.3443 -0.4836 -2.5078 0.2159 -0.3450 -0.0081 0.068 0.021 | 0.0043

0.15 -5.170 11913 0.3683 -1.4371 -0.4827 -2.2632 0.1851 -0.4518 -0.0082 0.048 0.026 | 0.0046

0.2 -6.259 1.3287 0.3886 -1.5567 -0.4964 -2.1222 0.1726 -0.5512 -0.0078 0.035 0.030 | 0.0049
03 -7.944 1.5895 0.1644 -15928 -0.4780 -1.9960 0.1629 -0.6853 -0.0066 0.016 0.036 | 0.0030
04 -9.527 1.8278 -0.0197 -1.4056 -0.6853 -1.8621 0.1453 -0.7349 -0.0056 0.009 0.027 | 0.0028

05 -10.660 1.9881 -0.1023 -14323 -0.7213 -1.7966 0.1376 -0.7865 -0.0049 -0.002 0.024 | 0.0027

0.75 -12.507 2.2153 -0.0391 -1.6171 -0.7963 -1.6902 0.1219 -0.8392 -0.0036 -0.016 | 0.024 | 0.0027

1 -13.744 2.3703 -0.0368 -1.6595 -0.8845 -1.6203 0.1081 -0.8479 -0.0027 -0.022 | 0.026 | 0.0023

15 -14.989 2.4539 -0.0009 -1.5799 -1.0847 -1.6236 0.1087 -0.8738 -0.0016 -0.032 | 0.027 | 0.0021

2 -15.512 2.4371 0.0857 -1.5097 -1.2523 -1.7123 0.1230 -0.8808 -0.0007 -0.037 0.014 0.0026
3 -16.096 2.3873 0.1455 -1.31%4 -1.4771 -1.8087 0.1355 -0.8867 -0.0001 -0.039 0.017 0.0024
4 -16.338 2.3093 0.2288 -1.2570 -1.5791 -1.9056 0.1531 -0.8860 -0.0004 -0.038 0.013 0.0025
5 -16.648 2.2729 0.2426 -1.1660 -1.6614 -1.9385 0.1603 -0.8646 -0.0004 -0.037 0.006 0.0025

Table 4.9. Model coefficients of basic functional form Rrup equation with

hypocentral depth term and dipping angle term version.

T(s) a0 al a2 a3 a4 a5 a6 a7 al0 all al2 al3

PGA -3.928 0.8410 0.2926 -1.1567 -0.4132 -2.7792 0.2710 -0.3539 -0.0060 0.086 0.024 | 0.0043

0.01 -3.881 0.8354 0.2898 -1.1421 -0.4195 -2.7819 02712 -0.3513 -0.0060 0.087 0.024 | 0.0043

0.02 -3.786 0.8282 0.2959 -1.1313 -0.4292 -2.7911 02711 -0.3352 -0.0060 0.089 0.023 | 0.0042

0.03 -3331 0.7728 0.3383 -1.1133 -0.4363 -2.8279 0.2724 -0.2857 -0.0059 0.096 0.024 | 0.0042

0.05 -2479 0.6893 0.3518 -0.9972 -0.4879 -2.9046 0.2759 -0.2243 -0.0063 0.105 0.018 | 0.0040

0.1 -2.607 0.7741 0.4151 -1.2482 -0.3498 -2.7704 0.2540 -0.3392 -0.0076 0.088 0.023 | 0.0040

0.15 -4.194 1.0540 0.2983 -1.3472 -0.3624 -2.5153 02221 -0.4458 -0.0077 0.067 0.028 | 0.0044

0.2 -5.320 1.1957 0.3232 -14719 -0.3822 -2.3642 0.2083 -0.5445 -0.0073 0.053 0.032 | 0.0047
03 -7.025 1.4577 0.1011 -1.5109 -0.3671 -2.2329 0.1983 -0.6772 -0.0062 0.034 0.038 | 0.0028
04 -8.641 1.6992 -0.0829 -13233 -0.5828 -2.0907 0.1800 -0.7255 -0.0052 0.026 0.028 | 0.0026
05 -9.798 1.8635 -0.1668 -13506 -0.6219 -2.0189 0.1713 -0.7754 -0.0045 0.015 0.025 | 0.0025

0.75 -11.659 2.0921 -0.1063 -1.5346 -0.7014 -1.9089 0.1555 -0.8256 -0.0032 0.000 0.026 | 0.0025

1 -12.928 2.2535 -0.1053 -1.5792 -0.7946 -1.8306 0.1402 -0.8328 -0.0023 -0.006 | 0.028 | 0.0021

15 -14.193 2.3402 -0.0700 -1.5009 -0.9947 -1.8284 0.1400 -0.8578 -0.0012 -0.016 | 0.028 | 0.0018

2 -14.719 2.3246 0.0166 -1.4309 -1.1578 -1.9158 0.1538 -0.8648 -0.0003 -0.021 | 0.016 | 0.0024
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Table 4.9. (Cont'd)

3 -15.323 2.2797 0.0775 -1.2433 -1.3792 -2.0064 0.1648 -0.8713 0.0000 -0.022 | 0.018 | 0.0022
4 -15.592 2.2079 0.1618 -1.1830 -1.4775 -2.0960 0.1807 -0.8717 0.0000 -0.021 | 0.015 | 0.0023
5 -15.918 2.1743 0.1762 -1.0927 -1.5587 -2.1244 0.1869 -0.8507 0.0000 -0.020 | 0.008 | 0.0023

After analyzing these distributions, as inthe previous sections, there’s no problem
in equations about magnitude, distance, Vs3o, hypocentral distance and dipping

angle. Itis not that possible to talk about apparent effects of fqjp term.
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Figure 4.9. Distributions of between-event residuals versus magnitude (15t row),
within-event residuals versus distance (2" row), within-event
residuals versus Vs3o (3 row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus
dipping angle (5" row) for basic + Zuvp + Dip functional form Rus

equation.
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Figure 4.10. Distributions of between-event residuals versus magnitude (15t row),
within-event residuals versus distance (2" row), within-event
residuals versus Vs (3 row), between-event residuals versus
hypocentral depth (4" row) and between-event residuals versus
dipping angle (5" row) for basic + Znyp + Dip functional form Rrup

equation.

To evaluate the components of random variability model of Zuyer and dip terms
added functional form, change of total standard deviation (o), between-event
standard deviation (1), within-event standard deviation (¢) and site-to-site

standard deviation (¢s2s) with period are listed in Table 4.10 and they are given
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in Figure 4.11. In the comparison thatis given in this figure, likewise in the basic
functional form, it's been seen that between-event standard deviation values of
Rrup equation are slightly higher than the Rus ones in the short period values as
it was for basic and Zuve added functional form GMPEs. This difference is also
the reason of the difference in total standard deviation. It is possible to say that

the effect of dipping angle term on standard deviation is quite small.

Table 4.10. Random variability values of hypocentral depth and dipping angle

terms added functional form Rys and Rrur GMPEs.

R,s based GMPE Rrur based GMPE
Period (s)
T Ds2s (0] c T sz (0] c
PGA 03737 0.4084 0.5326 0.7682 0.3857 0.4077 0.5345 0.7750
0.01 03744 0.4080 0.5331 0.7687 0.3864 0.4072 0.5350 0.7755
0.02 03767 0412 0.5343 07727 0.3890 0.4112 0.5362 0.7797
0.03 03878 0.4197 0.5400 0.7862 0.4004 0.4192 0.5419 0.7936
0.05 0.4160 0.4412 0.5492 08181 0.4285 0.4411 0.5513 0.8259
0.1 04263 0.4569 0.5490 08318 0.4356 0.4564 0.5503 0.8372
0.15 0.4075 0.4582 0.5490 0.8230 0.4158 0.4575 0.5504 0.8277
0.2 0.3869 0.4562 0.5479 08112 0.3958 0.4555 0.5496 0.8162
0.3 03542 0.4483 0.5396 0.7859 0.3613 0.4481 0.5413 0.7902
0.4 03384 0.4607 0.5169 0.7706 0.3432 0.4616 0.5192 0.7749
0.5 03328 0.4713 0.5058 0.7673 0.3356 0.4721 0.5079 0.7703
0.75 03521 0.4802 0.4732 0.7606 0.3504 0.4829 0.4746 0.7624
1 0.3808 0.4869 0.4515 0.7654 0.3781 0.4893 0.4526 0.7663
15 0.4270 0.4726 0.4417 07751 0.4227 0.4754 0.4430 0.7752
2 0.4447 0.4646 0.4475 0.7835 0.4396 0.4681 0.4490 0.7836
3 04647 0.4496 0.4672 07977 0.4568 0.4513 0.4693 0.7953
4 04824 0.4346 0.4808 0.8079 0.4728 0.4358 0.4833 0.8044
5 0.5076 0.4332 0.4906 08283 0.4969 0.4341 0.4937 0.8241
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Figure 4.11. Random variability comparisons of hypocentral depth and dipping

angle terms added functional form Rus and Rrur GMPEs.

4.4. Development of Rrur Based GMPE in Comple x Functional Form

In this stage of the study, terms that will provide hanging wall corrections which
are necessary for Rrup based equation have been added to the functional form.
Rus based equations can consider the hanging wall effects on average because
they take Rus distance-metric as 0 km on the surface projection of the fault.
(Donahue and Abrahamson, 2014). Residual distributions for the hanging wall
earthquake data of basic form which is derived in the first stage of this study have
been shown in Figure 4.12, Figure 4.13 and Figure 4.14 for PGA, T = 0.2 s and
T = 1.0 s values, respectively. In these figures, residual values of earthquake
recordings that are on the fault projection (namely Ris =0 km) and outside of this
place (namely Rys > 0 km) are evaluated separately. In this context, when
analyzing the residual distributions, a serious trend has been seen in Rrup based
equation, especially for Ris = 0 km (left column). This fact about Ris based
equations has been seen in evaluations that are made after the result of
regression analyses, as it has been explained physically in Donahue and
Abrahamson (2014).
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Figure 4.12. Within-event distributions of basic functional form Rys (top row) and
Rrup (bottom row) equations for Rue = 0 km (left column) and Ris >

0 km (right column) situations depending on Rx distance for PGA.

In this stage, to enhance the modelling capability of Rrup equation, hanging wall
term (HW) has been added to Basic + Zuyp + Dip functional form and this form
represented with Basic + Ziyp + Dip + HW ground-motion prediction equation.
From now onward, this hanging wall effects term which has been added to the

functional form, turns this functional form to a complex version.
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New functional form has been turned into a complex form given in Equation 4.12
with adding fung (hanging wall) to Equation 4.10. With the hanging wall model that
is given in Equation 4.13; Rx distance (Equation 4.14; W fault rupture width and
0 dipping angle), Rrup distance (Equation 4.15), Mw magnitude scaling (Equation
4.16), ZTtor (Equation 4.17) and dipping angle (Equation 4.18) effects have been
taken into account. This model is the function that have been used to consider

hanging wall effects in Campbell and Bozorgnia (2014).

Iny = fmag+fdis + fsof + faar + fhyp + fdip + fsite T fhng (4-12)
fhng = a4 fhng,RX fhng,RRUp fhng.MW fhng,ZTOR fhng,& (4.13)
0; Ry <0
fingry =4 AR 0<Ry <R (4.14.2)
max[fZ (Rx), 0]! RX = R1
fi(Rx) = hy + hy (Rx/Ry) + h3(RX/R1)2 (4.14.b)
Ry — Rl) (Rx - R1)2
— 4.14.c
fo(Ry) = 1+ hs <R2—R1 + hg R R, ( )
Ry =W cos(9) (4.14.d)
R, =62 My, — 350 (4.14.e)

L Rryp =0

Jama.Rmyp = {(RRUP - R]B)/RRUP ; Repyp >0 (4.15)
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0; 5.5 < My,
fhng,MW = {(My, — 5.5)[1 + azpw(My, — 6.5)]; 55< My <6.5

f B {1 —0.06Z70r; Zror < 16.66
hng.Zror 0; Zror > 16.66

fhng,é‘ = (90 - 6) / 45

(4.16)

(4.17)

(4.18)

Complex functional form has been used to develop Rrup based equation. In the

light of the information that is given in the beginning of the section, the model

developedin the previous section will be used as the last version of the Rys based

equation. Period dependent model coefficients of Rrup equation that has been

developed in the results of regression analyses have been listen in Table 4.11

and 4.12. The coefficients that are given in Table 4.12 are directly the coefficients

used to calculate hanging wall effects.

Table 4.11. Model coefficients of Rrup based equation in complex functional form.

T(s) a0 al a2 a3 a4 a5 a6 a7 al0 all al2 al3
PGA -3.700 0.7819 0.3101 -1.2295 -0.3240 -2.8436 0.2867 -0.3652 -0.0061 0.086 0.030 0.0043
0.01 -3.653 0.7762 0.3072 -1.2149 -0.3304 -2.8462 0.2869 -0.3626 -0.0061 0.087 0.030 0.0043
0.02 -3.557 0.7687 0.3136 -1.2049 -0.3393 -2.8558 0.2869 | -0.3466 -0.0061 0.089 0.029 | 0.0042
0.03 -3.097 0.7122 0.3568 -1.1893 -0.3439 -2.8940 0.2885 | -0.2974 -0.0060 0.096 0.030 | 0.0042
0.05 -2.241 0.6275 0.3708 -1.0767 -0.3921 -2.9719 02923 | -0.2365 -0.0063 0.106 0.025 | 0.0040
0.1 -2.377 0.7135 0.4334 -13271 -0.2545 -2.8358 0.2701 -0.3514 -0.0077 0.089 0.029 0.0039
0.15 -3.986 0.9975 0.3158 -1.4244 -0.2703 -2.5749 0.2370 -0.4587 -0.0078 0.067 0.034 0.0044
0.2 -5.071 1.1310 0.3415 -1.5520 -0.2833 -2.4348 0.2254 -0.5578 -0.0074 0.053 0.038 0.0046
03 -6.766 1.3906 0.1212 -1.5998 -0.2598 -2.3066 0.2161 | -0.6922 -0.0062 0.034 | 0.045 | 0.0028
04 -8.390 1.6325 -0.0603 -14217 -0.4687 -21631 | 0.1977 | -0.7432 -0.0053 0.026 | 0.035 | 0.0025
0.5 -9.498 1.7879 -0.1439 -1.4459 -0.5062 -2.1038 | 0.1914 | -0.7917 -0.0046 0.015 | 0.033 | 0.0025
0.75 -11.332 2.0090 -0.0784 -1.6462 -0.5701 -2.0016 0.1775 -0.8445 -0.0033 0.001 0.035 0.0024
1 -12.668 2.1847 -0.0790 -1.6709 -0.6897 -1.9050 0.1583 -0.8498 -0.0024 -0.006 0.035 0.0021
15 -13.954 2.2770 -0.0452 -1.5867 -0.8973 -1.8967 0.1567 -0.8732 -0.0013 -0.015 0.035 0.0018
2 -14.507 2.2685 0.0384 -1.5064 -1.0718 -1.9765 0.1686 -0.8781 -0.0004 0.021 | 0.022 | 0.0023
3 -15.174 2.2407 0.0920 -1.2940 -1.3206 -2.0487 0.1751 -0.8801 0.0000 -0.022 | 0.023 | 0.0022
4 -15.525 2.1906 0.1680 -1.2050 -1.4518 -2.1147 0.1852 -0.8754 0.0000 -0.021 | 0.017 | 0.0023
5 -15.886 2.1661 0.1792 -1.1030 -1.5466 -2.1332 0.1891 -0.8525 0.0000 -0.020 0.008 0.0023
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Table 4.12. Hanging wall coefficients of Rrur based equation in complex

functional form.

T(s) al4 a2hw h1 h2 h3 h5 hé
PGA 0.600 0.596 0.117 1.616 -0.733 -0.128 -0.756
0.01 0.600 0.168 0.242 1471 -0.714 -0.336 -0.270
0.02 0.600 0.166 0.244 1.467 -0.711 -0.339 -0.263
0.03 0.600 0.167 0.246 1.467 -0.713 -0.338 -0.259
0.05 0.600 0.173 0.251 1.449 -0.701 -0.338 -0.263
0.1 0.600 0.174 0.259 1.449 -0.708 -0.391 -0.201
0.15 0.600 0.198 0.254 1461 -0.715 -0.449 -0.099
0.2 0.600 0.204 0.237 1.484 -0.721 -0.393 -0.198
0.3 0.600 0.164 0.210 1.586 -0.795 -0.447 -0.121
0.4 0.600 0.160 0.226 1.544 -0.770 -0.525 -0.086
0.5 0.600 0.184 0.217 1.554 -0.770 -0.407 -0.281
0.75 0.700 0.216 0.154 1.626 -0.780 -0.371 -0.285
1 0.657 0.596 0.117 1.616 -0.733 -0.128 -0.756
15 0.607 0.596 0.117 1.616 -0.733 -0.128 -0.756
2 0.538 0.596 0.117 1.616 -0.733 -0.128 -0.756
3 0.370 0.596 0.117 1.616 -0.733 -0.128 -0.756
4 0.163 0.596 0.117 1.616 -0.733 -0.128 -0.756
5 0.077 0.596 0.117 1.616 -0.733 -0.128 -0.756

General residual distributions belong to Rrup equation derived in this stage have
been givenin Figure 4.15. Followed format and considered periods are equivalent
to the residual distributions given in previous sections. After analyzing these
distributions, there’s no problem seen in equations about magnitude, distance,

Vs30, hypocentral distance and dipping angle.
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Figure 4.15. Distributions of between-event residuals versus magnitude (15t row),

within-event residuals versus distance (2" row), within-event

residuals versus Vs3o (3 row), between-event residuals versus

hypocentral depth (4" row) and between-event residuals versus

dipping angle (5™ row) for basic + Zuyp + Dip + HW functional form

Rrup equation.

Residual distributions belong to Rrup based equation in current functional form

and Rus based equation in functional form that considers hypocentral depth and

dipping angle have been plotted for earthquake recordings on the hanging wall

side in Figure 4.16, Figure 4.17 and Figure 4.18. These figures are up-to-date
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versions of residual distributions in Figure 4.12, Figure 4.13 and Figure 4.14 that
are examined in the previous paragraphs. It is evident that the trend of Rrup
equation has been vanished with the usage of complex form. In this context, it is

obvious that complex functional form is a necessity for Rrup based equation.
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Figure 4.16. Within-event distributions of complex functional form Rys (top row)

and Rrup (bottom row) equations for Ris = 0 km (left column) and

Rus > 0 km (right column) situations depending on Rx distance for

PGA.
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To evaluate the components of random variability models, change of total
standard deviation (o), between-event standard deviation (1), within-event
standard deviation (¢) and site-to-site standard deviation (¢s2s) values of both
Znvyp and dip terms added Rys equation (equation that is given in previous section)
and Rrup equation in complex functional form have been listed in Table 4.13 and
given in Figure 4.19 depending on period. In this comparison, similarly as in the
previous comparisons, between-event standard deviation value of Rrup equation

is slightly higher than the Ris equations.

Table 4.13. Random variability values of Ris and Rrur GMPEs in complex forms.

R, based GMPE Rrup based GMPE
Period (s)
T Dszs (0} c T Dsas (0} c
PGA 0.3737 0.4084 0.5326 0.7682 0.3874 0.4053 05347 0.7748
0.01 0.3744 0.4080 0.5331 0.7687 0.3881 0.4049 0.5352 0.7752
0.02 0.3767 0412 0.5343 0.7727 0.3906 0.4089 0.5363 0.7794
0.03 0.3878 0.4197 0.5400 0.7862 0.4020 0.4168 05420 0.7932
0.05 0.4160 0.4412 0.5492 0.8181 0.4305 0.4388 0.5513 0.8257
0.1 0.4263 0.4569 0.5490 0.8318 0.4377 0.4542 0.5506 0.8373
0.15 0.4075 0.4582 0.5490 0.8230 0.4171 0.4557 0.5508 0.8276
0.2 0.3869 0.4562 0.5479 0.8112 0.3974 0.4534 0.5502 0.8161
0.3 0.3542 0.4483 0.5396 0.7859 0.3627 0.4452 0.5419 0.7895
04 0.3384 0.4607 05169 0.7706 0.3437 0.4577 05197 0.7730
0.5 0.3328 0.4713 0.5058 0.7673 0.3352 0.4684 0.5084 0.7679
0.75 0.3521 0.4802 04732 0.7606 0.3486 0.4772 04749 0.7579
1 0.3808 0.4869 04515 0.7654 0.3743 0.4841 04526 0.7611
1.5 0.4270 0.4726 04417 0.7751 0.4171 0.4710 04426 0.7692
2 0.4447 0.4646 04475 0.7835 0.4342 0.4648 04486 0.7783
3 0.4647 0.4496 04672 0.7977 0.4524 0.4503 04687 0.7919
4 0.4824 0.4346 0.4808 0.8079 0.4707 0.4358 04831 0.8031
5 0.5076 0.4332 0.4906 0.8283 0.4958 0.4342 04936 0.8234
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Figure 4.19. Random variability comparisons of Rss and Rrur GMPESs in complex

forms.

4.5. Comparisons of the Median Prediction Values for Global GMPEs

In the first part of this study, it is observed that there has been always a difference
between spectral value predictions of two distance-metrics in the evaluations that
are held using Turkish database. While this difference is an indicator of an
epistemic uncertainty depends on distance-metric; to show that this difference is
independent of database, comparisons have been done for equations derived
from global database under virtual earthquake scenarios (see. Chapter 3.5) of
strike-slip fault situation and reference rock site (Vsso = 760 m/s) forPGA, T= 0.2
sand 1.0 s periods. These comparisons are given in Figure 4.20, Figure 4.21 and
Figure 4.22.

In these comparisons, while additions to basic functional forms (hypocentral
distance, dipping angle terms) are changing the median predictions of equations
in the close distances substantially, these effects are getting lower in middle and

far distances. In the comparisons that are made here, even though Rus and Rrup
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based equations are derived from the same database, especially for close and
middle-distance ranges, they predict quite different spectral values than each
other, as it happened similarly in equations derived from Turkish database. To
make a more effective observation in this stage, spectral value ratios of given
complex functions have been calculated and given in Figure 4.21 and Figure
4.22. These ratios are the ratio of spectral values of Rrup equation (PSArrup) to
Rus (PSARJB) equations. Change of these values according to distance has been
given in Figure 4.23. Here, observed changes are different than the ones
observed in Turkish database (see. Figure 3.18). Convergence of spectral values
and getting constantvalues have not been seen, especially for high magnitudes
(Mw 6.5 and 7.5). It is highly possible that database is the source of this
observation. Here, it's been seen that Rrup equation is generating higher spectral
values particularly in Mw 7.5 value. Setting aside these additional observations,
it is evident that there’s an epistemic uncertainty originating from distance-
metrics.
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Figure 4.20. Change of PGA values for different magnitude values according to
distance (Vs3o = 760 m/s; strike-slip fault).
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Figure 4.21. Change of spectral acceleration values (T = 0.2 s) for different
magnitude values according to distance (Vsso = 760 m/s; strike-slip
fault).
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Figure 4.22. Change of spectral acceleration values (T = 1.0 s) for different
magnitude values according to distance (Vs3o = 760 m/s; strike-slip
fault)
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Figure 4.23. Comparisons of PSA values: Strike-slipfault type and reference rock

site condition for T =0.2 s (left column)and T = 1.0 s (right column).

To observe the changein distance-metrics to spectral values again, comparisons
have been prepared for reverse virtual earthquake scenario considering sites that
are located on hanging wall (positive Rx) and footing wall (negative Rx) of the
fault in Figure 4.24. Changes of functional forms, from basic to complex, are
similar as in previous sections. In this figure, serious differences have been noted
on the hanging wall side of fault projection between behaviors of Rrup (Basic +
Znyp + Dip + HW) and Rys (Basic + Zuyp + Dip) equations represented with solid
pink line and dotted green line, respectively. For instance, maximum spectral
ordinate of Rys equationis around 0.95 g level when dipping angle is 30° (15t row),
corresponding Rrup equations ordinate is around 1.6g level. With increasing
dipping angle, projection area above the fault decreases and spectral ordinates
of the equations are getting closer. These differences are getting higher with
increasing magnitudes because of the similar reasons. Namely, surface area of

the fractured fault is increasing with higher earthquake magnitudes.
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Figure 4.24. Change of spectral acceleration values (T = 0.2 s) for different
magnitude values (Mw 6.5, 7.0 and 7.5) dependent on distance
(Vs3o = 760 m/s; reverse fault): dipping angle 30° (1t row), 45° (2

row), 60° (3" row), 75° (4™ row).
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5. CONCLUSIONS AND SUGGESTIONS

5.1. Conclusions

Two databases are compiled in the context of this study, as regional (Turkey) and
global (NGA-West2; Ancheta et al, 2014). With taking into account two
databases separately, evaluations of the functional forms of the ground-motion
prediction equations and the extended-source distance-metrics (Rus and Rrup)
as one of the main prediction parameters of these functional forms have been
investigated. Evaluations of functional forms have been made on representation
abilities of basic and complex forms that have been ranked according to the
number of prediction parameters (focal depth, dipping angle, distance between
fault fracture and surface, etc.). Choice of distance-metric has been discussed
over derived equations, and the impact on epistemic uncertainty and spectral

predictions as well.

The results of the regressions for the Turkish database show that there is a clear
discrepancy between median predictions of equations that are developed using
Rus and Rrup distance-metrics, especially in close distances. This difference may
be seen more apparent in faulting types which dipping angle is lower than 90°
(normal and reverse faults). Although an improvement has been seen in the
residual distributions of the ground-motion prediction equations with the addition
of hypocentral depth term to the functional forms, the difference in spectral
estimations have been preserved. In this context, it is possible to speak of an
epistemic uncertainty over Turkish database, because spectral estimation values
that are generated with the developed GMPEs (Rss and Rrup) shows
discrepancies especially in close distances on hanging wall sides. However,
limitations such as inadequate number of recordings and earthquake parameters
are restraining GMPE developers to investigate hanging wall effects on Turkish
Strong-Motion database. To speak of an epistemic uncertainty over random

variabilities is not so feasible, while standard deviations of these equations are
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quite close. Although, standard deviations of Rys equation is slightly lower than

Rrup ONnes.

Global database has been used to evaluate the apparent differences, especially
in close distances. It's been thought that uncertainties will be lesser in this
database, because number of close distance records and number of prediction
parameters are more than the Turkish database. Firstly, the basic functional form
has been considered in this database and later a smooth transform has been
made to complex functional form with addition of different prediction parameters.
Equations have been derived for considered functional form in every stage.
Parameters that have been added to function have enhanced the residual
distributions and as a result, lowered the standard deviations of the equations.
When estimations of Rrup equation in basic functional form have been evaluated,
it’'s been seen that they are quite insufficient especially on hanging wall side. In
this context, it is not a convenient approach to use Rrup distance-metric without

an additional hanging wall effects model.

As parallel to the previous paragraph, the biggest difference observed between
equations that are developed using Ris and Rrup distance-metrics is on sites that
are on hanging wall side of the reverse fault. Rss based equation can consider
the hanging wall effects on average without an extra definition because of the
definition of Joyner-Boore distance. Alongside with this, Rrup based equation
requires an additional term to model hanging wall effects. In this context, after
adding hypocentral depth and dipping angle terms to the equations, hanging wall
function has been added to Rrup equation and turned into complex functional
form. In this stage, differences are also observed in median spectral predictions
of Rie and Rrup based equations. As an addition to this observation, it is
determined that Rrup equation in complex functional form has a similar capacity
as Rus based equation. These observations are based on classical residual
analyses and standard deviation comparisons. In this context, itis possible to say
choosing Rus equation, which uses a simpler functional form, is more reasonable

depending on the observations made, regardless of the earthquake database.
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Rather than the difference of hanging wall term for Ris and Rrup equations, a
resemblance have been spotted between them, which can be explained as the
necessity of hypocentral depth term. After evaluating the residual distributions,
standard deviation comparisons and the median estimations for both of the
databases; a difference has become evident between basic form equations and
the hypocentral depth term added equations. The trend became better, total
standard deviations got lower and median estimations became lower (especially
for close distances) with the addition of hypocentral depth term. Although this
term has a positive effect on both equations, this effect is lower on Ris equation.
The difference of the positive effect can be observedin the lesser trend in residual
distributions of Rus equation and smaller difference between the two functional
forms (basic and hypocentral depth term added) of Rus equation. To observe this
difference more clearly, regression coefficients that are controling the
hypocentral depth term have been compared for both databases. As a result, it's
been seen that contribution of hypocentral depth term on Rys equation is lower

thanthe Rrup One, in both Turkish and global databases.
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5.2. Suggestions

Global database has been dominated by reverse style-of-faulting, while Turkish
database has been dominated by strike-slip and normal faults. Although, hanging
wall model of Campbell and Bozorgnia (2013) considers the hanging wall effects
of normal and strike-slip faults as well, it is not suitable to use this model on
Turkish data, while this model has been developed for a database which is
dominated with reverse faults. Statistical evidence of hanging wall effects is weak
due to the lack of data as stated in Campbell and Bozorgnia (2013). Hanging wall
effects in normal faults show only a mild difference in spectral values in the
simulations done by Collins et al. (2006). However, a difference between median
estimations of Rus and Rrur GMPEs that are developed for Turkish database
shows the existence of an epistemic uncertainty. In this context, this study can
be extended with developing a new hanging wall model with using empirical
recordings from a database dominated with normal and strike-slip faults and
simulation-based recordings to cover the epistemic uncertainty between Rys and
Rrur GMPEs. Evaluations made for Turkish Strong-Motion database have to be

repeated with the addition of this new hanging wall term.

Rus and Rrup distance-metrics are the most used distance-metrics in current
studies. Although, the clear epistemic uncertainty and functional form
complexities between them, push GMPE developers to search new type of
distance metrics, such as the Mean Rupture Distance (Thompson and Baltay,
2018) which offers a simpler functional form. In the scope of distance-metrics,
this study can be extended with adding new type of distance-metrics, which will
offer much simpler functional forms in GMPE applications, to Turkish and global
databases. Those two suggestions for future studies cannot be done within the

context of this study because of the limitations of time and computational effort.
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