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ABSTRACT

EVALUATION OF SITE EFFECTS BASED ON THE 1999 KOCAELI AND
DUZCE EARTHQUAKE EVENTS AND SEISMIC MICROZONATION OF
GOLYAKA, DUZCE, TURKEY

Yousefi Bavil, Karim
Doctor of Philosophy, Geological Engineering
Supervisor: Prof. Dr. Haluk Akgiin
Co-Supervisor: Assoc. Prof. Dr. Mustafa Kerem Kockar

February 2022, 151 pages

The high seismicity study area situated in a near-fault region in Gdélyaka, Diizce,
makes the determination of the bedrock geometry more complex, and hence, it makes
this area very challenging in terms of a site response study that would aid a seismic
hazard assessment. This study developed a basin model to evaluate the site effects in
the tectonically controlled and formed Plio-Quaternary fluvial sediments of the
Golyaka region that uniquely falls within the bifurcated near-field fault section of
the North Anatolian Fault System (NAFS). Surface seismic surveys and deep vertical
electrical sounding (VES), coupled with boring studies, have been performed to
determine the presence of the geological heterogeneities and the geometry of the
basin over a vast area, and a 3-D basin geometry model was developed. 1D and 2D
numerical analyses using an equivalent linear approach were performed to
characterize the near-field dynamic soil behavior within the Golyaka pull-apart basin
in the presence of a probable ground motion. The results of the numerical analysis
were compared and the performance of the used method was reviewed to ascertain

the site effects in the study region. A shear wave velocity of 1100 m/s was accepted



as the bedrock depth limit in the region. Based on the VES results, the alluvial
thickness in the center of the basin could be much thicker, i.e., almost 450 m. The
results of 1D and 2D numerical calculations for soft/weak soils revealed 2D basin
effects in spectral accelerations in a 1s period. A three-dimensional effect could also
be noticed for the Seis-18 analysis point by comparing the acceleration and velocity
spectra along the E-W and NW-SE cross-sections. Based on the recorded weak
motion, it was observed that the spectral acceleration showed significant similarity
to the results of 1D and 2D analyses. For this particular case, it was deemed that
weak motion earthquake was a good indicator of the seismic site effects for the soft

and thicker sediments of the study area.

Keywords: Seismic Characterization, 3D basin modeling, Near-field site effects, 1D

and 2D site response, Golyaka, Diizce
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0z

1999 KOCAELI VE DUZCE DEPREMLERI TEMEL ALINARAK DUZCE
ILi GOLYAKA ILCESININ SAHA ETKILERININ
DEGERLENDIRILMESI VE SiSMiK MiKROBOLGELEMESI

Yousefi Bavil, Karim
Doktora, Jeoloji Miihendisligi
Tez Yoneticisi: Prof. Dr. Haluk Akgiin
Ortak Tez Yoneticisi: Dog. Dr. Mustafa Kerem Kockar

Subat 2022, 151 sayfa

Diizce, Golyaka'da yer alan sismisitesi yiiksek caligma alani, faymn yakininda
bulunmasindan dolay1r anakaya geometrisinin belirlenmesini karmagik bir hale
getirmekte ve bu nedenle, sismik tehlike degerlendirmesine yardimci olacak bir saha
tepki ¢alismasi yapilmasi agisindan stiregleri zorlagtirmaktadir. Bu ¢alismada, Kuzey
Anadolu Fay Sisteminin (KAFS)’nin yakin alan etkisindeki 6zel bir havza
boliimiinde yer alan Golyaka bolgesindeki tektonik-kontrollii olusmus Pliyo-
Kuvaterner akarsu ¢okellerinin saha etkilerini degerlendirmek icin bir havza modeli
gelistirilmistir. Bu genis alandaki jeolojik heterojenliklerin ve havza geometrisinin
belirlenmesi icin yiizey sismik Ol¢iimleri, derin diisey elektrik sondaji (DES) ile
sondaj calismalart yapilmis ve 3 boyutlu bir havza geometri modeli gelistirilmistir.
Olasi bir yer hareketinin gerceklesmesi durumunda Golyaka c¢ek-ayir havzasindaki
yakin alan dinamik zemin davranisini karakterize etmek icin esdeger dogrusal
yaklagim kullanarak 1B ve 2B sayisal analizler yapilmistir. Sayisal analiz bulgular1
birbiriyle karsilastirilmis ve ¢alisma bolgesindeki saha etkilerini tespit etmek i¢in

kullanilan yontemlerin performansi degerlendirilmistir. Bélgede 1100 m/s'lik kayma

vil



dalgas1 hiz1 anakaya derinligi sinir1 olarak kabul edilmistir. DES sonuglari, havzanin
merkezindeki aliivyon kalinliginin ¢ok daha kalin; yaklasik 450 m olabilecegini
gostermektedir. Yumusak/zayif zeminler i¢in 1B ve 2B sayisal hesaplamalarin
sonuglari, 1s periyodundaki spektral ivmelerde 2B havza etkilerini ortaya
cikarmistir. Seis-18 analiz noktasi i¢in, D-B ve KB-GD kesitleri boyunca ivme ve
hiz spektrumlarinin karsilastirilmasi sonucu ii¢ boyutlu bir etki fark edilebilir.
Kaydedilen zayif harekete dayali olarak, spektral ivme, 1B ve 2B analiz sonuglariyla
onemli benzerlik gostermektedir. Bu durumda, zayif hareket sonuclari ¢aligma
alanindaki yumusak ve kalin sedimanlar i¢in sismik saha etkilerinin iyi bir

gostergesidir.

Anahtar Kelimeler: Sismik karakterizasyon, 3B basen modeli, Yakin-saha yer

etkisi, 1B ve 2 B yer tepkisi, Golyaka, Diizce

viil



To my parents, brothers,

and my wife

X



ACKNOWLEDGMENTS

I would like to express my deepest gratitude to my supervisor Prof. Dr. Haluk Akgiin
and co-supervisor Assoc. Prof. Dr. Mustafa Kerem Kockar for their guidance,
advice, patience, encouragement, and insight throughout the research. Their
insightful feedback pushed me to sharpen my thinking and brought my work to a
higher level.

I would like to thank Prof. Dr. Asuman G. Tiirkemenoglu and Prof. Dr. Aysegiil
Askan Gilindogan for their support and innovative ideas during my thesis. Also, I
have to give thanks to Prof. Dr. Berna Unutmaz and Assoc. Prof. Dr. El¢in Gok for
giving me the opportunity to defend my Ph.D. thesis.

I would like to express my gratitude to my love, Seyedehnasim Seyedpour
Esmaeilzad, who supported me in every step of my dissertation. I could not have
completed this dissertation without the happy moments she has provided as pleasant
distractions for resting my mind during my intense dissertation research and writing

studies.

My parents and my brothers deserve special thanks because of their wise counsel
and sympathetic ear. They were always there for me, and I could not have completed

this dissertation without their support and inspiration.

My days in graduate school would not have been enjoyable without the company of
my friends. I have experienced memorable moments with my dear friends. I would
like to thank Dr. Arif Mert Eker, Selim Cambazoglu, Arzu Arslan Kelam, Kadir
Yertutanol, Aydin Cigek, Gdzde Pinar Yal, Gékalp Oner, Ecem Cansu Asan and Dr.

Evrim Sopaci for their contribution and support.

I would like to express my appreciation to Mavi Girisim Engineering, Mining,
Consulting, and Trading Co. Ltd. and Felek Group Engineering for assisting with
and doing all of the field tests for this study.



I would also like to express my gratitude to several governmental organizations for
their documentation assistance, particularly the General Directorate of Mineral
Research and Exploration (MTA), the General Directorate of Highways (TCK), the
Golyaka Municipality, and the General Directorate of Provincial Bank (Ilbank).

I would like to thank the Middle East Technical University (METU) Scientific
Research Project (BAP-03-09-2012-002) for providing financial support for this
study.

x1



TABLE OF CONTENTS

ABSTRACT ..ottt ettt ettt ettt et e st e bt et e e st enseenteeneenseenee \4
0z vii
ACKNOWLEDGMENTS ...ttt st s X
TABLE OF CONTENTS ...ttt Xii
LIST OF TABLES ...ttt Xiv
LIST OF FIGURES ..ottt st XV
CHAPTERS
I INTRODUCTION.....oioitiieiteie ettt sttt se e e eneees 1
1.1 AImS and MOtIVATIONS .....eeruiieiieiiiiiieiie ettt ettt st 1
L2 STUAY QIEA ...eeeeiiiieiiie ettt ettt e et e et e e e e e e e e nbeeenaae e 3
1.3 PrOCEAUIE ..ottt 4
2 SEISMOTECTONICS AND REGIONAL GEOLOGY .....ccceveriereninieriienennns 7
2.1 Seismotectonics and SEISMICILY .......cccecveeriieriiierieeiierie ettt eeeeriee e e 7
2.1.1  The Diizce earthquake ...........ccccueeiiieiiiiiiiieeiieece e 10
2.1.2  Geological SEHNG .....cccvveruiieiieriie ettt 13

3 METHODOLOGIES FOR SITE CHARACTERIZATION AND SITE

EFFECT STUDIES ...ttt s eneas 17
3.1  Procedure performed for characterization studies ...........c.ccecveeriuveerrenns 17
3.1.1  Field testing program and data analysis ...........cccceccveeecureercieecnneeenee. 19
3.1.2  Engineering geological and geotechnical boring study..................... 20
3.1.3  Seismic surface wave methods..........cccceeiiiiiiiiiiiiiiniiicceeee 22
3.1.4  Vertical Electrical Sounding (VES) Method..........c.ccccvevvieniianinen. 29
3.1.5  H/V microtremor measurements ............cecceeveerueeruereenueeneeneeneeneennnes 30

xii


tec2
Typewritten Text
CHAPTERS

tec2
Typewritten Text

tec2
Typewritten Text


3.2 Procedure performed for 1D and 2D site response analysis .................... 33

3.2.1  Procedure performed in numerical modeling ...........cc.ccccvvervrrennenn. 36
3.2.2  Development of a site-specific target spectrum............ccccveeevveenenn. 38
3.2.3  Selection and scaling of the input rock motions ...........ccccceeeuveenneen. 40
3.2.4  Geometries of the 1D and 2D soil profiles ...........ccceceevieeciiennennn. 45
3.2.5 Characterization of non-linear soil properties...........ccceecueerueerrernnnn. 53

4  SITE CHARACTERIZATION AND BASIN MODELING.......ccccccceevuennnenne. 59
5 1D AND 2D NUMERICAL ASSESSMENTS OF SITE EFFECTS .............. 73
6  RESULTS AND DISCUSSION .....coiiiiiiiinieieniesiteeeeese et 87
6.1  Comparison and evaluating 1D and 2D site response analysis................ 87

6.2  Validation of the weak motion records along with the site response

ANALYSES ..veeeirieeiiie et e ettt e et e e et e e et e e et e e e e e e e e e aa e e et e e e nbeeetaeeetaeeetaeeeraeennnes 92
7  CONCLUSIONS AND RECOMMENDATION .....ccccoviiiieeeieeieeee e 97
REFERENCES ...ttt sttt sttt s sne e eneas 103
APPENDICES

A.  Geotechnical Boring Data and Deep Engineering Geological Boring Data

119
B. Surface Wave Method Analysis Results (MASW and MAM) .............. 129
C. Vertical Electrical Sounding (VES) Results ........ccccceeviiieiiieniiieninen, 134
D.  H/V Spectral ratio Results.........cccceeviieiiiiiiiiiieiieeeeeeeee e 141
CURRICULUM VITAE ...ttt 149

Xiii


tec2
Typewritten Text
    APPENDICES

tec2
Typewritten Text

tec2
Typewritten Text

tec2
Typewritten Text


LIST OF TABLES

TABLES

Table 1. A summary of the pulse-like ground motion records that were chosen
(PEER Ground Motion Database, NGA- WEST 2). ....ccoovieiiiieiieeieeceeeeee e 42
Table 2. A summary of the seven earthquake records used to create the suit best
matches the target SPECIIUML. ......coviieiiiiiiieiiecie et 45
Table 3. Variations in layer thickness along the E-W segment on a lateral and
VETTICAL SCALC. ...t 46
Table 4. Variations in the unit weights of the layers along the E-W section. ......... 46
Table 5. Variation in the shear wave velocity of the layers along the E-W section in
lateral and vertical dIir€CtIONS. ......ccueruieriirriirierieeieriteee e 47
Table 6. Variations in layer thickness along the NW-SE segment on a lateral and
VETTICAL SCALC. ...eniiii et 47
Table 7. Variations in the unit weights of the layers along the NW-SE section. ....48
Table 8. Variation in the shear wave velocity of the layers along the NW-SE
section in the lateral and vertical directions. .........cccceecueeriiiiiiniieniiee e 48
Table 9. The maximum height (m) along the E-W section for the 1D soil response
SEUAY . 1ottt ettt ettt et et e et e e e et e et e e bt e srbeeteeenbeenbeennnas 49
Table 10. The maximum height (m) along the NW-SE section for the 1D soil
TESPONSE SEUAY. 1.eviiiiiiiiiiiie ettt ettt ettt e e e et e e st e esbeesseeensaesnneenne 50

Table 11. Summary of geometry and mesh characteristics..........cceovveervvveencreennnnnn. 51

X1V



LIST OF FIGURES
FIGURES

Figure 1. The location of the study area...........ccceeevvieeiiiieiiieciecce e 4
Figure 2. The western part of the North Anatolian Fault System (NAFS) is situated
within the Eastern Marmara Region (Emre et al., 2011; Gtirer et al., 2006) and the
epicenter information of the major earthquakes (reproduced from KOERI, (2020).
It should be noted that the rectangular area displays a close-up view of the
bifurcated section of the NAFS in the Gdlyaka basin and surface rupture of two
major 1999 earthquake EVENLS.........c.eeviiiiiiiriieeiieie et 8
Figure 3. Acceleration time history of the 12.11.1999 earthquake records at the
Diizce meteorological Station..........ceeeeiiieiiieeiiieerieecee et e e 12
Figure 4. Shaking directions in Diizce and Bolu cities (Aydan et al., 2000).......... 13
Figure 5. The generalized geological map of the Golyaka basin (modified from
MTA, A.U., 1999) and the western part of the North Anatolian Fault System
(NAFS) that is situated within the Eastern Marmara Region (Emre et al., 2011;
GUrer et al., 2000). .....coouiieeiiieeieeeee e e e e e e eaa e e eaaeeeas 14
Figure 6. (a) A view of the Golyaka basin and Efteni lake from the south looking at
the N-NE direction; and a close-up view of the lithological units and Quaternary
alluvium from the study area. Note: (b) Andesite of the Yigilca unit, (c) Sandstone
outcrop of the Caycuma formation at the margin of the basin, (d) sandy silty clay
material, and (e) silty gravely sand material at the center of the basin................... 16
Figure 7. The geological reconnaissance map of the Go6lyaka basin; Note that the
dark striped dots display the MASW and MAM test locations, the light green dot
displays the deep engineering geological boring data, the dark green triangles
display the geotechnical boring data, and the blue striped dots display the vertical
electrical sounding (VES) measurement pOInts. ..........ccceeeeeerieenveeciieneeesieenresnenns 20
Figure 8. A view of three representative soil profiles concerning the boundary

positions (a- deep engineering geological boring profile at the deepest part of the

XV



basin, b- and c¢- geotechnical boring profiles at the northern and southern margins
of the basin, reSPECtIVELY ) ...cccuuiiiiiiiiiiieeie e e e 21
Figure 9. Plasticity Index (PI) variation with depth for available geotechnical
boring data. The soil classes based on the Unified Soil Classification System
(USCS) are CL and SM=-SC....oiiiiiiciieeieeeieeeee ettt e 22
Figure 10. An example of the constructed experimental dispersion curve of a)
Linear MASW and b) linear MAM records at Seis-15 ......cccccovvveriiienienieeiieeene, 26
Figure 11. Representative combined, processed dispersion curves from MAM and
MASW measurements and the corresponding Vs profiles concerning the basin
margin of the southern and northern parts along with the center of the basin ........ 28
Figure 12. Examples presenting the processed 1-D profiles of Vertical Electrical
Sounding (VES) measurements along with their inferred log profiles in the study
area (from the measurement points of G7 and G9) ........ccceeeevveevciiiiciieeniieeiee e, 30
Figure 13. H/V spectral ratio curves that were selected to verify the given profile
resulting from the measurements over the entire area.............cocceeeeveeviereeneeneennne. 32
Figure 14. The cross-sections and measurement sites used in this study for a 1D
and 2D site reSPONSE ANALYSIS. ..ecuvvierriieeiieeeiieeriee et e esieeeeeeseeesaeeeeaeeeseaeeeseee s 37
Figure 15. Site-specific target spectrum developed for the study area.................... 40
Figure 16. The mean match spectrum is calculated by averaging the spectra of the
seven earthquakes and the target SPeCtrum. .........ccceeveeeiiienieeiiienieeieeee e 43
Figure 17. Target spectrum of the original accelerograms of the seven earthquakes.
The abbreviations for these records are listed in Table 2...........cccceeiiiiininnennn. 44

Figure 18. Matched accelerograms of the seven earthquakes matched the target

spectrum. The records are abbreviated in Table 2...........ccoocveviieiiiiciiiiieiieeeeee, 44
Figure 19. 2D soil model of the E-W cross-section ...........ccccceeeeeveeevieenciieeeveeennee, 46
Figure 20. 2D Soil model of the NW-SE cross-section...........ccccceevevveercrieenveeennnen. 47

Figure 21. a) and c) Soil model of NW-SE and E-W sections, respectively. b) and

d) a close view of these sections to show the lateral and vertical variations of the

xvi



Figure 22. The first layer's normalized modulus and damping curves utilized in the
1D Site reSPONSE ASSESSIMENL. ...vvieeeiieeiieeeiieeeiieeeteeesaeeesreeessreeessreeessseessseesssneenns 56
Figure 23. The second layer's normalized modulus and damping curves were
utilized in the 1D site reSPONSE aSSESSMENL. .....cc.eeruvieruieriieiierieeiieeieeeeeeeeeaeeene 56
Figure 24. The third layer's normalized modulus and damping curves were utilized
in the 1D Site reSPONSE ASSESSIMENL. ...cuvviervieerrieerrieerreeesreeesreeesereessreessseeessneenns 57
Figure 25. Material modulus reduction and damping curves for all layers were used
in the 2D site reSPONSe aNALYSIS ......eeecvieriieiieiiecie ettt 57
Figure 26. Material modulus reduction and damping curves for all layers were used
in the 2D site reSPONSE ANALYSIS ..eecuvrieririeeiiieeiiieeciee et e et e eeeeeeeeeereeeeveeesree e 58
Figure 27. A 3-D basin model of the Vs results for the study area (Vertical
EXAZ@ETAtION: 5) .iutiiiiiiiieiiecieecee ettt ettt ettt et et neas 62
Figure 28. A comparison of the three interpolated 2-D cross-sections of the Vs
profiles along with the microtremor measurements that present the northern (a) and
southern (b) margin along with the basin center (c) of the Golyaka basin (Vs
Profile Vertical Exaggeration: 10).........ccccoeiiiiriiiiiiinieeiienieeieesee et 65
Figure 29. Enlarged Fig. 2 shows the spatial distributions of the VES
measurements and three parallel profile locations (i.e., A1, A2, A3). It should be
noted that the apparent resistivity contrast in the A1, A2, A3 points of the profiles
are due to the zone of faulting..........cccevviiiiiiniiiiii e 67
Figure 30. A 3-D fence diagram of the VES model. It should be noted that the
apparent resistivity results decrease due to the zone of faulting in the northeast
o150 ) s RO OO PO R SRR P R UPRUPRRPROPI 68
Figure 31. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes
in a very dense/weathered rock site near the 1999 Kocaeli EQ earthquake fault
rupture in the western part of the Golyaka basin. ..........cccoeceveeieiiiiiiieniieieceee, 77
Figure 32. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes

located in the center of the basin at Stiff SOIl SItES. wevvvevmmeeeeeeeieeeeeeeee e 78

Xvil



Figure 33. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes
in the deepest part of the Golyaka basin at the soft/weak soil site (Seis-18 located in
the center of the GOlyaka county) .......cccoeviieiiiiiiiiiiieieeeee e 79
Figure 34. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes
in the northern and southern boundary of the basin at very dense/weathered rock
(Seis-13) and stiff 501l SiteS (S€1S-29)...cccuviiiciiieeiiieeie e 80
Figure 35. The shapes of the velocity spectra for sites at the western part of the
Golyaka basin near the 1999 Kocaeli EQ fault rupture on very dense/weathered
rock site after performing 1D and 2D numerical site response analyses ................ 82
Figure 36. The shapes of the velocity spectra for sites at the basin center after
performing 1D and 2D numerical site response analyses (Directivity effects)....... 83
Figure 37. The shapes of the velocity spectra for sites at the deepest part of the
basin after performing 1D and 2D numerical site response analyses (Directivity
CETECES ). oottt et e e b e e ae e e b e e earaean 84
Figure 38. The shapes of the velocity spectra for sites at the northern and southern
boundary of the basin at very dense/weathered rock (Seis-13) and stiff soil site
(Seis-29) after performing 1D and 2D numerical site response analyses (Directivity
CETECES ). oottt a e e ae e e eareeearaean 85
Figure 39. 1D and 2D acceleration and velocity site response spectra in the western
part of the basin with very dense/weathered rock soil profiles where the 2D and
directivity effects are not ObSErvVed..........cccuvviiiiiiieiiiiiiie e 89
Figure 40. 1D and 2D acceleration and velocity site response spectra in the basin's
center at stiff soil profiles where the 2D and directivity effects are evident,
especially for Seis-10 and Seis-14.......ccociiieiiiiiiiiceie e 90
Figure 41. 1D and 2D acceleration and velocity site response spectra in the deepest
part of the basin with soft/weak soil profiles where the 2D and directivity effects

ATE EVIACIIL .o e e e e e e e e e e e e e e e e e e e e e eaeeeeeeeeee e aaaeeeeeeeenannns 91

xviii



Figure 42. 1D and 2D acceleration and velocity site response spectra in the western
part of the basin with very dense/weathered rock soil profiles show the 2D and
directivity effects, especially for Seis-10 and Seis-14. ......cccoooeriiviniinieniniiennne 91
Figure 43. A view of the epicenter location and of the recorded weak motions
(Kandili record 02.09.2016)-MW=3.7....cccuetieirieerieeeieeeeree et eve e evnee e 94
Figure 44. 1D and 2D acceleration site response spectra compared to recorded
weak motion and in the soft soil site where 2D and directivity effects were

ODSEIVEd 1N the DASIN'S CENEET . ...evvveeieeeieeeeeeeeeeeeeee e eeeeeeeeeseneeenennnnnes 95

X1X






CHAPTER 1

INTRODUCTION

1.1 Aims and motivations

The purpose of this dissertation is to compile a comprehensive database from the
geotechnical field and laboratory experiments, geophysical in-situ testing utilizing
surface wave techniques, vertical electrical sounding, Nakamura’s method (H/V),
and computational ground response analyses. These methodologies were employed
to characterize the dynamic soil parameters and detect the nonlinear behavior of the
local site effects. Field test results within soft and unconsolidated Upper Pliocene to
Pleistocene fluvial and especially Quaternary alluvial sediments (henceforth referred
to as Plio-Quaternary sediments in their entirety) deposited in the Golyaka pull-apart
basin that is situated southwest of the Diizce Province have been integrated. This
research was conducted in Golyaka, which is unique since it falls within the NAFS's
near field portion (i.e., distances between ruptures range up to 8 km), that is one of
the world's most significant transform fault systems capable of producing
devastating earthquakes such as those that caused the Kocaeli (Mw=7.4) and Diizce
(Mw 7.2) earthquakes in 1999.

The fundamental objective of this dissertation is to correlate, compare, and verify the
different results obtained using in-situ characterization and site effect estimation
techniques. The data was achieved using destructive and non-destructive (active and
passive measurements of the surface wave) field survey and geotechnical survey
(boring data and standard penetration tests). This research aims to compare and
correlate the results of the geological surveys, field tests and laboratory experiments
and their contribution to the vertical and lateral heterogeneity in the deep alluvial

basin. The spatial variations of the results were explored within a GIS environment.



In the context of this study, non-destructive active (Multi-Spectral Analysis of
Surface Wave) and passive (Microtremor Array Method) surface wave techniques
were used to analyze local soil conditions. These two methods were combined with
increasing the resolution throughout the shear velocity profile. The field
configurations and parameters were employed for both approaches. A linear form
and single mobile velocimeters were utilized to measure the local noise in the study
area. These measures have been carried out in the defined area with the dominant
soil periods and the soft soil spectral amplitudes. A systematic grid was used to
gather the microtremor data records.

Various data sets have been used in this investigation, including geological,
geotechnical, and geophysical data. This dissertation has examined the relationship
between the geological units, the potential underlying geometry of the subsurface,
vertical or lateral variations in the shear wave velocity data, vertical electrical
sounding, fundamental periods, and spectral amplitudes. The findings of the
destructive and non-destructive field studies were compared. The correlation results
provided insight into the characterization of the stiffness of the soil that is present in
the shallower regions (15 m depth) of the study area. The results of this analysis led
to the idealization of the soil column, which represents an important step of the

numerical analysis.

Another objective of this research was to analyze the site effects by comparing data
from 1D and 2D site response computations. Strong ground motion records were
used for numerical investigations related to the research area's seismotectonic
characteristics. Additionally, this study compared and verified the recorded data for
weak motion (small magnitude earthquake, Mw=3.7) during the field survey with
numerical results. The final evaluation of the results was carried out in a
Geographical Information Systems (GIS) environment by creating a database
encompassing the entire region. As a result, a probable nonlinear behavior of the
ground response in the presence of a potential excitation was hypothesized for

several sites.



Motivations for initiating this study is that the study area uniquely falls within the
near field portion of the NAFS (i.e., the distances vary next to the rupture up to 8
km), which is one of the most paramount transform fault systems globally that
produce devastating earthquakes as witnessed during the 1999 Kocaeli (My=7.4) and
Diizce (Myw 7.2) Earthquakes. The surface ruptures of the 1999 Kocaeli and Diizce
Earthquakes bound the tectonically formed Goékyaka basin in the near-field from
south to northwest, respectively, which makes this location unique and intriguing
from a site effect point of view. In general, the westward propagating seismic activity
along the NAFS starting from the 1939 Erzincan Earthquake (Ms =7.9), and lately,
the 1999 Kocaeli and Diizce Earthquakes have triggered more than ten severe
earthquakes during this century, which have led to more than 50,000 casualties
(Barka, 1996; MTA, 2003). For this reason, the Golyaka basin is a highly exclusive
area for determining nonlinear behavior (i.e., velocity anomaly/contrast due to

tectonic deformation) resulting from high seismicity in a near-fault region.

1.2 Study area

The study area is located in the Golyaka basin that lies within the Eastern Marmara
Region. It uniquely falls within the near field portion of the NAFS (i.e., the distances
vary next to the rupture up to 8 km), which is one of the most paramount transform
fault systems globally that produce devastating earthquakes, as witnessed during the
1999 Kocaeli (My=7.4) and Diizce (My 7.2) Earthquakes (Figure 1). The surface
ruptures of the 1999 Kocaeli and Diizce Earthquakes bound the tectonically formed
Gokyaka basin in the near-field from the south to the northwest, respectively, which

makes this location unique and intriguing from a site effect point of view.
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Figure 1. The location of the study area

1.3

Procedure

The procedure used in this study can be divided into five stages:

1.

Collection of comprehensive data, including geological field data, deep and
geotechnical borings, standard penetration tests, geotechnical laboratory
tests, and pre-exploration geophysical surveys.

Performing additional field study encompassing Nakamura’s method (H/V),
surface wave methods (active and passive methods), vertical electrical
sounding method (VES).

Studying the geological, geotechnical, and geophysical characterization of
the region and identifying lateral and vertical changes in local soil conditions
of the region. Developing a 2D and 3D basin model.

Analyzing 1D and 2D soil responses and determining the location's response
period and spectral amplitudes.

Comparative analysis of site response studies.



This thesis includes seven chapters. Chapter 2 presents the regional geology and
seismotectonics of the study area on a regional and local scale. A brief overview of
the theoretical foundations for the approaches used in the characterization studies
and the field application procedure has been provided in Chapter 3. The same chapter
discusses site effect estimation and 1D and 2D numerical ground response
evaluations. Site characterization and basin modeling are presented in Chapter 4. 1D
and 2D numerical site response analysis are presented in Chapter 5. Chapter 6
includes a discussion section and the results of the site effect investigations.
Recorded weak ground motion as compared with 1D and 2D dynamic analysis along
with the results presented in the same chapter. Chapter 7 summarizes the results of

this dissertation and highlights the most important conclusions.






CHAPTER 2

SEISMOTECTONICS AND REGIONAL GEOLOGY

2.1 Seismotectonics and seismicity

The study area is located in the Golyaka basin in the Eastern Marmara Region and
is uniquely situated within the bifurcated portion of the North Anatolian Fault
System (NAFS). The unique feature of the Golyaka basin is its location. The reason
for this is that the eastern end of the surface rupture of the 1999 Kocaeli earthquake
(Mw=7.4) has terminated in the eastern part of the Golyaka basin (Figure 2, 1999 a),
and the western end of the surface rupture of the 1999 Diizce earthquake (Mw=7.2)
also initiated in the western part of the study area (Figure 2, 1999 b). These large
destructive earthquakes have bound this tectonically formed basin in the near-field
region (fault-controlled basin margin) from south to northwest, respectively (Figure

2).
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Figure 2. The western part of the North Anatolian Fault System (NAFS) is situated
within the Eastern Marmara Region (Emre et al., 2011; Giirer et al., 2006) and the
epicenter information of the major earthquakes (reproduced from KOERI, (2020). It
should be noted that the rectangular area displays a close-up view of the bifurcated
section of the NAFS in the Golyaka basin and surface rupture of two major 1999
earthquake events.

The first destructive event, namely, the August 18, 1999 Kocaeli earthquake, has
caused surface ruptures ranging from 40 to 145 km in length, resulting in a 185 km
of surface rupture in total (Akyliz et al., 2002; Barka et al., 2002). The horizontal
displacement of the rupture surface was around 5 m in the vicinity of the epicenter
of this earthquake in Gdlciik and around 1.2 m in the east of the Golyaka region
(Cambazoglu et al., 2016; Polat et al., 2002). The November 12, 1999 Diizce
earthquake, which occurred three months later, is the second of the devastating 1999
Marmara earthquakes. This earthquake produced a horizontal and vertical
displacement of 3.0 m and 5.0 m, respectively, and created a rupture surface of 45
km (Taymaz, 2000). The western end of the rupture line in the Gdlyaka region is
situated about 9 km to the eastern end of the 17 August Kocaeli earthquake rupture
line (Barka, 1996). The NAFS, an active right-lateral strike-slip fault, is connected



to the Anatolian block extending northward to west. It usually represents a
transformation margin following a region of pre-existing crustal weakness. Slip-rate
of 20-30 mm/yr has been measured by the GPS networks (McClusky et al., 2000;
Reilinger et al., 2006, 2000, 1997; Straub et al., 1997) in the northern side of the
Anatolian block, with oriented vectors towards WNW in the eastern end, E-W in the
center, and S—W in the Aegean region, respectively. The North Anatolian Fault
System is divided into two main branches west of the Bolu district: the Diizce fault
in the north and the Mudurnu fault in the south. The Diizce fault, situated north of
these branches, passes through the study area. The Paleozoic—Eocene units of the
Almacik block are separated from the Pliocene— Quaternary continental deposits of
the Diizce pull-apart basin by the Diizce fault. This fault is in the proximity of the
Karadere segment, which is the eastern part of the Kocaeli surface rupture. The
Karadere segment and the Diizce fault constitute two diverging strike-slip strips
connected by a no-step-over fault junction. This geometric sequence entails a
releasing fault wedge, whose long-term morphological expression is represented by
the wedge-shaped basin of the Golyaka region (Figure 2; Pucci et al., 2007). The
Diizce fault shows up in the east to join the single trace of the NAFS with a right-
releasing step-over created by the Bakacak and Elmalik faults in the WNW-ESE
direction. Contrarily, the western section of the fault extends from the WSW—-ENE
striking Karadere segment, which borders the Izmit fault. This western boundary of
the Diizce fault section sets up a complex right-releasing step-over with the Karadere
segment that supposedly has blocked the propagation of the Kocaeli earthquake fault
rupture (Lettis et al., 2002). Consequently, this releasing zone controls the present-
day Diizce basin depocentre Efteni Lake, situated in the study area (Pucci et al.,

2007).

The rupture width of the Diizce earthquake has been determined to be 10 km
according to the seismic data and between 14-24.5 km according to the literature
(Biirgmann et al., 2002; Utkucu et al., 2003). The study area includes major seismic
events that can be sorted from the most recent to the past as follows: the 17 August

1999 Kocaeli (Mw=7.4), the 12 November 1999 Diizce (Mw=7.2), the 22 July 1967



Mudurnu (Mw=6.2), the 18 September 1963 Yalova (Mw:6.2), the 26 May 1957
Bolu-Abant (Mw=6.7), the 1 February 1944 Bolu-Gerede (Mw=6.8) and the 20 June
1943 Hendek (Mw=6.4) (KOERI-RETMC, 2020) (Figure 2). These events have
caused significant casualties and substantial economic losses (Akyiiz et al., 2002;
Ambraseys NN and Zatopek A, 1969; Barka et al., 2002; Barka and Kadinsky-Cade,
1988; Kondo et al., 2005; Palyvos et al., 2007).

2.1.1 The Diizce earthquake

On November 12, 1999, at 18:57 (16:57GMT), the primary shock occurred. Most
severe damage to reinforced concrete structures occurred in Diizce and Kaynasli,
built on alluvial deposits. The number of fatalities and injured were 1 and 68,
respectively. A total of fourteen structures in Golyaka have either collapsed or have

been severe to moderately damaged.

The surface rupture of the Diizce earthquake was believed to be between 30 and 45
kilometers (Duman et al., 2000; Ozden et al., 2000; Demirtas et al., 2005). For
approximately 9 kilometers, the surface rupture overlaps the eastern termination part
of the 17 August 1999 event at the Karadere segment (Akyiiz et al., 2002; Hartel et
al., 2002). The Diizce rupture's faulting characteristics vary throughout the surface
rupture area. While the primary rupture zone is dominated by a right-lateral strike-
slip motion (Akyiiz et al., 2002), normal (near Golkaya) and thrust (at the Diizce
rupture zone) aspects are also present (Akyiiz et al., 2002; Pucci et al., 2007).
According to Duman et al. (2000), the earthquake's surface rupture is divided into
three different segments by the Beykdy and Kaynasli restraining step-overs. The
rupture’s trend has been determined to be E-W (Duman et al., 2000; Cakir et al.,
2003; Umutlu et al., 2004). For trends ranging from N80°E to N100°E, directional
analysis of the extracted lineaments produced the same result. In this dissertation,

the model was predominantly segmented according to the method described by
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(Duman et al., 2000). Another segmentation model was also studied as an alternative
rupture scenario, dividing the Diizce fault into western and eastern segments near the
Cakirhaciibrahim village based on the coseismic fault trace (Pucci et al., 2007). At

the Diizce portions, the slide rate is claimed to be 10mm/yr (Ayhan et al., 2001).

According to Kandilli Observatory's (KOERI) fault plane solutions, the earthquake
began towards the western end of the seismic fault and moved eastward. The high
acceleration values at Bolu station, which are even greater than those at the nearby
Diizce station, could be due to the abrupt termination of faulting at the eastern end
and some ground amplification. Bolu station's peak ground acceleration (0.805g) is
likely to be the greatest ever recorded by Turkey's National Strong Motion Network,
maintained by the Earthquake Research Department (ERD). The N-S, E-W, and UP-
DOWN acceleration data at the Dilizce Meteorological Station are depicted in Figure
3. According to the recorded station distributions, it appears that the northern side of
the fault was subjected to more shaking than the southern side of the fault, owing to

the area's location on the fault's overhanging side (Aydan et al., 2000).

Figure 4 depicts the horizontal plane traces of acceleration waves and combined
displacement trajectories at the Diizce and Bolu stations near the epicenter. This
image can be used to predict the various directions of structure toppling and shearing
and slope and ground failures. The Diizce records suggest that the structures were
subjected to cyclic torsional motion, whereas the Bolu records suggest an almost
impulsive shaking in the NE-SW direction. In other words, the damage is far more
likely in Diizce than in Bolu, although Bolu's peak acceleration is substantially

greater than that measured at Diizce (Aydan et al., 2000).

11



N-S
04 PGA: 0.404 g

0.2

o

15 20 25 30

Acceleration (g)
o

Time (s)

E-W
PGA:0.514g
0.6
0.4

0.2

-0.2

Acceleration (g)
o

-0.4

-0.6
Time (s)

upP

0.4
0.3
0.2
0.1
-0.1 15 20 25 30
-0.2
-0.3
-0.4

Acceleration (g)
o

Time (s)

Figure 3. Acceleration time history of the 12.11.1999 earthquake records at the
Diizce meteorological station
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Figure 4. Shaking directions in Diizce and Bolu cities (Aydan et al., 2000)

2.1.2 Geological setting

The tectonically developed Golyaka basin possesses unconsolidated Plio-Quaternary
deposits intercalated with gravel, sand, silt, and clay that overlie older geological
formations as a result of the fluvial activity (Figure 5). The Quaternary deposits are
fluvial, lacustrine, and river delta sediments. The fluvial sediments primarily consist
of gravel and sand material in the alluvial fans. However, the deposits of the Diizce
basin are composed of thick layers of lacustrine and deltaic sediments, which
primarily consist of silt and clay material (Figure 5). The thickness of the fluvial
deposits (relatively coarser-grained material) becomes thicker towards the NE,

whereas the lacustrine (fine-grained material) sediments become dominant towards

the SW.
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In the study area, the Cretaceous units are over-thrusted on the Eocene Yigilca Unit
(Ty; andesites, basalts) and the Caycuma formation (Tc; sandstones, mudstones, and
limestones). The Quaternary alluvium and the unconsolidated Plio-Quaternary
Karapiir¢cek formation lie unconformably over the older units. The main geologic
structure in the study region is the E-W striking northern section of the Diizce Fault
in the North Anatolian Fault System. The Diizce fault has a fundamental importance
in the region's structural deformation and geomorphological evolution. This dextral
strike-slip fault and in some segments with its normal component forms the Diizce
plain, which is an extensional Plio-Quaternary basin filled with sediments up to a

thickness of 260 m (Simsek and Dalgig, 1997).
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Figure 5. The generalized geological map of the Golyaka basin (modified from
MTA, A.U., 1999) and the western part of the North Anatolian Fault System (NAFS)
that is situated within the Eastern Marmara Region (Emre et al., 2011; Gtirer et al.,
20006).
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Figure 6 presents a general view of the study region located in the Golyaka basin and
Efteni Lake. As illustrated in this figure, a large part of the research site is situated
within the lake's catchment area (i.e., marshy, reddish-colored area) towards the SE.
In general, the area possesses heavy vegetation. The portions(Figure 6 that lack
vegetation are located at the margins of the basin (Figure 6 (b) and (c)), and

unconsolidated fluvial deposits exist near the main rivers (Figure 6 (d) and (e)).
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Figure 6. (a) A view of the Golyaka basin and Efteni lake from the south looking at
the N-NE direction; and a close-up view of the lithological units and Quaternary
alluvium from the study area. Note: (b) Andesite of the Yigilca unit, (c) Sandstone
outcrop of the Caycuma formation at the margin of the basin, (d) sandy silty clay
material, and (e) silty gravely sand material at the center of the basin
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CHAPTER 3

METHODOLOGIES FOR SITE CHARACTERIZATION AND SITE EFFECT
STUDIES

3.1 Procedure performed for characterization studies

Seismic events in the last few decades have demonstrated that local site conditions,

mainly those close to earthquake-prone areas, can generate substantial amplification

and spatial variations of earthquake ground motion that considerably affect the level

of ground shaking. Hence, the amplification of ground motion due to local site

effects (i.e., basin geometry, topographical conditions, and ground motion

resonance) plays a crucial role in enhancing seismic damage (Rodriguez-Marek et
al., 2001; Kockar and Akgtin, 2012; Eker et al., 2015; Kockar, 2016;). Almost all of
the destructive earthquakes in the last decades (i.e., Kobe 1995; Chi-Chi 1999;
Kocaeli and Diizce 1999; Sichuan 2008; New Zealand 2010; Van 2011 and Tohoku

2011) have brought particular attention to the significance of site effects.

Hence, it is essential to obtain detailed information on local site conditions to

understand the regional variations of ground motion. In many circumstances, it is

widely accepted that site characterization based on shear wave velocity is a critical

factor in determining the intensity of ground shaking (Joyner et al., 1994; Dobry et

al., 2000; Borcherdt, 2002). Thus, it is a practical parameter to characterize local soil

conditions for ground motion studies (Park and Elrick, 1998; Wills et al., 2000,

2015). In particular, a seismic surface wave is frequency-dependent and relies on the

dispersive nature of Rayleigh-type surface waves in layered media (Seligson, 1970).

This dispersive character of Vs can be efficiently utilized to form an underlying one-

dimensional velocity model for a particular site (Rodriguez-Marek et al., 2001,

Herak, 2008; Boaga et al., 2010; Pegah and Liu, 2016). Estimations have been

performed by using data obtained through array applications. In some situations
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where the topography and basin structure is complicated (i.e., near-fault regions,
tectonically deformed areas), 2D and 3D shear wave velocity are required to account
for the heterogeneities or the complex structures of basin models that may strongly
affect the local hazard pattern (Piatti et al., 2013; Eker et al., 2015; Wang et al., 2016;
Cushing et al., 2020; Mori et al., 2020).

High seismic activity in a near-fault region makes the determination of the
topography and basin structure more complex, and hence, it is much more
challenging to evaluate the site response characteristics as compared to areas situated
at farther distances. Particularly in the near-source regions, rupture front and slip
direction may have forward directional effects on the ground motion because they
are aligned towards the area of interest (Bradley and Cubrinovski, 2011).
Furthermore, due to the tectonic deformation, seismic velocity model complexity in
the form of velocity contrast with lower velocity is sought to be significant in site-
specific ground motions at regions near a fault or within the low-velocity fault zone
(Dreger et al., 2007). Therefore, the crucial step in hazard estimation in sites situated
near earthquake-prone areas is to reliably determine the basin geometry and define
the alluvial and bedrock interface. In other words, without accurately defining the
topography and basin structure, a well-developed basin model in an account for a
site response study would be incomplete, no matter how robust the methodology is.
Hence, for evaluating the seismic hazard associated with regional site conditions in
the near-fault region, the basin geometry and well-defined topography based on the

alluvial and bedrock interface are deemed critical factors.

This research has assessed the local site conditions and the dynamic sediment
characteristics in the Golyaka basin, then developed a 3-D basin model to
characterize the sediment conditions based on the successfully obtained Vs profiles
from different dimensions. In particular, it has focused on areas located at different
positions concerning the basin margins, and more specifically, on areas at the
northern and southern boundaries (fault-controlled basin margins) and in an area at
the deepest part of the basin. The high-resolution Vs profile was obtained by

conducting surface wave methods using a combination of active Multichannel
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Analysis of Surface Wave (MASW) and passive Microtremor Array Method (MAM)
measurements at a total of 29 locations. In other words, a combined utilization of
these techniques was adapted to maintain the accuracy of the shear wave velocity
results at shallow depths as well as at the deeper sections (Park et al., 2007; Gosar et
al., 2008; Eker et al., 2012). At 14 locations, the Schlumberger Vertical Electrical
Sounding (VES) technique has been applied to evaluate the depth of the basin
bedrock. In addition, geotechnical data at 30 boring locations incorporating the
results of a deep engineering geological boring with geological and basin topography

data have been correlated with the Vs profile and the VES model.

Finally, microtremor data measured in the study site were used to verify the inferred
basin depth. For this purpose, cross-correlation of the fundamental periods of the
H/V microtremor measurements and the interpolated Vs profiles revealed a good
agreement between the results. Comparison and verification of the two data sets
showed strong concordance, especially in the center of the basin, but some nonlinear
behavior was also encountered due to material deformation and basin edge effects
next to the complex faulting. Due to the shallow bedrock, this nonlinear behavior
may be interpreted as high periods at the basin edge. Finally, this comprehensive
survey led to a well-developed 2-D and 3-D geometry of a basin model of the
Golyaka basin. The results have been used to characterize the basin's sediment
characteristics and discuss the consequences of heterogeneity and basin effects on

the seismic hazard.

3.1.1 Field testing program and data analysis

The field testing and data analysis were performed to assess the local site conditions
and the dynamic sediment characteristics to develop a basin geometry model of the
study area by conducting geophysical and geotechnical studies complemented by a

thorough geological reconnaissance of the study site (Figure 7).
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Figure 7. The geological reconnaissance map of the Golyaka basin; Note that the
dark striped dots display the MASW and MAM test locations, the light green dot
displays the deep engineering geological boring data, the dark green triangles display
the geotechnical boring data, and the blue striped dots display the vertical electrical
sounding (VES) measurement points.

3.1.2 Engineering geological and geotechnical boring study

In order to investigate the subsurface sediments in the study area, a total of 30
geotechnical and deep engineering geological boring data have been utilized to
investigate the Gdlyaka basin-see appendix A for boreholes detail (Figure 8). The
collected data was utilized to develop three profiles representing the basin margins
of the northern and southern parts and the eastern section of the basin center (deepest
part). According to the borehole data, groundwater was generally confronted at
depths of 2.5 and 3.5 m from the surface. It was situated almost at the surface towards
the southeastern part of the study area. The soil layers are an intermediate plasticity

clay and sand, and non plasticity sand (PI=10-20 percent) (Figure 9).
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Figure 8. A view of three representative soil profiles concerning the boundary
positions (a- deep engineering geological boring profile at the deepest part of the
basin, b- and c- geotechnical boring profiles at the northern and southern margins of
the basin, respectively)
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Figure 9. Plasticity Index (PI) variation with depth for available geotechnical boring
data. The soil classes based on the Unified Soil Classification System (USCS) are
CL and SM-SC.

3.1.3 Seismic surface wave methods

In situ characterization of the Vs profiles was performed in the Gdlyaka basin
utilizing non-invasive seismic testing methods that relied on the dispersive nature of
the Rayleigh-type surface waves in layered media. In-situ seismic measurements of
active and passive surface wave methods have been conducted in the study area to
obtain the shear wave velocity results. These techniques have been used jointly to
maintain reasonably high precision of shear wave velocity measurements not only at
shallow depths but also at the deeper sections (Eker et al., 2012; Gosar et al., 2008;
Gouveia et al., 2016; Kogkar, 2016; Kogkar et al., 2010; Kogkar and Akgiin, 2012;
Park et al., 2007). An active source implies that the seismic energy is created in
purpose at a particular location relative to the geophone array, and the recording

starts when the energy is conveyed into the ground (Park et al., 1999). On the other
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hand, in passive surface wave techniques (Hayashi, 2008; Okada and Suto, 2003),
there is no time break, and therefore motion from ambient energy is created by a
series of artificial sources (i.e., cultural noise, traffic, machinery and so on) and
natural phenomena (i.e., wind, wave motion) in different and often unknown

locations according to the geophone array.

This study has mainly focused on high-resolution depths of 30 m or more, so the
related configuration and instruments were selected accordingly. In order to obtain
the subsurface Vs profile, Multichannel Analysis of Surface Wave (MASW) and
Microtremor Array Method (MAM) have been preferred as active and passive
surface wave methods, respectively. Active MASW and passive MAM surface wave
measurements have been conducted to measure the shear wave velocity profiles to
considerable depths. It should be noted that the acquisition patterns for both
measured surface wave data need to be designed to optimize the complementarities
of the collected frequency bands and to ensure an adequate overlap of the mutual
frequency bands. As recommended in the literature, to measure the dispersion curve
on the broadest possible frequency band, the concentric passive acquisitions have
been applied from small to large spans (i.e., from 10 mup to 1 km or more depending
on the targeted depth). As all dispersion curves were to be combined, active
measurements were carried out near the center of the passive array, and finally, to
prevent cross-contamination of the active and passive wave domains, the

simultaneous acquisition was avoided, as suggested by Foti et al. (2018).

In the Quaternary alluvium and terrace sediments, a total of 29 surface wave
measurements that entailed both passive (MAM) and active (MASW) methods have
been performed to characterize the sediments based on their age and depositional
settings. The spatial distribution of the measurement points is presented in Figure 7.
In this part of the study, active MASW records with geophones spaced at 1.5 m with
5-10-15 m offset and a 16.5 m array length, and passive MAM records with
geophones spaced at 5 m with 5 m offset and a 55 m length have been employed at
each testing point. The field measurements were performed by adopting a grid

system in which the seismic measurement points were placed approximately 700 m
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apart. However, this grid system had to be modified slightly during the fieldwork
due to environmental noise, dense vegetation, and accessibility problems throughout
the lake site and the infrastructures. Since a combination of the distribution curves
obtained by active and passive methods results in obtaining a high-resolution
sediment profile for seismic characterization (Eker et al., 2012; Kogkar, 2016), a
combined technique of the surface wave methods have been used to evaluate the

underlying strata of the sediment profiles by using the Vs results in this study.

The primary difference between active and passive surface wave surveys in terms of
outcomes is the different frequency ranges within which information can be gathered
in such high-frequency components are usually relatively easy to generate and detect
in active testing, whereas microtremors are frequently very active in the low-
frequency range. Combining passive and active approaches has been proposed as a
solution to overcome the constraints of each (Tokimatsu, 1995; Rix et al., 2002;
Yoon and Rix, 2004). Combining two sets of data processed from passive and active
field data, respectively, can be an extremely effective method for comprehending the
overall modal nature over a wide variety of frequency and phase velocity ranges

(Park et al., 2005).

A blind way technique was applied over the project site, and the primary purpose
was to obtain the Vs profiles in the research site. To characterize the soil layers down
to a depth of at least 30 m or more, the geophone type, offset length, and distance
were selected accordingly, which allowed correlating the results of both testing
methods according to diverse sources. Even though some active source (MASW)
measurements were affected by the far-field effect, the results verified that the effort
put forward during the study produced highly satisfactory results. This far-field
effect was mitigated by comparing the results of reverse shot and MAM
measurements. One of the fundamental assumptions of the surface wave methods is
that the elastic characteristics of the materials underneath a seismic array are not
lateral variables. To verify the validity of this assumption, the experimental
dispersion curves created by forward and backward shots for the same seismic array

can be compared in the MASW survey without changing any other data acquisition
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parameters (Foti, 2005). The latest models were developed by the presumption that
the fundamental mode of Rayleigh-type surface wave was recorded in the wave

analyses.

All MASW and MAM data acquired were processed and analyzed using a
SeisImager/SWTM V. 2.2 Surface Wave Analysis software. The same program was
used to integrate active and passive SWMs at the same site. For the MASW and
MAM records, the phase shift (Park et al., 1999) and spatial autocorrelation (SPAC)
inversion (Okada, 2003) methods were used to obtain dispersion curves in the phase
velocity frequency (v-f) domain. Figure 10 illustrates the MASW and MAM records
that experientially produced v-f domain dispersion curves. Appendix A contains all

the processed and analyzed surface seismic MASW and MAM data surveys.
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Figure 10. An example of the constructed experimental dispersion curve of a) Linear
MASW and b) linear MAM records at Seis-15

Representative examples obtained from the processed dispersion curves were fit into
the data, and the Vs profiles from the active and passive surface wave measurements

were obtained, as presented in Figure 11. Similar to Figure 10, six profiles
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representing the basin margin of the southern and northern parts along with the center
of the basin are presented in Figure 11, where the consistency between these curves
can be clearly seen. These results were also integrated and compared with the
existing engineering geological and geotechnical boring data in the Go6lyaka basin to
confirm the validity of the conducted surface seismic testing results and thus aided
in achieving more credible information on the subsurface sediments. With this
procedure, the quality of the data collected from the surface wave measurements was
assessed, validated, and later on, based on these results, the dimensional basin model

of Vs was created.

Combining diverse data sets (surface wave measurements with different array spans)
can supply an experimental dispersion curve over a wide frequency band. However,
the branches of the dispersion curve in a variety of data sets must overlap with each
other in the common frequency bands. A poor overlap might be related to various
reasons (i.e., retrieval of different modes, lateral heterogeneity, lack of spectral
resolution, difficulties in the processing step). An inadequate overlap confirms an
analysis with poor reliability (Foti et al., 2018). In the Golyaka basin, the
combination of both methods has been thoroughly and accurately implemented, and
representative examples extracted from different sections of the basin are given in

Figure 11.
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Figure 11. Representative combined, processed dispersion curves from MAM and
MASW measurements and the corresponding Vs profiles concerning the basin

margin of the southern and northern parts along with the center of the basin
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3.14 Vertical Electrical Sounding (VES) Method

The Vertical Electrical Sounding (VES) method has become very popular in
engineering investigations due to the simplicity of the technique. The VES method
involves detecting the surface effects produced by the flow of the electric current
inside the earth (Telford et al., 1976). Vertical Electrical Sounding (VES) was carried
out using the Schlumberger array at 14 stations in the study area. Since the
overburden thickness of the basin was significant, it required long current electrode
spacing for greater penetration such that the largest current electrode spacing AB/2
used was between 600 and 1250 m. The field survey encompassed Vertical Electrical
Sounding (VES) operations via the Schlumberger array (Takahashi, 2004).

All processed vertical electrical sounding (VES) data are supplied in Appendix B.
Representative examples (from the measurement points G7 and G9) obtained from
the processed 1-D profile of the VES measurements and the inferred log details are
presented in Figure 12. According to Figure 12, the profile at point G7 illustrates a
high resistivity value from the surface down to about 300 meters below the surface
due to the interference of the electrical conductivity of the gravelly and blocky
sediments in the Quaternary alluvium unit. There is an anomaly at a depth of about
300 m with low apparent resistivity. The decrease in resistivity beyond this depth is
most likely due to the transition to marl, mudstone, and sandstone. It is inferred from
this measurement that the thickness of the alluvium varies between 200 and 300 m.
The profile of G9 at the northern edge of the boundary gave very different resistivity
values as it progressed over the Quaternary alluvium units at shallower depths (i.e.,
at a depth of about 35 m). The high resistivity value beyond this depth suggests that
it has interfingered with the Yi18ilca member (i.e., andesite-basalt member), which is
accepted as bedrock. Hence, it most likely indicates a fault around this measurement

point, which will be discussed in the latter sections.

29



VES Measurement Point (G7)
=
TEror=df7% o B S G7 1D-VES PROFILE
N| p [ b | d | an
1 [ 291 | 464 464 -464 E =
= 2 | 128 174 179 -178.6 g & £
2 i 3| 586 129 308 -307.6 E & =
‘€ E 4 . 1 a4 291
o =
£ 8
= + o
= 2 179 8 128
Ll ®
7 i
o 3
= =
& 100
m
oy
< 3 586
308
Depth (d, m) i =
Bedrock
VES Measurement Point (G9)
| Erorz419% | = | @ 69 1D-VES PROFILE
N[l p | h | d | an
i 1| 145 134 134 -1.34 £ T
b 2 | 457 2384 518 518 § £ g
3| 708 292 344 -3438 g = =
= - S N | a1 312 5 i
£ 2 518 o 457
£ @
(=]
o] o
& a
o e
£ 3 g 70.8
7 S
@ =
o
=
i
2 i 14.4 T 7 313
= | [ P e Bedrock
m par
10 100 1000
Depth(d, m)

Figure 12. Examples presenting the processed 1-D profiles of Vertical Electrical
Sounding (VES) measurements along with their inferred log profiles in the study
area (from the measurement points of G7 and G9)

3.1.5 H/V microtremor measurements

Several studies (Ibs-von Seht &Wohlenberg, 1999; Ozalaybey et al., 2011;
Uebayashi et al., 2012, Eker et al., 2015) have shown that the resonance frequency
obtained from microtremor measurements can be used to map the thickness of

sediments. In this study, some microtremor measurements were recorded using a
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single mobile station, and analyses of these records were processed by the H/V
technique (Nakamura, 1989) to verify basin depth and the developed three 2-D Vs
profiles. The spectral ratio between the horizontal and vertical components (H/V) of
the microtremor measurements at the ground surface has been used to estimate the
fundamental periods of the sites. Then, the predominant periods were calculated
from the Vs profiles to estimate bedrock thickness using the quarter-wavelength
method (Tp=4H /Vs). The data was collected using a Giiralp model PC-connected
CMG-40TD seismograph with a frequency band of 0.033 Hz to 50 Hz and two
horizontal and one vertical "servo type" velocity sensor. Data collection in this
survey was carried out following the SESAME guidelines (SESAME, 2004).
Microtremor recordings were typically recorded for 30 minutes with unprocessed
waveforms and a 100 Hz sampling interval. The seismograph was warmed up for 5
minutes at each location before recording microtremors for 30 minutes. The data
quality (measurements) was checked using a laptop PC during the recording process.
In other words, in case there were any disturbances or adverse weather circumstances
affecting the measurement process, the measurement was terminated, or the
recording duration was increased to provide sufficient analysis windows after

transient elimination.

After period analysis, a Fast Fourier Transform (FFT) approach was used on each
selected window to waveform data (20 s) during data processing for each
measurement point. The acquired Fourier spectrum was then smoothed with the
suitable smoothing type and constant. The processed H/V measurements are shown

in Figure 13.

The H/V spectral ratios were calculated at 0—10 Hz frequency intervals. The data
indicated that the spectral ratio represented H/V curves with single, double, or broad
peaks in the range of 0—10 Hz. Flat H/V curves were interpreted as “no-peak” values.
Figure 13 shows the variation of the H/V spectral ratio curves obtained from the
measurement points along the Vs profiles presented in Figure 28. In the meantime,
Appendix C contains all of the processed H/V spectral ratio results acquired from

the measuring points.
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Figure 13. H/V spectral ratio curves that were selected to verify the given profile

resulting from the measurements over the entire area
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3.2 Procedure performed for 1D and 2D site response analysis

Soil response assessments involve the determination of nonlinear soil parameters and
the evaluation of shear wave velocity profiles in the context of site effect
characterization. There are numerous techniques available for simulating seismic
response analyses that employ a variety of stress-strain constitutive models. These
methods can be used to model the soil response in 1D, 2D, or 3D in the presence of
an excitation. Dynamic soil response can be obtained through the use of linear (e.g.,
Boore, 1972; EPRI, 1988), equivalent linear (e.g., Idriss and Seed, 1967; Wallace
and Rollins, 1996; Rathje and Bray, 2001; Ordonez, 2009; Barani et al., 2013), and
nonlinear (e.g., EPRI, 1988; Dawson et al. 2001; Andrade and Borja, 2006; Gelagoti
et al., 2010) techniques.

In general, it is considered that 1D analysis can cover critical response qualities
associated with the underlying 3D problem. For many decades, one-dimensional
analysis of horizontal shear wave vertical propagation and modeling of nonlinear soil
responses using an equivalent linear approach have been used extensively in both
scientific and engineering applications to determine the soil response to a possible
excitation (Rathje and Bray, 2001; Chouinard et al., 2004; Cavallaro et al., 2008 ve
2012; Lanzo et al., 2008 ve 2012). However, the trustworthiness of 1D soil seismic
response analysis results is questionable when estimating the accurate ground
surface response (Kramer, 1996). Since the strata in the 1D analysis are considered
horizontal in the wvertical direction, the lateral and vertical abnormalities of
subsurface layers and topography can be incorporated into a 2D/3D soil response

analysis.

Seismic response analysis was carried out in this study using the 2D QUAD4M
(Hudson et al., 1994) and 1D Shake2000 (Ordonez, 2000) software programs, which
make equivalent linear assumptions and account for nonlinear stress-strain behavior
of soils when investigating the effect of ground motions on basin/edge topography.
However, due to the method's nature, seismic response analysis using an equivalent

linear methodology results in over-attenuation, particularly at high frequencies, and
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over-amplification of the soil response spectrum during big magnitude earthquakes
(Kramer, 1996). In other words, due to the intrinsic linearity of equivalent linear
analyses, false resonances (i.e., high levels of amplification caused by a strong
component of the input motion coincident with one of the natural frequencies of the
equivalent linear soil deposit) might occur. Such high amplification levels will not
emerge in the field because the stiffness of nonlinear soil decreases throughout a
major earthquake. When the peak shear strain is substantially much larger than the
rest of the shear strains, using an effective shear strain in an equivalent linear analysis
can result in an over-softened and over-damped system or an under-softened and
under-damped system when the shear strain amplitude is almost uniform (Kramer,

1996).

Independent of dimensionality, one of the essential themes in soil response
assessment is the characterization of soils to bedrock depth. Based on the shear wave
velocity value from a seismological and geotechnical perspective, there are two
bedrock conceptions. Seismic bedrock is one of them, while engineering bedrock is
another. It is generally acknowledged that the seismic layer has a significant lateral
extent and is more homogeneous and uniform in composition as compared to the
underlying layers. According to Andrus et al. (2006) and Chapman et al. (2006), the
lower bound for the shear wave velocity of seismic bedrock is 3500 m/s. Different
shear wave velocity values are used to describe the engineering bedrock. For
engineering bedrock used in geotechnical foundation design and characterization
investigations, the lowest bound of the shear wave velocity value is between 500 and
760 m/s (e.g., Pitilakis, 2004; Boore, 2006; Havenith et al., 2007; Sitharam and
Anbazhagan, 2008).

In this research study, the depth of bedrock was estimated to be greater than 200
meters in some areas of the region. However, the geophysical studies performed in
this study could not characterize the layers to this depth. As a result, extrapolation

was required to assign Vs data to the deeper layers and ultimately to the
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characterization depth. A cut-off value of 1100 m/s was accepted and assigned to the
bedrock to avoid increasing the uncertainty in the extrapolation step as a result of the

significant lateral geological heterogeneities.

The rupture propagation can considerably affect ground vibrations close to a
causative fault related to an earthquake. When the rupture and slip directions are
coincident with respect to a site, and a considerable portion of the fault ruptures
towards the site, the ground motion can display Forward directivity (FD) effects
(Somerville et al., 1997). The FD effects occur when the fault rupture velocity is
slightly less than the shear wave propagation velocity. As the rupture front
propagates out from the hypocenter, a buildup of shear waves going ahead of the
rupture front forms a shear wavefront. When a site is located at one end of a fault,
and the rupture begins at the opposite end and proceeds toward the site, the arrival
of the wavefront is seen as a big pulse of motion near the start of the record. Due to
the radiation pattern of the fault's shear dislocation, this huge pulse of motion is
oriented normal to the fault plane. FD generates large-amplitude, short-duration
ground vibrations. These effects often have a long duration and are most readily
visible in the velocity- or displacement-time history. The majority of energy in FD
motions is concentrated in a small frequency range and is expressed as one or more
high-intensity velocity pulses oriented in the fault-normal direction. Recent
earthquakes, such as the 1994 Northridge, 1995 Kobe, and 1999 Kocaeli
earthquakes, have demonstrated that these high-velocity pulses can cause

catastrophic structural damage.

These investigations included the creation of prediction correlations for the period
and amplitude of pulses with forward direction. However, they have omitted a
measure of the prediction's uncertainty. In addition, the effects of local site effects
on the features of pulse-type motions and the near-fault ground movements recorded
during the 1999 Chi-Chi, Taiwan and 1999 Kocaeli and Duzce, Turkey Earthquakes
were included in these studies to help comprehend the near-field site effects on

ground motion.
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This study aims to identify suitable rock-earthquake records for the study area,
characterize local soils and determine nonlinear soil properties, conduct 1D and 2D
soil response analyses, and compare the acquired findings. The analyses were
conducted by considering the region's active tectonic structure and the relatively
large (M>7) magnitude earthquake potential as determined by a deterministic
seismic hazard assessment approach. The related acceleration records were chosen
based on the distinct earthquakes represented in the Pacific Earthquake Engineering
Research (PEER) Center's NGA West-2 ground motion database. As a result, the
performance of equivalent linear 1D and 2D analyses was compared at the same

sites.

3.2.1 Procedure performed in numerical modeling

QUADA4M operates in the time domain and solves a dynamic equilibrium equation
utilizing Newmark's unconditionally stable direct time integration, built on
quadrilateral elements and employs a direct integration approach. Furthermore,
QUADA4M incorporates a transmitting base to model the half-space beneath the mesh
and eliminates the need for a rigid base assumption. Additionally, soil materials are
treated as a single continuous linear viscoelastic material (Hudson et al., 1994). As
with the Shake2000 program, each layer's shear modulus and damping ratio are
altered (Ordonez, 2000). The analyses are performed until the effective shear stresses
created at each layer are consistent with the layer's predetermined constant shear
modulus and damping ratios. Shake2000 estimates the dynamic response of a layered
system using a closed-form solution of a one-dimensional wave equation in the
frequency domain and simulates damping independently of frequency (Ordonez,
2000). On the other hand, QUAD4M uses Rayleigh damping, which defines the
viscous damping matrix as a linear combination of mass and stiffness matrices

(Hudson et al., 1994).

A graphical interface called Visual-Q4M was used to generate complicated

geometries considering lateral and vertical differences in lithologies, bedrock
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surface, and topography. It can create complicated grids for use in FEM analysis to
conduct QUAD4M analysis and provides graphical user interfaces for post-
processing QUAD4M analysis results. Additionally, during the running stage of a
study, it displays the strain check value after each iteration. As a result, it avoids

acquiring misleading results due to the interpretation of an incomplete analysis.

For assessing soil response, two cross-sections representative of the basin's
properties were produced E-W and NW-SE, respectively (Figure 14). As seen in this
illustration, one is northwest-southeast (NW-SE), and the other is almost east-west
(E-W). Four locations along the NW-SE segment have shear wave velocity
measurements. On the other hand, the E-W segment contains seven shear wave
velocity points. A total of 11 locations were subjected to a 1D seismic site response
analysis, and these two sections were subjected to a 2D seismic site response

analysis.
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Figure 14. The cross-sections and measurement sites used in this study for a 1D and
2D site response analysis.
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To model dynamic soil response behavior utilizing either the 1D or 2D analysis
approaches mentioned previously, four major activities need to be accomplished as

follows:

= development of a site-specific target spectrum,
= selection and scaling of input rock motions,
= characterization of a shear wave velocity profile,

= determination of nonlinear soil properties.

More details on the approach used to determine each of the aforementioned items

may be found in the subsections that follow this chapter.

3.2.2 Development of a site-specific target spectrum

For almost 40 years, two approaches for determining design ground motion have
been used in practice: deterministic (Krinitzsky and Chang, 1975) and probabilistic
(Cornell, 1968) approach. Individual earthquake scenarios (with magnitude and
location of the earthquake) are produced for each seismic source using the
deterministic approach (Wells and Coppersmith, 1994). Rather than taking a
probabilistic approach, this work takes a deterministic one by choosing a specific
ground motion probability level which is often derived from the median (i.e., 50%
likelihood of exceeding). In this dissertation, a deterministic seismic hazard analysis
was conducted on only earthquake sources with destructive potential for the study

area, following Reiter's (1990) four-step procedure:

The first stage was to classify and identify each seismic source capable of causing
potentially damaging earthquakes in the research area. Although several distance
definitions can be utilized depending on the attenuation relation standards (i.e.,
Joyner-Boore distance, rupture distance), the shortest distance between the fault zone
and the study region was determined in the second phase. A characteristic earthquake
was defined in the third phase based on its magnitude and distance from the study

area. The fault zone segments nearest to the study area were chosen since they have
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the most significant destructive potential for the study area. The third step was to
assess seismic hazards based on the ground motion caused by the region's typical
earthquakes in the research area. Cambazoglu et al. (2016) have provided detailed
information on characterizing earthquake sources using probabilistic approaches for

the 1999 Diizce fault rupture.

A target spectrum was created for each site to select a range of input motions for 1D
and 2D soil reaction assessment. After scaling the selected motions inside the suits,
the suit with the seven input rock movements that best fit the target response

spectrum was selected.

The deterministic method was used to obtain the region's target response spectrum
by utilizing specified ground motion prediction equations based on the fault
mechanism and regional tectonic circumstances. Figure 15 illustrates the produced
target spectra. The distance between the sites and the fault segments was set to 2 km
based on the average proximity of the sites. Calculations were performed using
equally weighted GMPEs (Abrahamson-Silva-Kamai, 2014; Boore-Stewart-Seyhan-
Atkinson, 14; Campbell-Bozorgnia, 2014; Chiou-Youngs, 14) for a possible
earthquake (Mw = 7.2) along the NAFS, and a Vs3o value of 760 m/s was used to

represent the rock site.
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Figure 15. Site-specific target spectrum developed for the study area

3.23 Selection and scaling of the input rock motions

When superstructural information is ignored, the nonlinear behavior of soil, the
characteristics of ground motion (i.e., intensity, duration, and the frequency content
of ground motion), topography, subsurface geometry, and local soil condition all
have a significant effect on the pattern of earthquake damage. The primary objective
of a site response analysis is to generate a statistically reliable ground motion
estimation based on the established target rock spectrum. In other words, the
response spectrum computed is not strongly influenced by the input rock motions
chosen (Rathje et al., 2010). Due to the non-linear behavior of soil, the calculated
seismic site response may be influenced by the input rock motion characteristics.
This effect can be minimized only by using a sufficient number of input rock motions
either from earthquake records or through the creation of synthetic records (Bommer

and Acevedo, 2004; ASCE 7, 2010).
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To choose appropriate data from the Pacific Earthquake Engineering Research
(PEER) Center's NGA West-2 ground motion database and to create appropriate
suits for this investigation, the following criteria were used: Suits were formed by
searching the NGA West-2 database (i.e., no aftershocks), selecting only one record
from any single event, limiting the moment magnitude of the earthquake record of
interest to 6.0 to 8.0, considering earthquakes that occurred within a distance of 0
km to 10 km, and setting the minimum and maximum shear wave velocity to 100

m/s and 1100 m/s, respectively.

Twenty earthquake records were chosen based on the criteria mentioned above.
Table 1 summarizes these earthquakes. A total of twenty earthquakes were scaled,
and seven of them were used to create suits using the criteria outlined above. Scaling

was performed on the h2 components of each record.
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Table 1. A summary of the pulse-like ground motion records that were chosen (PEER
Ground Motion Database, NGA- WEST 2).

ID | Earthquake Name| Year | Station Name | Mw | Mechanism| Rrup (km)| Vs (m/s) | PGA (g)
y | 'mperial Valley- | g g | "EICentro ool ke slip | 8.6 203 0.23
06" Array #10"
; . "El Centro
Imperial Valley- . . . .
2 06" 1979 |Differential 6.53| strikeslip 5.09 202 0.48
Array"
3 | 'mperialValley- | g/q | "HoltvillePost| o .01 ke stip| 7.5 203 0.22
06" Office"
"Coyote Lake
n AT Dam- . .
4 | "Morgan Hill 1984 6.19| strikeslip 0.53 561 13
Southwest
Abutment"
. - "Gilroy Array . .
5 | "Morgan Hill 1984 s 6.19| strikeslip 9.87 663 0.29
g | Superstition 1987 | rarachute ool rikeslip| 095 349 0.39
Hills-02" Test Site"
7 | "Kobe_ Japan" 1995 | "KIMA" 6.9 | strikeslip 0.96 312 0.63
8 | "Kobe_ Japan" 1995 | "Takarazuka" | 6.9 | strike slip 0.27 312 0.62
9 | "Kocaeli_ Turkey" | 1999 | "Ilzmit" 7.51| strikeslip 7.21 811 0.23
"Chi-Chi_ Taiwan-
10 04"' '-TAWANT] 1999 | "cHYO74" | 6.2 | strikeslip| 6.2 553 0.33
11| "Bam_Iran" 2003 | "Bam" 6.6 | strike slip 1.7 487 0.64
"Parkfield-02 "PARKFIELD -
12| AMEEe 5004 6 | strikeslip| 2.85 384 0.39
CA" EADES"
"Parkfield-02 "Parkfield -
13| arEIETe 1 H00s | TOTNE 6 | strikeslip 3 327 0.36
CA" Cholame 1E"
"Parkfield-02 "Parkfield -
14| ATNEIETE 5004 | TOTNE 6 | strikeslip| 3.63 231 0.58
CA" Cholame 3W"
15| Parkfield-02_— 1, | "Parkfield - 6 | strikeslip| 251 178 0.84
CA" Fault Zone 1"
16| Darfield_New 515 | npsicr 7 | strikeslip| 8.46 296 0.26
Zealand"
"Darfield_N
17| rMeA_TEW 15010 | "HORC! 7 | strikeslip| 7.29 326 0.48
Zealand"
"Darfield_N
1g| ~arMeA_TEW 15010 | LN 7 | strikeslp | 7.1 263 0.39
Zealand"
"Darfield N
19| ~arMeld_TEW 150610 | "TPLC! 7 | strikeslip| 6.11 249 021
Zealand"
20| "Duzce_Turkey" | 1999 | "IRIGM 487" |7.14| strike slip 2.65 690 0.3
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Several suites having seven earthquake records were chosen and time-scaled in this
analysis. The SeismoMatch software 2021 was used to select and linearly scale
ground acceleration records. Rather than employing frequency domain spectral
matching (e.g., Gasparini and Vanmarcke, 1976; Silva and Lee, 1987) or linear
scaling of ground motions (Kottke and Rathje, 2009), this program makes use of the
wavelets algorithm as proposed by Abrahamson (1992) and Hancock et al. (2006),
which is based on the time domain technique proposed by Lilanand and Tseng
(1988). The maximum and average mismatches were used to determine the suit best
fits the target spectrum. The average misfit of the mean matched spectrum is 2.18
percent, while the maximum mismatch is 6.05 percent. The suit that best matches the
target spectrum is depicted in Figure 16. Table 2 contains information about seven
earthquake recordings included in the suit. In addition, Figure 17 and Figure 18
illustrate the original and matched accelerograms, respectively, of the seven records

that comprise the best-fit suit, as well as the target spectrum.

1.4
C
g 1.2 g
Ln\ "’\(?.
s 1\
g 0.8 j )
] ‘ 3
§os ! Q‘\
© 0.4 \
i3] ~e
Q 0.2 ® — _
) - N
0
0 0.5 1 1.5 2 2.5 3 3.5 4
Period (s)
—&— --Target Spectrum--  ——— Mean of Suite

Figure 16. The mean match spectrum is calculated by averaging the spectra of the
seven earthquakes and the target spectrum.
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Figure 17. Target spectrum of the original accelerograms of the seven earthquakes.
The abbreviations for these records are listed in Table 2.

— Target Spectrum

Acceleration (g)

2
Period (sec)

Figure 18. Matched accelerograms of the seven earthquakes matched the target
spectrum. The records are abbreviated in Table 2.
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Table 2. A summary of the seven earthquake records used to create the suit best
matches the target spectrum.

Tp-Pulse .
. Station Rrup [ Vs3o Scale

ID | Record Period Earthquake Name Year Mw . PGA(g)

Name Mechanism| (km) |(m/sec) Factor

(sec)
"El Centro

1| RSN184 6.265 "Imperial Valley-06" | 1979 | Differential | 6.53 SS 5.09 | 202 0.48 1

Array"
2 [RSN1119 | 1.806 "Kobe_ Japan" 1995 |"Takarazuka | 6.9 SS 0.27 | 312 0.62 1
3 | RSN1165| 5.369 "Kocaeli_ Turkey" 1999 "lzmit" 7.51 SS 7.21 811 0.23 1
4 | RSN2734 | 2.436 "Chi-Chi_ Taiwan-04" | 1999 | "CHY074" | 6.2 SS 6.2 553 0.33 1
5 | RSN4040 | 2.023 "Bam_ Iran" 2003 "Bam" 6.6 SS 1.7 487 0.64 1
6 | RsN6975 | 8.932 Darfield_New 1510 »rpLcr | 7 ss 611 249 | 021 | 1

Zealand"

7 | RSN8164 | 10.052 "Duzce_ Turkey" 1999 | "IRIGM 487"| 7.14 SS 2.65 690 0.3 1

3.24 Geometries of the 1D and 2D soil profiles

To conduct 1D and 2D assessments of soil reaction, two cross-sections representative
of the basin's properties were produced (Figure 19 and Figure 20). As seen in Figure
19 and Figure 20, the trends of the cross-sections are northwest-southeast (NW-SE)

and almost east-west (E-W), respectively.

As indicated in this chapter, the blind method technique was used to derive the shear
wave velocity (Vs) profile. After evaluating the results of these tests, it was
discovered that practically all profiles, except one, had three distinct layers. As a
result, 11 sites constructed their 1D shear wave velocity profiles using an idealization
approach. The layer with shear wave velocity values larger than 760 m/s during the
idealization process is considered bedrock, so the shear wave velocity bedrock halt-
space is assigned a Vs value of 1100 m/s. Then, using the neighboring measurement
sites, geology, and vertical variation of the Vs across the profile, all 1D profiles were

extrapolated according to this value.

Almost every profile revealed four layers, of which one was the bedrock. 2D Vg

sections were produced by employing 1D profiles along the E-W and NW-SE
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sections, respectively, as shown in Figure 19 and Figure 20. The mean values of the
geotechnical and geophysical properties of the layers, such as unit weight, thickness,
and shear wave velocity, were computed, together with their mean and standard
deviations, and presented in Tables 3 through 8. These average values were applied

to each layer in the 2D sections.

Cross-Section of EW

L sesa Lithology

_\S“’g/ [ Layer-1

‘%* | ~2 Seis 12 Layer-2
= [y

go ] D Layer-3

e D Bedrock

I |
4,000 6,000 8,000 10,000

Distance (m)

o
~
=
S
3

Figure 19. 2D soil model of the E-W cross-section

Table 3. Variations in layer thickness along the E-W segment on a lateral and vertical
scale.

Thickness (m) E-W section
Seis-1 Seis-3 Seis-7 | Seis-10 | Seis-12 [ Seis-18 | Seis-25 Mean Std.
Layer-1 9.6 10 9.8 0.28
Layer -2 15 37 85 76 69.4 56.5 29.42
Layer -3 15 18 77 120 67 70 47.7 59.2 36.46
Bedrock - - - - - - -

Table 4. Variations in the unit weights of the layers along the E-W section.

Unit weight kN/m® E-W section
Seis-1 Seis-3 Seis-7 Seis-10 | Seis-12 | Seis-18 | Seis-25 Mean Std.
Layer-1 - - - - - 17.6 17.4 17.5 0.14
Layer -2 - - 18.4 18.3 17.8 18 17.8 18.1 0.28
Layer -3 19.2 19.1 18.9 18.8 18.5 18.5 18.5 18.8 0.30
Bedrock - - - - - - -
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Table 5. Variation in the shear wave velocity of the layers along the E-W section in
lateral and vertical directions.

Vs (m/s) E-W section
Seis-1 Seis-3 Seis-7 Seis-10 | Seis-12 | Seis-18 | Seis-25 Mean Std.
Layer-1 - - - - 132 120 126 8.49
Layer -2 - - 320 305 183 250 267 265 53.80
Layer -3 611 581 581 665 588 565 557 593 36.29
Bedrock 1100 1100 1100 1100 1100 1100 1100 1100 0.00
Cross-Section of NW-SE
NwW SE
7 Lithology
o = l:l Layer-1
S\ Seis29
o N Seis-13 Seis-14 Seic.13
f . ' D Layer-2
£ ] | | |
_ﬁ 3. | Jl‘ D Layer-3
o o
O — | ‘
- D Bedrock
o
S
M -
10
b - _
| | |
0 2,000 4,000
Distance (m)

Figure 20. 2D Soil model of the NW-SE cross-section

Table 6. Variations in layer thickness along the NW-SE segment on a lateral and
vertical scale.

Thickness (m) NW-SE section
Seis-13 | Seis-14 | Seis-18 | Seis-29 Mean Std.
Layer-1 3 9.6 6.3 4.67
Layer-2 17 52.2 76 16.5 40.4 29.01
Layer-3 23.5 56.6 70 26.6 44.2 22.79
Bedrock - - - -
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Table 7. Variations in the unit weights of the layers along the NW-SE section.

Unit weight kN/m”> NW-SE section

Seis-13 | Seis-14 | Seis-18 | Seis-29 Mean Std.

Layer-1 - 17.6 17.6 - 17.6 0.00

Layer -2 17.9 18.1 18 18.2 18.1 0.13

Layer -3 19.4 18.6 18.5 18.9 18.6 0.40
Bedrock - - - -

Table 8. Variation in the shear wave velocity of the layers along the NW-SE section

in the lateral and vertical directions.

Vs (m/s) NW-SE section

Seis-13 | Seis-14 | Seis-18 | Seis-29 Mean Std.

Layer-1 - 133 132 - 132.5 0.71
Layer-2 259 284 250 310 275.8 26.99
Layer-3 625 595 565 495 570.0 55.68
Bedrock 1100 1100 1100 1100 1100.0 0.00

The 1D and 2D profiles were constructed after the layers' geophysical, geotechnical,
and geometric features were determined during the idealization of the 11
measurement locations. Matasovic and Ordonez (2012) claimed that strain-
dependent attributes (e.g., shear modulus and damping values) rely on layer
thickness. These qualities change with depth. Matasovic and Ordonez (2012) advised
using thinner layers to capture significantly non-linear and/or non-uniform shear
strain fluctuation over the soil profile. Layering a soil column in Shake2000 is also
required to mimic vertical Vg depth fluctuations, although a relatively thick layer
may mimic the soil column in Shake 2000 when the shear wave velocity is constant
and the shear strain variation is essentially uniform (Ordonez, 2012). During this
analysis step, each layer's shear wave velocity values are expected to be uniform and
not to change appreciably vertically. The shear strain inside each layer is also

assumed to be uniform.
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To account for the linear rise in shear wave velocity with depth, some locations had
their shear wave velocity profiles extended to 200 m (Table 3 and 6). The uncertainty
of the modulus reduction and damping curves was also considered (Darendeli, 2001).
A sensitivity study was also performed to evaluate the impact of the layer thickness
and variations in shear wave velocity at the main layer's sublayers. These two model
settings had no effect on the surface soil response. The primary layers were
subdivided using Equations 1 and 2, where it was assumed that the shear strains

behaved uniformly in the subsets of each layer.

Hinas < 5/ (4 ¢ fra) Ba. (D

1
2XDT

fmax = Eq. (2)

In the above equations, fimax 1s the maximum resolved frequency (Hz), and DT is the
sampling interval of the records (s). In the 1D soil response analysis, a frequency
threshold of 25 Hz was used. Table 9 and 10 show the maximum height of each
sublayer determined by using the preceding formulae. Each main layer's sublayer

count was determined by the Hmax value.

2D soil response investigations started with 2D geometries of the soil models
(Figures 19a-c), built from the lateral continuation of the soil layers described by the
1D shear wave velocity profile at the 11 sites (Table 3- 8). The mechanical properties
of these lateral continuous soil layers were assigned using the mean values of the

data from each site along the sections (Table 3- 8).

Table 9. The maximum height (m) along the E-W section for the 1D soil response
study.

Maximum height (m) for 1D soil response analysis- E-W section
Seis-1 Seis-3 Seis-7 | Seis-10 | Seis-12 | Seis-18 | Seis-25
Layer-1 - - - - - 1.3 1.2
Layer -2 - - 3.2 3.1 1.8 2.5 2.7
Layer -3 6.1 5.8 5.8 6.7 5.9 5.7 5.6
Bedrock 11.0 11.0 11.0 11.0 11.0 11.0 11.0

49



Table 10. The maximum height (m) along the NW-SE section for the 1D soil
response study.

Maximum height (m) for 1D soil response analysis- NW-SE section

Seis-13 Seis-14 | Seis-18 Seis-29
Layer-1 - 13 1.3 -
Layer-2 2.6 2.8 2.5 3.1
Layer-3 6.3 6.0 5.7 5.0
Bedrock 11.0 11.0 11.0 11.0

The geometry of the individual soil layers (i.e., those that lack continuity in the
lateral direction) was modeled using the region's geological background information.
This information is vital in developing the geometric model because the study area
is a fault-controlled basin with rivers and lakes controlling the depositional and/or
erosional settings. Variations in the data were also considered, most notably during
the modulus reduction and damping curves, as discussed in the following portions of

this chapter.

After creating the geometry, both sections' finite element (FE) meshes were created
to conduct 2D seismic response assessments using the finite element method (FEM)-
based QUAD4M. Quadrilateral and triangular elements were chosen due to the
complicated geometries of the layers creating the sections. Equation 3 was used to
determine the maximum height of the elements. The maximum value of the ratio
between the horizontal and vertical sizes of the elements was constrained to less than
three to improve the accuracy of the results. FE meshes were generated following
these considerations (Figure 21). Table 11 details the geometric model and mesh

attributes of the parts.

Vs
Hpagx < C X =

Eq. (3)

max

where Himax represents the maximum height of a finite element (m), Vs represents the

layer's shear wave velocity (m/s), fmax represents the maximum resolved frequency
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(Hz), and C represents a constant that ranges between 1/5 and 1/10 according to
various studies (e.g., Kuhlemeyer and Lysmer, 1973; Lanzo and Silvestri, 1999; and

Ordonez, 2009). The C value is set to 1/5 in this study.

Table 11. Summary of geometry and mesh characteristics

Min. Max. Min.
Max. Node | Element
Sections | Height Height Length
Length (m) | No Nos
(m) (m) (m)
E-W 0 261.7 0 10000 22384 | 21312
NW-SE | 32.8 350.29 0 5000 24614 | 23526

As indicated in this section, since the deconvolution procedure was used,
transmitting boundary conditions were applied to the base of the soil models.
Additionally, to mitigate the effect of intentionally reflected waves, various studies
reported building their models with lateral extension values ranging from 200 to 800
m (Augello et al., 1998; Rathje and Bray, 2001; Pagliaroli, 2006). The primary
reason for this large range is connected to the goal of the seismic response analysis
and the geometry of the models used in this research. To circumvent this problem,
Bouckovalas et al. (2006) proposed that the overall lateral extent of a model be at
least five times the thickness of the soil column. The side boundaries of both models
were extended 500 m in both directions in this study, taking into account lithological
changes and bedrock geometry to reduce the influence of the side boundaries, which

is the interference between the input motion and the artificially reflected waves.
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Gﬁﬁlpka

Figure 21. a) and c) Soil model of NW-SE and E-W sections, respectively. b) and d)
a close view of these sections to show the lateral and vertical variations of the layers.
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3.2.5 Characterization of non-linear soil properties

The changes in the normalized modulus reduction and material damping curves as a
function of the strain level (i.e., the G/Gmax-y and D-y curves) serve as key input
parameters for any numerical ground motion analysis. Comparing the observed shear
moduli and standard degradation curves also requires the value of the small-strain
shear modulus (i.e., Gmax), which is typically used to normalize the shear modulus
(Darendeli, 2001; Brennan et al., 2005). Most field seismic surveys can be
undertaken to determine the shear wave velocity at shear strains less than 3 x 10
percent. As a result, the Gmax value in this study was determined using the findings
of the surface wave measurements, which is the most reliable method for
determining the in situ value of Gmax for a particular soil deposit (Kramer, 1996),

using Equation 4.
Gmax = P X Vsz Eq. (4)

where p is the material density calculated by dividing the total unit weight of the soil

by gravity (9.807 m/s?) and Vs is the shear wave velocity in meters per second (m/s).

The most acceptable curves for these soil parameters were calculated using data
collected from prior geotechnical investigations, seismic characterization studies
conducted throughout this project, and experimental results published in the
literature. Numerous parameters affect the variance of these curves, which is
necessary for determining the proper G/Gmax- Y and D- y curves for the soil layers.
These parameters include the mean effective confining stress, the soil type and
plasticity, the loading frequency and the number of cycles, the degree of saturation,
the over-consolidation ratio (OCR), the void ratio, the grain size distribution, and
characteristics, as well as the mineralogical properties. According to Darendeli's
(2001) study, not all characteristics effectively influence non-linear soil behavior.
Darendeli (2001) states that the most significant parameters affecting the G/Gmax- Y

and D- y curves are the mean effective confining pressure, soil type, and plasticity.
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The laboratory test results and borehole data in the Quaternary and Pliocene units
were analyzed, and the resulting information was combined with the results of the
geophysical surveys conducted in the area to select predefined experimental curves
from the literature (e.g., Seed et al., 1986; Vucetic and Dobry, 1991; Darendeli,
2001). Based on available geotechnical data, the soil layers above seismic bedrock
were composed of intermediate plasticity clay (PI=10-20 percent) and sand. The
non-linear properties of the soils were determined using the soil model of Darendeli
(2001) for each layer, which was developed using data on soil class, soil plasticity,

and mean effective confining stress values.

As previously indicated, the findings of the geotechnical laboratory tests up to a
depth of 15 m were used to calculate the unit weight, soil type, and plasticity values
of the soil layers at the 10 sites. The other soil layer attributes were assigned based
on the fluctuation of the shear wave velocity profiles and the local geology. To
determine the mean effective confining stress for each site, the thickness and unit

weight of the soil layers were determined (Table 3- 8), and Equation 5 was used.

1+2K6)

a,‘nza;,x( . Eq. (5)

where o'm defines the mean effective confining stress, o'v defines the vertical

effective stress, and K'o defines the effective earth stress at rest coefficient.

For typically consolidated soils, the K'o value depends on the effective angle of
internal friction. For over-consolidated ones, the OCR value is also integrated (e.g.,
Pruska, 1973; Mayne and Kulhawy, 1982). However, in this investigation, the OCR
and effective angle of internal friction are not enough to characterize the entire
region. Instead of assuming OCR and angle of internal friction values, the effective
vertical stress for each layer was determined and used to generate curves together

with soil type and plasticity in 1D and 2D site response analyses. As indicated
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previously, the approach chosen during the determination step of the geotechnical

characteristics of the strata does not affect the 2D analysis.

The normalized modulus and material damping curves created by Darendeli's (2001)
work are shown in Figures 20 to 24. These curves were utilized as input parameters
for a one-dimensional analysis of soil response. As illustrated in these images, these
curves were categorized according to the site's layer numbers, with Layer 1 being
the shallowest part of the soil profile and Layer 3 representing the strata just above

bedrock.

The behavior of bedrock was studied in 1D response analysis by utilizing the G/Gmax-
v and D- y curves of Schnabel (1973). The fluctuation of these curves is not depicted,
as they are unaffected by any of the previously stated characteristics, which implies

that these curves are the same at all locations.

Based on the mean values of the parameters listed in Table 3 through 8, the
normalized modulus and material damping curves were created in 2D soil response

analysis using Darendeli (2001) model.
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Figure 22. The first layer's normalized modulus and damping curves utilized in the

1D site response assessment.
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Figure 23. The second layer's normalized modulus and damping curves were utilized
in the 1D site response assessment.
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Figure 24. The third layer's normalized modulus and damping curves were utilized
in the 1D site response assessment.
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Figure 25. Material modulus reduction and damping curves for all layers were used
in the 2D site response analysis
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Figure 26. Material modulus reduction and damping curves for all layers were used
in the 2D site response analysis
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CHAPTER 4

SITE CHARACTERIZATION AND BASIN MODELING

This section presents a discussion of the results of the geotechnical and engineering
geological boring and geophysical data (i.e., surface seismic testing, VES, H/V
microtremor measurements) along with the geology and topography of the basin to
determine the presence of geological heterogeneities and the geometry of the basin
in the Golyaka region. Based on these results, a dimensional basin model has been

developed and verified.

The shallow geotechnical boring profiles along with the deep engineering geological
boring profile (about 168.5 m) indicated that clay, gravel, silt, and sand-size
sediments were present at shallow depths, whereas a thick layer of clay (about 61 m
thick) was present in between 64 and 125 m (Figure 7 and Figure 8). Finally, a sand
layer about 43 m thick that underlined the clay layer reached down to a depth of 168
m. The laboratory index testing results obtained from the geotechnical boring data
in the study area implied that the soil possessed low plasticity down to a depth of 15
m. According to the geotechnical laboratory data, the basin's center was mainly
composed of gravelly sandy silt and clay, and the clay content increased towards the
northern boundary. At the same time, claystone was reached at a relatively shallow
depth (i.e., at a depth less than 10 m), especially towards the northwestern part of the
study area. From the deep engineering geological borehole data, it can be inferred
that the thickness of the alluvial deposits increased significantly towards the east and
the center of the basin, and this observation presented consistency with the Vs

profiles.

Preparing a well-developed basin model to define the topography and basin structure
accurately, and thus to determine the spatial distribution both horizontally and

vertically to evaluate the heterogeneity of the sediments, a 3-D basin model has been
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developed in the tectonically active Golyaka basin. The model was developed with
high-resolution Vs profiles obtained through surface wave methods using active
MASW and passive MAM measurements (Figure 27). Therefore, the vertical and
horizontal variations of the shear wave velocity models have been developed to
characterize the sedimentary units and differentiate the sediment type. While
creating 3D Vs models, the basin was developed from 1D Vs profiles by utilizing
the anisotropic inverse distance weighting (IDW) method with a high fidelity option.
Then, the upper surface boundary of the models was adapted according to the
topography. The site's digital elevation map (DEM) was generated from the 1:25,000
topographic map of the General Command of Mapping and was later exaggerated in
the vertical direction. The bottom surface of the models was extracted according to
the Vs profile depths. In the development of the interpolated models, the combined
results of the surface wave measurements of MASW and MAM measurements (i.e.,
Seis-01, -02) were used in conjunction with the Vertical Electrical Sounding (VES)
measurements and the deep engineering geological data to provide a well-developed

basin geometry for the Golyaka basin.

Using the Vs results of 1100 m/s obtained from the shallow parts of the western
boundary of the basin, the model was interpolated by considering the deep
engineering geological borehole logs in terms of borings where the bedrock was not
encountered down to a depth of about 260 m. Additionally, the results of the VES
measurements indicated that the possible alluvial thickness is approximately 200-
300 m, except for the measurement at G7, which indicated a low apparent resistivity
and thus a depth of nearly 300-400 m. Also, according to the results of the VES
measurements, the possible alluvial thickness was determined to be about 200-300
m, apart from the measurement taken at G7, which indicated a low apparent
resistivity and hence, a depth of almost 300-400 m. This anomaly could be attributed
to the step-over faulting mechanisms of the Diizce Fault segment or the presence of
a bedrock formation of Eocene age (i.e., marl, claystone, or sandstone). Similar to

the engineering geological boring data, by the aid of the information obtained from
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the VES results, the Vs profile depths were comparatively interpolated down to the

depth where an 1100 m/s shear wave velocity was attained (Figure 27).

An evaluation of the surface seismic results revealed that the shear wave velocities
in the upper 10-15 m of the alluvial deposits were less than 180 m/s. These velocity
values were recorded in the Holocene alluvium or the relatively high altitudes around
the basin-ridge consisting of thicker alluvium or terrace deposits. For both
lithologies, the Vs results were less than 150 m/s, which implied a shallow
groundwater level. Considering the heterogeneity of the site, the seismic surface
wave testing method by itself was not deemed to be satisfactory. For this reason, the
surface seismic testing results and the collected data obtained through the boring
studies (i.e., geotechnical and engineering geological deep boring results, the
thickness of the subsurface lithology, groundwater levels) along with the VES results
have been evaluated and compared in their entirety. The results of the combined
active and passive surface wave methods in Plio-Quaternary sediments have been
determined and utilized in developing the 3-D basin model (Figure 27), which
indicated that the Vs results varied considerably as anticipated depending on the
thickness of the alluvial layer. As the thickness of alluvium increased towards the
east, the Vs results decreased in accordance. However, the shear wave velocity
increased towards the west of the basin (i.e., towards the Upper-mid Eocene
sedimentary deposits), where the depth of bedrock decreased rapidly at about 30-40
m, where shear wave velocity values greater than 1100 m/s were observed in the
engineering bedrock. When these Vs measurement results were examined in the
basin where the valley expands, it was observed that the thickness of the engineering
bedrock in the Vs profile had not been encountered down to a depth of approximately
200-250 meters. Therefore, the engineering bedrock was not observed in the middle
of the basin depth (i.e., at a depth of about 50-100 m) due to the penetration of these

sediments that possess lower shear wave velocity values at this depth.
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Figure 27. A 3-D basin model of the Vs results for the study area (Vertical
Exaggeration: 5)
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According to Dreger et al. (2007), the complexity of the surface seismic wave model
in the form of velocity contrast with low velocity can be expected at sites located
near a fault or within the low-velocity fault zone. The Vs results indicate that these
conditions prevail in the study area, especially near the faulting area at the southern
edge and to the southeastern part of the basin. Furthermore, as previously stated,
these complexities in velocity contrast were observed in the center of the basin,

where layers with lower Vs values were obtained in the middle of the section.

A comparison of the west and east parts of the plain (Figure 27) indicates that lower
Vs results are relatively concentrated towards the eastern and southeastern sides of
the plain. One of the possible reasons is that Efteni Lake changed its course from the
east and the north to the southeast, where the present lake and Diizce faults are
located. The presence of unconsolidated lacustrine sediments with various
thicknesses, horizontal variation in material properties, and their thicknesses and
different consolidation degrees might be other reasons for observing different Vs
results or velocity contrast in the basin center and at the edges. Based on the
coherency of the data, the Vs results were observed to be between 250 and 560 m/s
and 150 and 360 m/s in the western and eastern parts of the basin, respectively.
However, this coherency tended to become incoherent, particularly in the proximity

of the fault.

The vertical and lateral variations of the Vs profiles across three sections were
developed from the 3D basin model to characterize the sedimentary units and
differentiate the sediment type. The trends of these sections are given in Figure 28
as (a) the northern margin (along the 1999 Kocaeli Fault rupture), (b) the basin
center, and (c) the southern margin (along the 1999 Diizce Fault rupture) of the
Golyaka basin. In preparation of the sections, the reliability of the results was
ensured by taking sections along the route where the combined results of the MAM
and MASW measurements in the study area were taken (i.e., Seis-01, -02). The
thicknesses of the deposits according to the Vs values are given in each section.
Section A-A’ (Figure 28) passes through the northern boundary along the 1999

Kocaeli earthquake fault section, and especially the products of marginal
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depositional system can be easily determined with the help of the information along
this section. The alignment of the C-C’ section that passes through the southern
boundary along the 1999 Diizce earthquake fault section was selected to examine the
variation in the shear wave velocity of the deposited sediments at different
boundaries and lithology ages (Figure 28). The B-B' section that passes through the
basin's center also provided information regarding the sedimentation systems that

dominated the Quaternary period (Figure 28).

The middle of the depositional system, which is dominant at the side boundaries of
the main course of the Biiyilkmelen river, consists of alluvial fan and terrace
sediments deposited by debris flow. Because of the nature of the boundary
depositional setting, the grain size of the sediments is coarser than those located on
the southern side and those that are present towards the eastern sedimentation system
that consists of fine-grained alluvial plain sediments such as sand, silt, and clay.
Thus, the Vs results of the marginal depositional system are higher than those at the
center. The Vs profiles of the models at the Seis-20, Seis-25 sites are located at the
Biiytikmelen river course, where it migrates towards the region's north (Figure 28 b).
Due to the heterogeneity of the alluvial deposits, it was almost always observed that
the layers with coarse-grained materials having high shear wave velocity displayed
lateral transition into layers of fine-grained materials having relatively low-velocity

results.
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Figure 28. A comparison of the three interpolated 2-D cross-sections of the Vs
profiles along with the microtremor measurements that present the northern (a) and
southern (b) margin along with the basin center (c) of the Golyaka basin (Vs Profile
Vertical Exaggeration: 10)
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The saturation of the sediments formed due to the presence of the course of the Efteni
lake towards the south is also added to this. The reason for these lateral transitions
could have been either due to a wedge-type topography, near-field faulting, or
stratification based on the depositional setting that controls the depositional
environment, namely, the shear zone or the braided river system. Furthermore, the
shear zone caused by faulting could be seen on Seis-11, Seis-26, Seis-27, and Seis-
30 in the two sections that pass through the northern and southern boundary (Figure
28 a and Figure 28 c). It should be noted that the heterogeneity in the measurements
along both sections could be attributed to the deformation created by faulting, which
implied that stiffer material was sitting next to the softer and saturated soil or vice
versa. In other words, these sediments represented themselves as low shear wave

velocity sediments (<180 m/s) bordering higher velocity sediments (>500 m/s).

The VES results have also provided invaluable information to determine the
thickness of the alluvial deposit and the depth of the engineering bedrock along with
the faulting zone based on the geology and topography in the Gdlyaka basin (Figure
7). In addition, the results of this comprehensive survey were also used as
complementary data for developing a well-developed 3-D geometry of a basin model
of the Goélyaka basin. The enlarged spatial distributions of the VES measurements
and their profile locations (i.e., A1, A2, A3) used for preparing the cross-sections are
given in Figure 29. Based on these results, a fence diagram given in Figure 30 was
developed from the VES measurements to prepare a 3-D VES model obtained from
the 1-D VES profiles. This diagram illustrates the horizontal and vertical
heterogeneity in both the N-S and E-W directions. In Figure 30, it is observed that
the thickness of the alluvial deposit varies considerably in the basin. The estimated
most immense alluvial thickness is about 200-350 m in the basin's center. As the
resistivity increases from the center to the edge of the basin, the thickness of the
alluvium decreases. Although the resistivity of the sub-surface sediments is generally
less than about 20 Ohm.m, the resistivity values of the bedrock (i.e., fractured
sandstone/andesite) increase with depth (~200 Ohm.m) in the study area. In

particular, near-field faulting and geological observation can be identified from the
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resistivity diagram in the measurement point of G10 illustrated in the VES profiles

(Figure 29) and the fence diagram of the VES model (Figure 30).
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Figure 29. Enlarged Fig. 2 shows the spatial distributions of the VES measurements
and three parallel profile locations (i.e., A1, A2, A3). It should be noted that the
apparent resistivity contrast in the A1, A2, A3 points of the profiles are due to the
zone of faulting
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Figure 30. A 3-D fence diagram of the VES model. It should be noted that the
apparent resistivity results decrease due to the zone of faulting in the northeast

section
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As illustrated in Figure 30, an anomaly was observed towards the basin's center
where the G7 measurements were taken. Because of the presence of gravel and the
blocky content of the Quaternary alluvium, the measured point indicated a high
resistivity layer from the surface down to a depth of 300 m, but a low resistivity layer
was observed beyond this depth. Based on the surrounding VES measurements,
faulting or Eocene-age formation (i.e., marl, claystone, and sandstone) might be
present at a depth beyond 300 m. Meanwhile, the Seis-7 measurement point, which
is close to the point of G7, illustrates shear wave velocity values between 350 and
600 m/s down to a depth of 70 m, which is a good indicator for coarse material at

this depth (Figure 28b).

Examining the VES locations G13, G8, and G1 at the east of the 3-D fence diagram
indicates that the higher resistivity results start from the surface and continue down
to 200-350 meters due to coarse-grained materials preventing electrical conductivity
in the Quaternary unit. It is strongly believed that the progression in the lower
resistivity layers in the lower layers is due to the transition to the Eocene aged units
(i.e., marl, mudstone, sandstone). The VES point of G9 at the northern part of the
diagram presents highly variable resistivity values as it progresses over the
Quaternary unit at shallower depths (i.e., at a depth of 35 m). The higher resistivity
value (312 Ohm.m) after 35 meters suggests that it has entered into the Yigilca unit
(i.e., andesite, basalt), which can be accepted as bedrock. Likewise, the decrease in
resistivity after 140 meters at the VES point of G6 most probably indicates a fault
between points G9 and G6. The VES points G4, G11, and G12, which are in the
same direction as the Diizce Fault, remained in the diagram's south. An anomaly
observed at the VES point of G4 may indicate a different unit with high resistivity.
The resistivity increase towards depth in the VES measurements of the G11 and G12
most probably indicates that bedrock was encountered at a shallower depth and

progressed in this unit.

As mentioned in the previous section, during the development of the 3-D basin
model, the surface seismic measurements have been analyzed and processed

comparatively with the VES measurements and the deep engineering geological
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results to provide a well-developed basin geometry of the Golyaka basin. Then, by
the aid of the information obtained from the VES results, the Vs profile depths were
interpolated with depth through considering the bedrock geometry. Regarding this
procedure, it needs to be mentioned that while the depths of the observed Vs profiles
are about 70-90 m at the most, the deep VES measurements covered a depth of more
than 300 m. Therefore, deep VES surveying results has been complementary to the
depth-related processing of the shear wave velocity profiles conducted in the study
area to observe the vertical and horizontal heterogeneity of the basin. This method
enabled the detection of faults at the measurement point G10 in the profiles
illustrated in Figure 29. Furthermore, the possible bedrock depth and/or possible
faulting due to the over-step mechanism of the Diizce fault observed at the
measurement point G7 is also presented in Figure 30. As a result, it can be inferred
from the deep VES results that the results provide useful information to estimate the
thickness of the alluvial deposit through the bedrock and evaluate the lateral variation
of the basin complexity in the tectonically active near-fault region. Then, these
results were used complementarily to develop a 3-D geometry of the basin model of

the Golyaka basin.

The H/V microtremor measurements available at the study area were used to verify
basin depth and developed 2-D Vs profiles along the three sections in the Golyaka
basin (Figure 27). The experimental data obtained by microtremor measurements
were complementarily used in conjunction with the available engineering geological,
geotechnical, and surface seismic test results to obtain reliable and comprehensive
information from the H/V microtremor measurements based on fundamental
frequencies in those areas. In this regard, the fundamental periods obtained from the
microtremor measurements have been compared with the 2-D VS profiles

throughout the developed cross-sections (i.e., Figure 28).

Section A-A’ in Figure 28 (a) runs through the northern boundary of the basin where
the bedrock depth is just beneath a few meter thick sediments towards the west of
the profile. As seen on the profile at Seis-1 and -3, the Vs values of about 1100 m/s
were obtained, and the bedrock depth is relatively shallow. At these two points, the
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predominant periods calculated from the Vs profiles (Tp~ 0.41) having shallow
bedrock thickness using the quarter-wavelength method (Tp= 4H /Vs) were not
concordant with the fundamental periods measured by the H/V microtremor survey
at the points of Mic-01 (Tp~ 0.79 s £1c) and Mic-02 (Tp~0.88 s £1c), which gave
relatively higher anomaly results. In addition, the fundamental period measured at
the Mic-16 measurement point (Tp~ 0.51 s £10) inferred higher period values than
those calculated from the Vs profile of Seis-11 (Tp~ 0.2 s). All these results are
probably due to the non-linear behavior of soils, such as shallow bedrock depth
(impedance contrast), material deformation (velocity contrast), and basin edge
effects. In addition to these results, thicker sediment deposits lead to higher
fundamental periods towards the center of the basin from the northern border, as
clearly observed in Mic-13. Here, the predominant period value calculated from the
Seis-22 Vs profile of the 3D basin model (Tp~ 1.2s) was consistent with the
measured H/V results from microtremors. This result verified the estimated thickness
of the 3D basin model at this location. In Figure 28 (b), section B-B' runs through
the basin's center, where the deposit thickness or basin depth increases rapidly from
the west towards the center. Here, the bedrock depth rises significantly from about
60 m at points Seis-01 and -03, at about 170 m at point Seis-07, and about 250-300
m at points Seis-10, -12, -18, -21, and Seis-25, respectively. At the sites where the
estimated bedrock is present at a depth of more than 250-300 m (i.e., the location of
microtremor measurement points of Mic-04, -10, -11, and -12 at the center of the
basin) around the Golyaka basin with thicker deposits, the fundamental period takes
on relatively higher values as compared with those at the edge of the basin (Tp~ 1 to
1.7s) (Figure 13). The predominant period calculated from the Vs profiles of Seis-
21 (Tp ~ 1.45 s) is well suited within the lower limit of the period as estimated from

the microtremor results of Mic-12 (Tp~ 1.63 s +10).

Similarly, at Mic-10, -11, -12 towards the east of the basin where the thicker deposits
exist, the higher fundamental periods (1.1 to 1.7s) observed verify the estimated
bedrock depth. Section C-C’ in Figure 28 (c) runs through the southern boundary of

the basin along the Diizce fault rupture. Since the trend of this cross-section is not a
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straight line, the bedrock depth increases drastically from about 70-90 m along the
southern boundary to about 200 m just a few tens of meters distant from the basin
edge at the measurement point Seis-27. The rapid deepening of the bedrock at this
point has inferred the presence of faulting with a sharp dip. A comparison of the
fundamental period obtained from microtremor measurements (Mic-08; Tp~1.64 s
+106) with the predominant periods obtained from the Vs profiles (Tp~1.38 s) depend

on interpolated data from the basin model verifies the estimated deep bedrock depth.

In summary, these high predominant period results are most likely to the thick
unconsolidated and soft sediments of the Efteni lake deposits and the tectonic
activity-related deformation that controls these deposits. In general, the determined
fundamental periods from the microtremor measurements with one standard
deviation (Tp~ 0.6 to 1.2s +10) at points of Mic-03, -06, -07, -09 are consistent with
the predominant periods estimated from the Vs profiles in the basin at points of Seis-
8, -16, -29, -31. Hence, these results confirm the estimation of the bedrock depth of

the basin model at these locations (about 70-90m).

As a result of the evaluation of three sections taken from the basin, it has been
observed that there is an inconsistency between the dominant period values obtained
by seismic measurements at the basin edge, where the bedrock depth is known, and
the dominant period values measured directly by the microtremor method. These
results are consistent with the basin edge effects observed at the basin's boundary,
where a distinct impedance contrast between the layers is encountered. Notably, they
do not affect the estimated basin depth due to the non-linear topography and
heterogeneity along the active fault zone. On the other hand, although the estimated
basin depth at the basin center is not precisely known, the predominant periods
estimated by interpolated results from the basin model have proven to be consistent
with the data obtained by the microtremor measurements. These results confirm the
suitability of the microtremor method as complementary along with the other
methods mentioned above used in determining the bedrock depth model and for

developing a well-developed 3-D geometry of a basin model of the Golyaka basin.
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CHAPTER 5

1D AND 2D NUMERICAL ASSESSMENTS OF SITE EFFECTS

As described in Chapter 3, two cross-sections were developed with many
considerations to conduct 1D and 2D site response analyses. The NW-SE and E-W
trending sections were created to describe the sedimentary deposits in the basin
adequately. The E-W trending section lies parallel to the NAFS, the region's
principal fault system. This section contains the analysis points Seis-1, Seis-3, Seis-
7, Seis-10, Seis-12, Seis-18, and Seis-25. On the other hand, the other cross-section
runs almost perpendicular to this fault system (NW-SE). Analysis points, Seis-13,
Seis-14, Seis-18, and Seis-29, are located along the NW-SE section. Seis-18 point is
the only point that these two sections share. The 1D shear wave velocity profiles,
which were employed to generate these cross-sections, were used to characterize a

total of 10 individual sites.

Before conducting the ground response evaluations, seven earthquakes were initially
specified as the input rock motion based on the target spectrum presented in this
work. Chapter 3 explains the technique for selecting and scaling these earthquakes.
Shake2000 (Ordones, 2000) and QUAD4M (Hudson et al., 1994) software programs
were used to conduct 1D and 2D site response analyses, respectively. As discussed
in Chapter 3, these two software packages make equivalent linear assumptions and
consider the nonlinear stress-strain behavior of soils in the presence of possible
ground motion. Additionally, as described in Chapter 3, the pre-and post-processor
VisualQ4M (using QUAD4M code) were employed to do two-dimensional site

response analysis.

1D studies were performed at each site using the selected seven earthquakes to assess
the variability in soil responses based on the input ground motion data. In other

words, whether or not the soil responses at each site were statistically stable has been
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assessed. A total of 70 runs, using the selected seven earthquakes for each site at ten
different locations, were carried out in Shake2000 software to evaluate the 1D site
responses. Each seismically and geotechnically defined sector's 2D site response
analyses used these seven input rock motion data by utilizing Visual Q4M
(QUADA4M code). About 14 runs were performed to assess the two-dimensional soil

response along two sections.

The surface layers' amplitude and acceleration response spectra were studied to
establish whether or not the soil responses are stationary. It should be noted that all

spectral accelerations were calculated using a damping ratio of 5%.

The results of 1D and 2D numerical response analyses are compared. Figure 31
through 35 show the spectral acceleration and mean spectrum variations concerning
the input motions used at these sites, respectively. The velocity spectrum and mean
variations for 1D and 2D response analysis are shown in Figure 35 through 39,
respectively. These spectrums (acceleration and velocity) reference the input
motions employed at these sites for 1D and 2D response analysis. As seen in these
figures, the sites' responses are constant regardless of the input motions chosen. This
stable behavior means that the mean values of the soil reactions to ground motions
may be utilized to calculate the site's 1D and 2D seismic responses. The acceleration
and velocity spectrums are used to investigate ground motion variations in the

Golyaka basin.

The results of the 1D and 2D numerical studies were classified according to the site
class (TBDY 2018, Turkish Code) and their relative positions in reference to the
basin after evaluating and correlating the spectrum acceleration curves' behaviors. In
addition, the 1D and 2D seismic responses of the sites have been investigated
concerning the variation of the input rock motions obtained by choosing and scaling
seven ground motion records using the time-domain spectral matching technique.
When the results of the 1D and 2D numerical response analyses are compared, four
parts are recognized in connection to basin location and site class as described by the

TBDY 2018 Turkish Code. According to location and site class, these four areas are
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as follows: very dense/weathered rock sites in the basin's western portion, stiff sites
in the basin's center, soft/weak sites in the basin's deepest region, and the basin's

northern and southern boundaries (Basin edge effect).

A dense and weathered rock site in the western part of the basin reveals short
dominant periods (T~ 0.25s) and higher spectral acceleration values. The amplitude
of the acceleration spectrum is about 2g (Figure 31). In the center of the basin, the
stiff site, longer dominant periods (T~ 1s and 1.5s), and higher spectral acceleration
values (Sa~ 1.2g and 2g) have been observed, except for Seis-12, which shows small
spectral acceleration (Sa~ 0.45g) at short period (T~ 0.5s) in the 1D results (Figure
32). The longer periods (T~ 1s and 1.5s) and lower spectral acceleration for 1D have
been recorded in the deepest region of the basin where soft ground exists, compared
to 2D with higher spectral acceleration (Sa~ 3g) and shorter period (Figure 33).
Finally, the northern and southern boundary of the basins where the very dense site
(Seis-13) and stiff site (Seis-29) exists, the results show that short period (T~ 0.5s)
with higher spectral acceleration value (Sa~ 1.5g and 2g) have been observed.
(Figure 34). Seis-13 shows a higher spectral acceleration value in 2D numerical

response analysis results in this class.

Figure 31 shows the 1D and 2D results for Seis-1 and Seis-3 points located in the
western part of the basin at a very stiff /weathered rock site. The bedrock depth at
these two places is shallow (about 15 m). The amplification and spectrum amplitude
is considerable due to the velocity contrast between soil and bedrock for both 1D and
2D analysis results. Maximum horizontal acceleration (MHA) results from these two
sites (Seis-1 and Seis-3) are comparable with those from the 2D analysis. At these
sites, MHA was obtained at period (T) 0.2 seconds with spectral acceleration (Sa) of
2.5g and 2.2g for 1D and 2D analysis, respectively.

Dominating longer periods and moderate spectral acceleration values were observed
at a stiff soil site in the basin's center (Figure 32). The acceleration spectrum has an
amplitude of roughly 1.2g for 1D results and about 2g for 2D results. Because of the

2D effects and deep bedrock depth at these locations, the amplification and spectrum
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amplitude is considerably higher in 2D results than in 1D results. MHA data from
these four sites (Seis-7, Seis-10, Seis-13, and Seis-14) are equivalent to those from
the 2D analysis. Aside from Seis-12, de-amplification was observed in 1D results
compared to 2D outcomes. These effects can be because of 2D effects and velocity
contrast at this site due to the relatively short distance from the material deformation
resulting from the basin’s northern boundary faulting. MHA was obtained at these
sites at the 1s and 2s periods with Sa of 1.3g and 2.0g for 1D and 2D analysis,
respectively. When comparing the 1D and 2D results in Seis-12, as shown in Figure
32, the 2D effect is more pronounced, with the second peak appearing in the 1.5s
period compared to the 1D data. For these sites, when compared to 2D results with

higher spectral amplitudes, the spectral acceleration amplitude in 1D is low.

The computing results of 1D and 2D at soft/weak soil sites in the basin's deepest
section (Figure 33) show longer dominating periods and small spectral acceleration
values for 1D results compared to short period and large spectral acceleration values
for 2D results. The acceleration spectrum has an amplitude of around 0.8g for 1D
results and Sa of 2.5g and 3g for 2D results that exhibit 2D effects. The bedrock
depth is deepest at these locations, and the amplification and spectrum amplitude is
significantly greater in 2D results than in 1D results due to the 2D effects.
Additionally, a second peak at period 1.5s with Sa of 1g was observed. Spectral
acceleration (Sa) results from these two sites (Seis-18 and Seis-25) are low for 1D
results compared to 2D analysis. The Sa was obtained at these sites between periods
Is and 1.5s, and Sa of 0.8g and 0.6g for 1D analysis. For 2D results, periods of 0.5s
and Sa of 2.5g and 3.0g for 2D analysis. When comparing the outcomes of 1D and
2D at these two sites, as shown in Figure 33, the 2D effect is visible as a second peak
in a period of 1.5s in the 2D data compared to the 1D results. Compared to the

spectral acceleration at Seis-25, the Sa in 1D is small.

Figure 34 illustrates the two sites that located the basin’s boundary, one at the
northern at a very dense site and the second at the southern boundary at a stiff site.
By comparing the results of 1D and 2D response analysis, these two show similar

behavior in spectral acceleration. They show the maximum spectral acceleration of
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2g at a short period of 0.5 seconds for both 1D and 2D results. However, Seis-13 at
the northern boundary implies higher Sa than Seis-29 at the southern boundary with
Sa of about 2g. These two sites exhibit Sa of changing for longer periods in 1D
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Figure 31. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes in
a very dense/weathered rock site near the 1999 Kocaeli EQ earthquake fault rupture
in the western part of the Golyaka basin.
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Figure 32. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes
located in the center of the basin at stiff soil sites.
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Figure 33. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes in
the deepest part of the Gdlyaka basin at the soft/weak soil site (Seis-18 located in the
center of the Golyaka county)
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Figure 34. Stability of the site responses by evaluating the variations of the
acceleration spectrum after computing 1D and 2D analyses for seven earthquakes in
the northern and southern boundary of the basin at very dense/weathered rock (Seis-
13) and stiff soil sites (Seis-29)

When the 2D response analysis results are examined individually at each of the
defined locations, it is evident that the spectral peaks of the 2D site response analyses
are larger than those of the 1D studies at all sites (Figure 31 through 35). The
comparison of the spectral curves shows that 1D numerical analyses can approximate
the similar behaviors of the spectral curves derived through 2D response analysis.
However, the results of the 1D analysis indicate that it is underestimated for design
purposes, most notably by omitting 2D effects. The maximum spectral values are
notably different when the response spectra of the sites are compared. According to
the 1D analysis results, a shift toward longer periods may be observed in the 2D

response spectrum. According to Jibson (1987), Geli et al. (1988), and Rathje and
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Bray (1989), this response may be related to the topographical elevation of the site

and its immediate surroundings (2001).

By comparing the results of 1D and 2D site response studies, we could determine the
effect of near-field directivity. These effects typically have a long duration and are
most readily visible in the velocity- or displacement-time history. As indicated in
Figure 35, no directivity effects were detected in the velocity spectrums of both 1D
and 2D outputs for sites with a very dense site. These effects may be due to these
sites located next to the 1999 Kocaeli and Diizce fault rupture. However, as
illustrated in Figure 36 and Figure 37, at these sites (Seis7-10-12-13-14-18-25),
where they were positioned in the direction of fault rupturing, velocity spectral with
greater periods were detected at all of these locations at longer periods (> 1.5s),
Especially for Seis-18 and 25 at soft soil sites. On the other hand, 1D results (Figure
38) for sites located at the northern and southern border of the basin showed higher
spectral values than 2D in short periods. It might be related to the basin edge effect

and non-linearity located next to the fault rupture.
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Figure 35. The shapes of the velocity spectra for sites at the western part of the
Golyaka basin near the 1999 Kocaeli EQ fault rupture on very dense/weathered rock
site after performing 1D and 2D numerical site response analyses
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Figure 36. The shapes of the velocity spectra for sites at the basin center after
performing 1D and 2D numerical site response analyses (Directivity effects).
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Figure 37. The shapes of the velocity spectra for sites at the deepest part of the basin
after performing 1D and 2D numerical site response analyses (Directivity effects).

84



A0- Viebosity Specirum Seiv-11

F1

EFELD-Duk 5w fm/n) DAL -y il |

20- veloity Spectrum Sel-13

WAL Cnie il WAVl | |
ROt Yy ] L R L]
e ALY it e A i}

Figure 38. The shapes of the velocity spectra for sites at the northern and southern
boundary of the basin at very dense/weathered rock (Seis-13) and stiff soil site (Seis-
29) after performing 1D and 2D numerical site response analyses (Directivity
effects).
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CHAPTER 6

RESULTS AND DISCUSSION

This chapter compares and analyzes the ten different seismic site response analyses
generated using both 1D and 2D numerical methods. Furthermore, these obtained
results were checked and validated against recorded weak motion (small magnitude

earthquake, Mw=3.7) during fieldwork.

6.1 Comparison and evaluating 1D and 2D site response analysis

Four parts are identified by comparing 1D and 2D response analysis results based on
the position of the 1D data concerning basin location and site class, as defined by the
TBDY 2018 Turkish code. These four sections can be classified as highly
dense/weathered rock in the western part of the basin, stiff soil in the center of the
basin, soft/weak soil in the deepest part of the basin, and the northern and southern

boundaries of the basin.

The acceleration and velocity spectrum mean values for two sites (Seis-1 and Seis-
3) located in the western part of the basin along the E-W section are shown in Figure
39. According to the TBDY 2018 Turkish code, these two sites can be categorized
as very dense/weathered rock sites based on their VS30 values. As indicated in
Figure 39, the maximum horizontal acceleration amplitude (MHA) of 2D numerical
analysis is greater than that of 1D response analysis when the input motion is
considered. Additionally, as can be observed from the results in both 1D and 2D
analysis, the velocity spectrum at these places exhibits a minor fluctuation with
respect to the input velocity spectrum. There is no evidence that both response

analysis results observed forward directivity effects at the near-fault region.
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As determined by the 1D and 2D numerical computations results, the second
classified section is located in the basin's center at a stiff soil site (Figure 40). By
comparing the 1D and 2D analysis results, 2D basin effects in spectral acceleration
have been detected. Additionally, near-field directivity effects were observed at the
longer periods (i.e., 1s and 1.5s), and due to the nature of directivity, this velocity
pulse has a longer period (Figure 40). These two phenomena (2D basin effects and
directivity) are readily apparent in all four locations depicted in Figure 40,
particularly in Seis-10 and Seis-14. These two sites are positioned far from the Diizce

faults and in the general direction of the 1999 Kocaeli and Diizce fault rupture.

Figure 41 shows the results of 1D and 2D numerical computations for the third
categorized region in the basin's deepest section at soft/weak soil site. When the 1D
and 2D analysis results are compared, 2D basin effects in spectral acceleration for
short periods are detected. The 1D results show that the acceleration spectrum
changed towards longer periods, and the spectral amplitude was moderate, but for
longer periods (1s and 2s), the 1D and 2D spectral amplitudes were comparable.
Furthermore, near-field directivity effects were observed at longer periods (1s and
1.5s), and as a result of the directivity characteristics, this velocity pulse has a longer
period by definition, particularly for 1D analysis results. These two phenomena (2D
basin effects and directivity) are easily seen in two locations depicted in Figure 41,
especially for recorded 1D results with a longer velocity pulse in the spectrum. These
two locations are far from the Diizce faults and in the direction of the 1999 Kocaeli
and Diizce fault rupture. Furthermore, a 3D effect can be observed by comparing the
acceleration and velocity spectrums in the E-W and NW-SE sections for the analysis
point of Seis-18. These two sections share the analysis's sole points. This location

has minimal variation in both spectrums.

Figure 42 illustrates 1D and 2D mean acceleration and velocity spectrum for the two
sites located on the northern and southern boundary of the basin. Seis-13 is located
in the northern boundary at a very dense site and Seis-29 on the southern at stiff soil
and the 1999 Diizce fault rupture. Although these two sites show similar behavior

for acceleration and velocity spectrum, 1D results show higher spectral velocity
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when comparing the 2D results, and this may be due to basin edge effects and the
proximity of these sites to the fault. In addition, there is a shift to longer periods for

the spectral velocity in Seis-13, where the distance to the Diizce fault is far.
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Figure 39. 1D and 2D acceleration and velocity site response spectra in the western
part of the basin with very dense/weathered rock soil profiles where the 2D and
directivity effects are not observed.
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Figure 40. 1D and 2D acceleration and velocity site response spectra in the basin's
center at stiff soil profiles where the 2D and directivity effects are evident, especially

for Seis-10 and Seis-14.
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Figure 41. 1D and 2D acceleration and velocity site response spectra in the deepest
part of the basin with soft/weak soil profiles where the 2D and directivity effects are

evident
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Figure 42. 1D and 2D acceleration and velocity site response spectra in the western
part of the basin with very dense/weathered rock soil profiles show the 2D and
directivity effects, especially for Seis-10 and Seis-14.



6.2 Validation of the weak motion records along with the site response

analyses

In this study, the weak ground motion (small magnitude earthquake, Mw=3.7) was
recorded only at six temporal stations out of 7 measurements during the field
measurement where the location of the measurement locations are illustrated in
Figure 13. At the time of this event, station two had been disassembled. Therefore,
the recorded motion was obtained at Sations-1-3-4-5-6 and 7. According to Kandilli
Observatory and Earthquake Research Institute (KOERI), this event occurred on
2016.09.02 (date) at 19:24:57.53 (local time) at a depth of 9 km in Sirinsulhiye-
Kartepe (Kocaeli) at 2.7 km northeast with geographic latitude and longitude of
40.7097, 30.1263.

In the case of weak motion, the amplification is always more robust at younger
sediment sites for all frequencies up to 12 Hz (Aki, 1993). Phillips and Aki (1986)
conclude that, in terms of weak motion, amplification due to the low impedance of
younger sediments continues to outweigh de-amplification due to high absorption,
at least up to 12 Hz on the average in central California. Rogers et al. (1984, 1985)
also discovered a significant association between the amplification factor and the
data for weak motion (NTS) and strong motion (San Fernando) in the frequency
range of 0.1 to 5 Hz. Tucker and King (1984) stated no discernible variation in the
spectral ratio of the valley's edge to its center between weak (10°-107 g) and strong
(0.04-0.2 g) acceleration in the frequency range 0-50 Hz. According to Aki (1993),
the local site's influence on strong ground motion is far more complicated than most
seismologists have addressed. The non-linearity would prevent the weak motion
amplification factor from being used directly to predict strong ground motion. This
fact does not negate the importance of the amplification factor for weak motions; on
the contrary, weak motion amplification may be helpful in the non-linear regime. If
the significant weak motion amplification factor is not linearly amplifying the strong
motion, it will manifest in the site damage caused by the very non-linear effect.

Indeed, several studies published since Borcherdt (1970) have demonstrated a
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significant positive correlation between the weak-motion amplification factor and
the site-dependent component of the distribution of earthquake intensity, which may

be a more versatile seismic hazard parameter than peak ground acceleration.

Figure 14 illustrates the spectral acceleration and velocity spectrum of the Seis-14
and Seis-25. A significant spectrum similarity was observed by comparing the 1D
and 2D site response analysis results along with the recorded weak motion. At Seis-
25 point in the 2D analysis, the results displayed much better agreement with the
spectrum of weak motion, whereas compared to the 1D results, different site
response behavior was observed because of the non-linearity resulting from strong
ground motion. Furthermore, the 2D effect has represented the second peak at station
4 in both components (x=E and y=N). 1D and 2D results at Seis-25 point have
represented directivity effects with velocity spectrum impulse at 2s and longer

periods.
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Figure 43. A view of the epicenter location and of the recorded weak motions
(Kandili record 02.09.2016)-Mw= 3.7.
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Figure 44. 1D and 2D acceleration site response spectra compared to recorded weak
motion and in the soft soil site where 2D and directivity effects were observed in the
basin's center.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

This study has assessed the local site conditions along with the dynamic sediment
characteristics in the Gdlyaka basin, which tends to possess complex geology
because of tectonic deformation caused by near-field faulting. A 3-D basin model
was developed to characterize the sediment conditions based on the Vs profiles that
have been successfully combined through both active and passive surface wave
testing methods that provided a high resolution of the Vs profiles, especially to detect
the basin sediment layers. In addition, the provided Vs profiles were correlated with
the deep VES results, geology, and available geotechnical boring data. These data
allowed to check the validity of the surface seismic testing results and determine the

Vs values in the corresponding layers.

Based on the shear wave velocity profiles obtained, the 3-D basin geometry model
has been developed, and a shear wave velocity of 1100 m/s was accepted as the
bedrock depth limit in the region. Furthermore, the results suggested that the Golyaka
basin was primarily composed of thick clay and sand deposits with some lenses of
gravel sediments and with the transition between these layers. The results of this
study illustrated that the calculated Vs values with depth implied the prevalence of a
low-velocity zone in some pocket areas, especially in the near-field of the fault
rupture zone and the saturated lake deposits in the southern boundary. Furthermore,
these complexities in the velocity contrast were observed where the sediment layers
with lower Vs values were determined in the mid-depth along the basin's center (i.e.,
at a depth of 50-100 m). The extracted 2-D shear wave velocity profiles illustrated
that the thickness of the basin sediment continues down to a depth of approximately
250-350 m with irregular geometry due to over-step faulting near the southern

boundary of the basin. As a result, the local site conditions have demonstrated spatial
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variations in the near-field area depending on the dimensional basin geometry,
material heterogeneity, and topography. As a result, inclined layering and
nonlinearity in the Vs profiles have formed. The lateral heterogeneity and
incoherence in the Vs measurements were not so dominant in the developed Vs-
model but were rather dominant in the near-field of the fault zone, where the low-
velocity material is sitting next to the higher velocity material. The surface seismic
survey results were complemented with the deep Vertical Electrical Sounding (VES)
measurements, the engineering geological and geotechnical data, and the geology to

increase the authenticity of the research reported herein.

In the VES results, the lateral variation of basin complexity due to the heterogeneity
of the near-fault region was observed. An increase in the thickness of the alluvium
in the center of the basin indicates that the alluvial thickness could be much thicker,
1.e., almost 450 m. Nevertheless, these results can also be attributed to the transition
zones between the deformed material due to the near-field fault activity and thus the
tectonic deformation of the rock formations. In addition, the existence of faulting
could also be observed throughout the resistivity results that were in good agreement

with the geological and topographical observations.

The H/V microtremor measurement verified the estimated basin depth at the Golyaka
region. The correlation between the measured fundamental periods of H/V and
estimated Vs profiles presented a good agreement, especially at the basin's center.
Inconsistent results have been occasionally observed along the Kocaeli and Duzce
fault ruptures in the northern and southern boundaries due to basin edge effects and
tectonic deformation of the materials. Additionally, at the western side of the basin,
where the bedrock depth is shallow, impedance contrast was observed between these

layers, which was also validated by the H/V microtremor results.

A total of 70 computational analyses have been conducted at the ten sites to evaluate
the 1D site responses. Additionally, 14 analyses were conducted to determine the
two-dimensional soil response along the two sections. The amplification of the

surface layers and acceleration response spectra at each site were studied. The results
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indicated that the soil responses were stationary at all sites. Hence, the subsequent
analyses used the arithmetic mean of the computed amplification and acceleration

response spectra.

During the site response analysis, 1D and 2D processed results were compared.
Based on the position of the 1D sites concerning the basin and site class, as specified
by the TBDY 2018 Turkish code, Four sections have been identified. These sections
were divided as follows: dense/weathered rock site at the western of the basin, stiff
soil site at the center, soft/weak soil site at the deepest part of the basin, and the

boundary at north and south of the basin.

The maximum horizontal acceleration amplitude (MHA) of 2D numerical analysis
is higher than that of 1D response analysis of Seis-1 and Seis-3 at very
dense/weathered rock sites. This large MHA may be due to shallow bedrock depth's
shear wave velocity contrast. MHA was obtained at 0.2 seconds (T) and spectral
acceleration (Sa) of 2.5g for 1D and 2D analysis. No evidence of forward directivity
or 2D effects was determined due to any response analysis result at the near-fault

zone.

By comparing the results of 1D and 2D analysis, it was discovered that the second
classified section, which is located in the basin's center, exhibited 2D basin effects
in spectral acceleration at a stiff soil site. Furthermore, near-field directivity effects
were found at longer periods (1.5s), and this velocity pulse has a longer period due
to the nature of directivity. Seis-10 and Seis-14, in particular, are located distant from
the 1999 Diizce faults and in the approximate rupture direction of the 1999 Kocaeli

and Diizce faults.

The results of 1D and 2D numerical calculations for the third categorized site in
soft/weak soils in the deepest part of the region showed 2D basin effects in spectral
accelerations in short periods. The 1D results suggested that the acceleration
spectrum shifted toward longer periods and the spectral amplitude was moderate in
short periods, but the 1D and 2D amplitudes were comparable in longer periods (1s

and 2s). Additionally, near-field directivity effects were encountered in longer
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periods (1.5s). As a result of the directivity characteristics, this velocity pulse by
nature has a longer period, notably for 1D analysis results. A three-dimensional
effect can also be noticed for the analysis point of Seis-18 by comparing the
acceleration and velocity spectra along the E-W and NW-SE of regions. Considering

that Seis-18 is the only point that these two sections share

The two sites are located at the basin's boundary, one at the northern boundary at a
very dense site and the other at the southern boundary at a stiff site. When the 1D
and 2D response analysis results were compared, they revealed similar acceleration
and velocity spectra characteristics. Both 1D and 2D results show a maximum
spectral acceleration of 2g over a short period of 0.5 seconds. However, the point
Seis-13 at the northern boundary of the basin implies a higher Sa than the point Seis-
29 at the southern boundary, which has about 2g Sa. In the 1D analysis results, these
two sites show that the Sa values change over longer periods. On the other hand,
these sites had higher spectral values in 1D results than 2D results over short periods.
This higher Sa may be due to the basin edge effect and nonlinearity of the site's
proximity to the fault rupture.

By comparing the site response analyses with the seismic activity recorded at the
site, dimensional 2D analysis results and directivity effects were assessed.
Accordingly, it was inferred that the recorded weak motion spectral acceleration
presented significant similarity with the results of the 1D and 2D analyses. In this
case, it was deemed that weak motion was a good indicator of seismic site effects for

softer and thicker sediments in the study area.

This research is a pioneer study for a highly seismically active region in the near-
fault sites, such as the Golyaka basin, concerning the evaluation of site response
analyses in an account for seismic hazard assessment. For such a large district with
growth potential in a near-fault region, while it is highly susceptible to experience a
major earthquake, it is vital to have an appropriate well-developed basin model for
seismic hazard evaluations, wave propagation, seismic responses for the design in

the future, general land use, and urban planning.
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In conclusion, it is strongly believed that the model developed in this study is the
first novel Vs model developed for the study region in Turkey that mankind can
utilize for multiple purposes. The developed Vs basin model can be used to assess
seismic hazard. Furthermore, it can be used to evaluate high-resolution surface wave
propagations in the study area. Last but not least, the results of the seismic response
analysis in this research can be effectively used for future design studies for this area

in the case of rapid urbanization located in the near-field domain.

Additional site-specific studies could be performed in this unique basin to more
accurately describe the characteristics and potential level of ground shaking in
hazard assessments. This study is believed to form an excellent example of why the
advanced basin model should address the complexity associated with the
characteristics of the near-fault region, which is not yet fully understood concerning

the effects of major seismic events.

The research given in this dissertation extends our knowledge of on basin geometry
and dimensional seismic site response analyses. The following suggestions,
however, represent the research's main restriction and can be addressed in future

studies:

e Parametric study of non-linear behavior related to lateral heterogeneity
associated with the near-field basin in the seismic response analysis.

e Assessment of the interaction of inclined layer on seismic response.

e Investigation of near-field fling effects in the research area for future design
purposes.

e Implementation of a 3D model assessing seismic response studies as well to

understand the basin effects further.
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APPENDICES

A. Geotechnical Boring Data and Deep Engineering Geological Boring Data

Some of the geotechnical boring and deep boring data are presented herein.
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B. Surface Wave Method Analysis Results (MASW and MAM)

All of the processed and analyzed MASW and MAM data.
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C. Vertical Electrical Sounding (VES) Results

All processed vertical electrical sounding (VES) data
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D. H/V Spectral ratio Results

All of the processed H/V spectral ratio curves acquired from the measuring points
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