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ABSTRACT

STOCHASTIC SIMULATION OF THE JANUARY 24, 2020
ELAZIG-SIVRICE EARTHQUAKE

This thesis focuses on the application of stochastic ground motion simulation
methodology to the 24 January 2020 Mw 6.8 Elazig-Sivrice earthquake, which oc-
curred on the Piitiirge segment of the East Anatolian Fault in Turkey. In this context,
the dynamic corner frequency-based stochastic finite fault method was used to simulate
the ground motion fields generated by the 24 January 2020 Elazig-Sivrice earthquake
earthquake. Input parameters for the simulations are derived from regional sources
and seismic parameters to ensure the reliable production of synthetic ground motions.
The model parameters are evaluated by comparing the real records of the Elazig-Sivrice
earthquake with synthetic records and preferred models are selected accordingly. More-
over, the synthetic records have been compared with regionally suitable ground motion
models (GMMs). The stochastic ground motion simulation methodology is used to-
gether with the extended fault model, evaluating both random and earthquake specific
slip distribution options. Alternative models or values are considered for the stress
drop, geometric spreading, Q and duration models as well as for site amplification. A
combination of models that yield the lowest error terms both in frequency and time
domain parameters is proposed as the preferred model for this study. As a result of
this study, it is seen that the simulations of the Elazig-Sivrice (Mw 6.8) event give rea-
sonable results for frequency ranges higher than 1 Hz and the determined parameters
can be further developed and used as input to other studies evaluating seismic hazards

in related regions.



OZET

24 OCAK 2020 ELAZIG-SIVRICE DEPREMI STOKASTIK
SIMULASYONU

Bu tez, Tiirkiye’de Dogu Anadolu Fayi'nin Piitiirge segmentinde meydana ge-
len 24 Ocak 2020 Mw 6.8 Elazig-Sivrice depremine stokastik yer hareketi simiilasyon
metodolojisinin uygulanmasina odaklanmaktadir. Bu kapsamda 24 Ocak 2020 Elazg-
sivrice depreminin olugturdugu yer hareketi alanlarinin simiile edilmesi i¢in dinamik
kose frekansi tabanli stokastik sonlu fay yontemi kullanilmigtir. Simiilasyonlara yonelik
girdi parametreleri, sentetik yer hareketlerinin giivenilir gekilde tiretilmesini saglamak
icin bolgesel kaynaklardan ve sismik parametrelerden tiiretilmektedir. Elazig-Sivrice
depreminin gercek kayitlari sentetik kayitlarla karsilastirilarak model parametreleri
degerlendirilmig ve tercih edilen modeller buna gore se¢ilmistir. Ayrica sentetik kayitlar
bolgesel olarak uygun yer hareketi modelleri (GMM) ile kargilagtirilmigtir. Stokastik
yer hareketi simiilasyon metodolojisi, genisletilmig fay modeliyle birlikte kullanilarak
hem rastgele hem de depreme 6zgii kayma dagilimi segeneklerini degerlendirmektedir.
Gerilim diisiisii, geometrik yayilma, Q ve siire modelleri ile saha biiytitmesi icin alter-
natif modeller veya degerler dikkate alinir. Bu g¢aligma icin tercih edilen model olarak
hem frekans hem de zaman alani1 parametrelerinde en diigiik hata terimlerini veren mod-
ellerin bir kombinasyonu 6nerilmistir. Bu galigma sonucunda Elazig -Sivrice (Mw 6.8)
depreminin similasyonlarinin 1 Hz’den yiiksek frekans araliklari i¢in makul sonuclar
verdigi ve belirlenen parametrelerin daha da gelistirilerek ilgili bolgelerdeki sismik

tehlikeleri degerlendiren diger ¢aligmalara girdi olarak kullanilabilecegi goriilmektedir.
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1. INTRODUCTION

1.1. General

Natural disasters, such as earthquakes, are considered to be among the most
devastating phenomena that may lead to substantial losses of life and property. This
destructive natural phenomenon is among the study areas of many disciplines such as
civil engineering, structural engineering, earth sciences, the insurance industry, and
public policy. Especially for engineering objectives, the subject of strong ground mo-
tion, i.e. the ground motion caused by the propagation of the waves generated by
earthquake ruptures is extensively studied to assess and mitigate the potential impacts
of earthquakes on structures, thereby minimizing losses and mitigating earthquake

risks.

Earthquake strong ground motion recordings are not abundantly available, yet,
for several regions of the world. For such regions for which earthquake-related studies
necessitate the use of time histories or parameters derived from such time histories
(e.g. peak ground motion parameters), various solutions are proposed. Although
using recorded ground motions from comparable regions with similar tectonic and
site conditions is a solution, ground motion simulation is a well-accepted alternative
method used to estimate the required characteristics of ground motions in such regions.
At the same time, the simulations are also valuable for seismically active regions with
extensive and comprehensive data sets, as they comprise information on earthquake
physics, seismic parameters, and faulting mechanisms and can be used to estimate the

entire wave field caused by an earthquake rupture.

Simulation techniques are actively and widely used by seismologists and earth-
quake engineers in strong ground motion prediction studies. The frequency range of
the resulting waveforms are of particular importance as different techniques are used

for low- (e.g. < 1Hz) and high-frequency parts of the spectrum. There are several com-



mon methods for simulating the high-frequency content of the strong motion such as
stochastic simulation technique (SST'), composite source modeling technique (CSMT),
empirical Green’s function technique (EGFT), and semi-empirical technique (SET).
Additionally, as a hybrid approach, a combination of empirical Green’s function and

stochastic is used [1].

In this thesis, the stochastic finite-fault simulation method with a dynamic corner
frequency model is employed to simulate the 24.01.2020 Mw 6.8 Elazig-Sivrice earth-
quake that occurred in the Fast Anatolian Fault Zone. Available regional data and
models are used and results are critically evaluated to ensure that reliable synthetic
time histories are produced. Model parameters were validated by comparing synthetic
ground motions with those recorded during the Elazig-Sivrice earthquake. Addition-
ally, the ground motion parameters obtained from the simulation model were compared

with regionally applicable ground motion models (GMMs).

1.2. Literature Survey

Simulation of the earthquake ground motion has been a subject of extensive
research in both earth sciences and engineering disciplines. These simulations play
a crucial role in understanding earthquake physics, faulting mechanisms, and seismic
parameters, as well as estimating ground motions at locations with sparse seismic data.
In addition, it allows a comprehensive understanding of earthquake phenomena and

contributes significantly to seismic hazard assessment and risk mitigation efforts.

Stochastic simulation, also known as probabilistic simulation, is a powerful tech-
nique widely used in various fields to model and analyze complex systems or processes
that involve uncertainty. Engineering seismology is one of the disciplines in which
stochastic simulation is widely used and stochastically simulated acceleration time his-
tories provide valuable insights in understanding the characteristics and in predicting

ground shaking caused by earthquakes.



A literature review of stochastic ground motion simulation methods reveals sev-

eral key developments and applications:

The fundamentals of stochastic ground motion simulations are laid out by super-
imposing random amplitudes and durations with random time delays to simulate mid
and high frequencies, and as such they are complementary to deterministic ground mo-
tion simulations that can only be used for low frequencies [2-4]. Subsequently, Aki [5]
made significant improvements by defining the change with time of the earthquake-
induced displacement, in relation to the “source spectrum” and the velocity function.
This w~? model, which showed a decrease in the source spectrum amplitudes with
the square of the frequency, proved to be a physically reasonable model for the high-
frequency part of the earthquake time histories. Building on Aki’s work, researchers
such as Hanks and McGuire [6], Boore [7], and Silva [8] have proposed deterministic
stochastic models in which earthquake records are represented as stochastic events over
time with Fourier amplitude spectra determined by seismological models of the source,

path, and site effects.

The “source spectrum” proposed by Aki [5] as a new method and the study of
Hanks and McGuire [6] were combined by Boore [7] to obtain time-domain ground mo-
tion simulations. This approach provided a better representation of fault rupture and
seismic wave propagation. Beresnev and Atkinson [9] extended the methodology to in-
corporate the issue of fault dimensions and thus the stochastic finite fault methodology
has emerged. In this approach, instead of considering a single point source (which is not
in fact applicable to large-magnitude events), an extended rupture surface correspond-
ing to the magnitude of the event is modeled via small sub-faults, each being treated
as an individual point source. Each sub-fault was assigned a specific location, and the
seismic waves generated from each sub-fault were superimposed and combined in the
time domain with the overall impact of the whole rupture on ground motion. Motaze-
dian and Atkinson [10] made important improvements to the methodology developed
by Beresnev and Atkinson [9]. The so-called “dynamic corner frequency” method, in

which the corner frequency changes with time and position, significantly increased the



accuracy and reliability of simulations and provided a more realistic representation of

ground motion at different stages of earthquake rupture.

The approach has been extensively validated through various studies in Turkey.
Yalginkaya [11] validated the stochastic method by investigating the 1998 Ceyhan earth-
quake, while Ugurhan and Askan [12] and Karimzadeh et al. [13] examined the 1999
Diizce earthquake. Askan et al. [14] studied the 1992 Erzincan earthquake, and Akinci
and Antonioli [15], as well as Zengin and Cakt1 [16], conducted studies on the 2011
Van earthquake, all used the stochastic method and validated its accuracy with the

characteristics of the earthquake they examined.

1.3. Objective and Scope

This study employed the dynamic corner frequency-based stochastic finite fault
method developed by Motazedian and Atkinson [10] to simulate the ground motions
generated by the 24.01.2020 Elazig-Sivrice earthquake. The primary purpose of this
thesis is to acquire a plausible and realistic synthetic strong ground motion field by
using the simulation model developed for the region and the specific earthquake un-
der study. For this purpose, the input parameters for the simulations are derived
from regional sources and seismic parameters to ensure reliable production of synthetic
ground motions. The model parameters are validated by comparing the real records of
the Elazig-Sivrice earthquake with synthetic records. Moreover, the synthetic records
have been compared with regionally suitable GMMs. All simulations were performed
using the finite fault model and stochastic modeling using the EXSIM [10], [17] pro-
gram. The outputs of simulations were visualized with MATLAB software and some

maps in the thesis were produced using ArcGIS Pro software.

In Chapter 2, the principles of the stochastic strong ground motion simulation
method, which is the simulation technique that forms the basis of the thesis, are in-
troduced. The methodology employed in this study comprises two main approaches:

the stochastic point-source and the stochastic finite-fault simulation approach. These



techniques were comprehensively explained and detailed in the following sections, em-

phasizing their basic principles and application steps.

In Chapter 3, first, the seismological characteristics of the main event are pre-
sented. In the first part of the study, background information about the Elazig region
is given. Then, the observed strong ground motion data are presented. Following
this, the regional model parameters are validated by the strong ground motion records
of the Elazig-Sivrice earthquake. Furthermore, this chapter includes a comprehensive

comparison between the synthetic and observed records and GMMs.

Finally, Chapter 4 provides a summary of the results obtained in this thesis

together with a set of recommendations for future research.



2. METHODOLOGY OF STOCHASTIC STRONG
GROUND MOTION SIMULATION

2.1. Overview of the methodology

In this chapter, the stochastic strong ground motion simulation methodology
used to simulate the ground motions of the 24.01.2020 Elazig-Sivrice earthquake is
presented. The methodology consists of two essential approaches: the stochastic point

source and the stochastic finite-fault simulation method.

Section 2.2 focuses on the stochastic point-source simulation technique in detail
and presents its underlying theory. In this method, a simplified seismic source is
considered as a single point and the random nature of ground motion is considered.
This section provides detailed information about the models for source, path, and site,
allowing both an understanding of the required input parameters for each component

and an in-depth understanding of the simulation methodology.

Section 2.3 introduces finite-fault simulation modeling, which provides a more
realistic representation of earthquake sources by considering the rupture process and
its effects on ground motion. This section emphasizes the significance of the static and
dynamic corner frequency approaches, as they are important in accurately capturing

the frequency characteristics of the synthetic time histories.

Finite fault modeling focuses on the spatial extent and complexity of the seis-
mic source by modeling rupture along a finite fault surface. This method allows for

considering slip distribution, fault geometry, and rupture propagation.

Here we should also emphasize that the simulation methodology relies on appro-
priate input parameters and models for accurate results. Validation against observed

data is crucial to ensure the reliability and validity of the simulated ground motions.



Reliable ground motion time histories obtained via this methodology may be crucial
in assessing the seismic hazard, evaluating the structural response, and informing en-

gineering design.

2.2. Stochastic Point Source Method

Hanks and McGuire [6] were the pioneers who brought forth the concept of incor-
porating stochastic parameters into ground motion simulations. By acknowledging the
complex nature of high-frequency ground motions, they proposed the use of stochastic

methods to account for the random phase angles that contribute to this complexity.

Their groundbreaking contribution shed light on the necessity of considering the
random nature of ground motions. It catalyzed the development and application of

stochastic methods in seismic engineering.

Unlike deterministic modeling methods, stochastic point-source modeling incor-
porates stochastic parameters to account for the variability and complexity of ground

motions, particularly at high frequencies.

Their complex character characterizes the high-frequency part of strong ground
motions (f > 1Hz). It can be said that this complexity is due to the loss of phase coher-
ence between stations close to each other. Because of the complex phase inconsistency,
deterministic methods have to be adapted to high frequencies to simulate ground mo-
tions. One or more stochastic parameters are required to model high-frequency strong
ground motions that describe random phase angles [6]. This methodology has been
proven valuable in improving the accuracy of ground motion simulations, particularly

at frequencies greater than 1 Hz.

The point-source part of the stochastic simulation methodology aims to produce
a time series that is stochastic in character, while its spectrum accurately indicates a

predetermined deterministic spectrum for a specific point source. The construction of



this time series starts with the generation of a band-limited Gaussian white noise with
zero mean and variance, which is associated with the seismic magnitude and source and
site distance. The noise then has been windowed to limit its duration and converted
into the frequency domain using a transformation method, such as the Saragoni-Hart
method [18]. This transformation allows for the representation of the time series in
terms of its frequency components. To normalize windowed noise, it is multiplied by the
square root of the mean square amplitude spectrum. This normalization step ensures
that the resulting time series has the desired properties and accurately represents the
specified deterministic spectrum for the given point source. The resulting spectrum is
multiplied by the theoretical S wave amplitude spectrum. The final step involves the
inverse Fourier transformation which is performed to obtain the stochastic acceleration
in the time domain from the modified spectrum. As a result of these steps, a time series
with a finite duration with a specific amplitude spectrum is produced. This amplitude

spectrum expresses its path and site effects.

A detailed illustration of the procedures is presented in Figure 2.1. In equation
2.1 introduced by Boore [19], the ground motion amplitude spectrum in the stochastic
point-source method is given. In this equation, the multiplier filter functions are E
(source spectrum), P (path effect), G (site effects), and I (instrument response) giving

the Fourier Amplitude Spectrum of a seismic signal as:

Y(Mo, R, f) = E(My, f) - P(R, f) - G(f) - I(f) (2.1)
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Figure 2.1. The steps of the stochastic point-source modeling procedure as defined by

Boore [19].



10

2.2.1. Source Spectrum

Source effects include parameters of a rupture process on a fault plane, where
fault dimensions and orientation are specified. Source effects are modeled using math-
ematical representations or empirical relationships that describe the behavior of the
earthquake source. Within these models, physical properties like earthquake magni-
tude, depth of the fault, types of faults, slip distribution, rupture velocity, and stress
drop vary randomly over the fault surface. This approach allows for more realistic
representations of actual rupture behavior with random variations. Therefore, it can
capture the heterogeneous nature of fault slip and rupture velocity, allowing a more

accurate simulation of ground motion to be obtained.

In stochastic ground motion simulations, the source function is derived from the
solution of Green’s function, which describes the far-field shear wave displacement
caused by a point shear dislocation in a homogeneous, isotropic, unbounded medium

and is as follows:

0y
u(z,t) = 47TTSWM'(IS) (t — %) (2.2)

In this equation, u(z,t) denotes the dynamic displacement, %7 and 3 are the radiation
pattern and the shear-wave velocity, respectively. While R is the from source to site

distance, M’(t) represents the moment rate function [20].

In general, the seismic moment is introduced as the product of the shear modulus

w, the source time function (t), and the dislocation area (A).

M(t) = pa(t)A (2.3)

The source time function is one of the significant uncertainties in earthquake

source modeling. It is expressed as the dynamic change in the amplitude of the forcing
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function acting on the fault plane during an earthquake. Several models have been
suggested to represent the source time function, each with its assumptions and uncer-
tainties. The particle displacement increases with time and to represent this increase

a ramp function and a step function are used by Haskell [21] and Aki [5] respectively.

In stochastic simulation modeling, the source time function is established follow-
ing Brune’s framework [22], which represents the dislocation in terms of the effective
stress driving the movement along both sides of the rupture surface. This formulation
is then improved by Beresnev and Atkinson [9] to ensure that the boundary conditions
are appropriately satisfied. These modifications enhance the accuracy and reliability

of the stochastic point-source methodology in modeling seismic sources.

In stochastic modeling, the source-time function and the velocity function are as

follows:

W(t) = gﬁé) () (2.5)

Thus, equation (2.2) representing the far-field shear wave displacement is rewrit-

ten as follows:

ROM, [(t—2\ -5
u(z,t) = 47T,0530R ( ﬁ) e~ (2.6)
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By Fourier transformation of Equation (2.6), the following is obtained:

RO M, 1
= 2.7
u(z,w) TR 1 <w>2 (2.7)
+ e
Brune [22,23] defines the corner frequency (fc = we/2m) as:
=4.9-10°8, | — 2.8
fe 5 (37) (28)

In this equation, fc represents the corner frequency in Hz, [, represents the shear
wave velocity in km/s, Ao expresses the stress drop in bars, M, represents the seismic
moment in dyne-cm. Equations 2.7 with 2.8 come together to form the source function,

and the general form of the source function can be written as follows:

E(My,w) =C - My-S(w,w.) (2.9)

C representing a scaling constant is defined as:

B R .FS.-PRTITN
B AmpB3R

(2.10)

In this equation, the variables, respectively, are defined as R%7is expressed as the ra-
diation pattern and is used as 0.55 for shear waves. F'S is the amplification factor
on the free surface, generally used to be 2. PRTITN is defined as a reduction factor
mostly considered 1/4/2. The density is represented by p and the shear wave velocity
is represented by .

My is the seismic moment of the earthquake defined in Equation 2.3. The moment

magnitude (M) estimated based on the seismic moment (M) was defined by Hanks
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and Kanamori [24] and is as follows:

2
M = Zlog(My) ~ 10.73 (2.11)

Eventually, the source displacement spectrum is:

(2.12)

The source modeling is the weakest part of stochastic modeling since it has limitations
in accurately representing the complex behavior of earthquake sources. It has been
observed that this model works limitedly, especially for low frequencies. However, since
low frequencies are not critical for engineering purposes, the frequency band simulated

by the stochastic approach is considered useful.
2.2.2. Path Effects

It can be said that the path effect is the second important factor altering the
properties of ground motion records. As seismic waves travel through the ground,
changes are introduced in their frequency content, amplitude, duration, and velocity.
There are two types of path effects: geometric and anelastic attenuation. Geometric
propagation, also known as the elastic process, reduces ground motion amplitudes as
seismic wave energy spreads over an increasingly larger area. Anelastic attenuation
is defined by Romero and Rix [25] as the dissipation of seismic energy. Anelastic
attenuation corresponds to an inelastic process resulting in the dissipation of seismic

energy. Geometric diffusion represents an elastic process that conserves seismic energy.

The path effect filter defined by Boore [19] gives the geometrical and anelastic

attenuation and is as in Equation 2.13.

TfR

P(R,w) = Z(R) - ¢~ an7 (2.13)
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In this equation, R, Z(R), and Q(f) indicate the distance source-site, geometrical

spreading function, and a frequency-dependent quality factor, respectively.

In this section, the three essential parameters of the path effect function are

described: geometric spreading, quality factor, and duration.

Z(R), which indicates the geometrical spreading function, is a mathematical func-
tion that describes how the amplitude of seismic waves changes with distance from the
earthquake source. The Z(R) represents a piecewise continuous function since it con-
sists of different segments or regions, each corresponding to a certain distance from the

source. The Z(R) function described by Boore (2003) is as follows:

%, R< R
Z(R1) (%) p, Ry <R< R (2.14)
Z(R,) () p., R>R,

In the equation, R is the distance from the epicenter to the observation point.

In Equation 2.13, the term 6_% denotes anelastic attenuation.Q)( f) represents
the quality factor that is dependent on frequency. The quality factor, also known as the
anelastic attenuation term, is a parameter that describes the energy loss or damping
of seismic waves as they propagate through is not completely elastic Earth. Since the
specific value of the quality factor varies from region to region, a quality factor suitable
for the seismic region studied should be selected. If a suitable quality function is not
available in the literature, regional seismic data can be used to derive quality factor

models [20].

The quality factor can be defined as:

Q==CQo- " (2.15)
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(0o in the equation represents the heterogeneous behavior of the Earth’s environment,
while the parameter "n” is a parameter that varies according to the region [26]. Ac-
curate estimation of the quality factor is crucial to obtaining realistic high-frequency
ground motion spectra [27]. It provides to comprehend the effects of anelastic losses
and allows ground motion simulations and seismic hazard assessments to better rep-
resent the actual seismic behavior in a given area. Another parameter in path effects
is distance-dependent time. The distance-dependent time indirectly affects the deter-
ministic target spectrum (Equation 2.7). However, since the peak amplitudes decrease

with increasing time, the distance-dependent time is necessary for the time domain

projection. The duration function is as follows:

T =T, +bR (2.16)

In this equation, Ty is the source duration, b denotes the slope of the distance-dependent
duration term, and R represents the distance from the source to the site. Tj increases
with the magnitude of the earthquake and is inversely proportional to the corner fre-

quency since Ty = 1/(2f.) [9].

Identifying regional models for geometric spreading, quality factor, and duration
requires careful analysis and validation using observed ground motion data. A com-
parison should be made between synthetic and recorded ground motions when making
choices regarding path characteristics. By making these comparisons and improving
the simulation parameters, an optimal match between observed and simulated ground
motions can be obtained. This iterative process allows one parameter to be changed
while keeping the others constant, which helps determine optimal values for simula-
tion. When determining the optimum simulation parameters, the FAS of the synthetic
and observed ground motions is usually compared. In summary, identifying regional
models for synthetic ground motion involves a rigorous analysis of regional datasets, it-
erative comparison with observed data, and optimization to obtain the best fit between

simulated and recorded ground motions.
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2.2.3. Site Effects

Site effects express the phenomenon in which the characteristics of seismic waves
(amplitude, duration, and frequency content) are modified as they pass through or

interact with the geological and geomorphological features of a specific site.

Soil density and velocity generally tend to decline from the bedrock to the ground
level. Seismic impedance decreases due to the movement of seismic waves, and wave
amplitudes tend to increase in order to conserve this decrease, that is, elastic en-
ergy [28]. Meanwhile, wave amplitudes decrease because of the damping effect in soft
soil layers. After all, site effects include both amplification and reduction of waves.

Understanding site effects is crucial in accurately assessing seismic hazards.
One way to quantify site effects is through the site response function, often de-

noted as G(f). Mathematically, the site response function G(f) can be expressed as

the product of two functions as in the following :

G(f) = A(f) - D(f) (2.17)

In this equation, A(f) and D(f) represent the amplification, and the diminution func-

tions, respectively.

2.2.3.1. Amplification Function. Determining soil properties and evaluating site am-

plification is a fundamental aspect of the earthquake simulation process. Various tech-
niques are employed for modeling site effects, with theoretical transfer functions being
highly effective when detailed soil velocity profiles are available. These profiles are
usually obtained through methods like boreholes, seismic reflection, and refraction,

but these techniques can be complex and expensive, particularly for deep sites.

When it comes to site amplification calculations, the methodology chosen depends

on whether the site’s velocity profile is known. Site-specific velocity profiles provide
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more accurate results but can be challenging and costly to determine. Consequently,

empirical approaches may be preferred in certain situations.

Two primary theoretical methods for estimating site amplification include the-
oretical site response analyses and the quarter-wavelength method. The more widely
used empirical method is the Horizontal Vertical Spectral Ratio (HVSR or H/V) tech-
nique introduced by Nakamura [29]. The second method was introduced by Boore
and Joyner [30], which allows a practical prediction of site amplification in the quarter
wavelength method. In this approach, amplification factors are introduced for each
frequency by taking into account the ratio of the seismic impedance at the source level

to the mean seismic impedance at a certain depth.

The equation is as follows:

A(f(2)) = ,/#5() (2.18)

In this equation, f(z) = represents the frequency corresponding to depth z and

1
4541(z)
Sy(z) is the S-wave travel time from depth z to the ground; ps and p(z) indicate the
density and travel-time-weighted average of density, respectively; 3, and 3,(z) denote

S-wave velocity around the source and S-wave velocity to depth z.

The quarter-wavelength method has been performed versus theoretical amplifica-
tions and verified its accuracy study (e.g., [30,31]), in particular, involved applying this
method to representative soil profiles, resulting in the derivation of generic site am-
plification functions tailored to the National Earthquake Hazards Reduction Program
(NEHRP) 2009 soil classes. These functions are particularly valuable when detailed
soil profile data for a specific site are unavailable. In such cases, even with some de-
gree of uncertainty, these generic amplification functions can still be applied, providing

essential insights into site-specific seismic response characteristics.

Nakamura’s [29] H/V spectral ratio approach is another widely used empirical



18

method to estimate site amplification factors. It operates on the principle that lo-
cal site effects primarily affect horizontal ground motion components, while vertical
components remain relatively unaffected. This method allows the determination of
site-specific amplification factors by comparing the spectral acceleration between hor-
izontal and vertical ground motion. It’s particularly useful when site velocity profiles
are unavailable, providing a practical alternative to theoretical methods. However, in

cases with limited or incomplete data, the method may introduce uncertainties.

2.2.3.2. Diminution Function. In near-field conditions, there is a notable rapid decay

in high-frequency spectral values, and this diminution effect is distinct from wave prop-
agation attenuation [7]. There are different opinions about the primary cause of this
high-frequency decay, with some attributing it to source properties and others to site
effects. Papageorgiou and Aki [32] suggest that the reduction in high frequencies is
linked to earthquake source processes, whereas Hanks [33] and Atkinson [34] associate
this phenomenon with attenuation in near-surface soil layers. To model this decay,
two fundamental approaches are employed: fmax and kappa. F),.. , introduced by
Hanks [33], sets a cutoff frequency for the seismogram, and the corresponding diminu-

tion factor is defined as follows:

p(f) = (1+ (£-7) (219)

The kappa parameter, developed by Anderson and Hough [35], offers a second
method to model high-frequency spectral attenuation in seismic ground motion records.
This approach characterizes the attenuation of ground motion at high frequencies
through an exponential function. It calculates vertical and horizontal kappa values
to represent this attenuation. The process begins with the generation of Fourier accel-
eration spectra for each component of ground motion, plotted on a semi-logarithmic
scale. A linear fit is applied to identify the decay portion of the log amplitudes in these
spectra. The kappa factors for each component are derived by dividing the slope of

the best-fit line by pi. This calculation is essential for accurately analyzing the data
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and drawing meaningful conclusions. These calculated kappa values are then plotted
against the epicentral distances of the stations. Through a linear regression analysis,
the ordinate of the best-fit line gives zero-distance kappa (ko) value. kg, which reflects
near-surface attenuation, is used in stochastic modeling to account for distance effects
between the earthquake source and the recording station, and its function is given as

follows:

D(f) = e ™o/ (2.20)

2.3. Stochastic Finite-Fault Method for Extended Ruptures

The stochastic finite-fault methodology [9] is a powerful method, particularly
for large magnitude events or for the simulation of the wave field in regions close to
the earthquake rupture, i.e. for cases where the fault dimensions become important.
This approach extends the original point-source models and becomes necessary when
observation points are situated closer to the fault plane, requiring consideration of

finite-fault effects.

To simulate these effects, as introduced in the work of Hartzell [36], the extended
rupture plane is divided into a regular grid of smaller fault sections, which are termed as
sub-faults and each sub-fault is treated as a stochastic point source. The contributions
from these sub-faults are superimposed in the time domain to obtain the resulting
ground motion accelerogram. This technique assumes that the hypocenter is situated at
the center of one of the sub-faults, the location of which is given as an input parameter.
The rupture begins at the hypocenter and propagates in all directions at a constant
shear wave velocity. The propagation continues kinematically until it reaches all sub-
faults. This computation involves summing up the contributions from each sub-fault

along both dimensions of the rupture surface and the ultimate response of the whole
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fault plane is obtained as presented by the equation below [37]:

a(t) = ay- (t— Aty — T) (2.21)

Here, a(t) denotes the acceleration value at investigation point at time t. Summation
is performed over both dimensions of the rupture plane, nl representing the number of
sub-faults along the length and nw the number of sub-faults along the width. a;;(t)
corresponds to the ground acceleration of the ijth sub-fault, which is now considered
as a point source following the definition by Boore [7]. Atij signifies the delayed time
of the radiated wave from the ijth sub-fault to the station. Figure 2.2 illustrates the

evolution of the rupture over the fault plane.
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Figure 2.2. Fault rupture plane geometry [38]

For the simplest extended rupture case, a uniform slip distribution is assumed

and the representation of the seismic moment is defined for the sub-faults:

In this approach, the seismic moment is denoted as My and N stands for the number
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of sub-faults involved in the simulation. When slip on the sub-faults deviate from
uniformity, the calculation of the seismic moment for sub-faults incorporates the weight
of the slip associated with that particular sub-fault [39]. The seismic moment under

these conditions can be expressed as:

nl nw
Z’i:l Zj:l Ski

Here, S; ; represents the relative slip weight of sub-faults.

In the study of [9], the acceleration spectrum corresponding to each sub fault
(A; ;) was treated as resulting from a point source rupture as given in the following

equation:

A5(5) = € Moy ETE o e (<2 Y exp(nfid () (220

The spectrum’s characteristics, particularly the static corner frequency f.; ;, were given

as:

AU 1/3
i =4.9-10°. ( ) 2.95
fai o (2:25)

The original FINSIM program, proposed by Bresnev and Atkinson [9], imple-
mented this methodology. However, it had limitations concerning sub-fault size and
number, affecting the resulting synthetic ground motions. These disadvantages were
overcome by Motazedian and Atkinson [10] in the updated EXSIM program. They

Y

introduced the so-called ”dynamic corner frequency” method, where the corner fre-
quency is inversely proportional to the area of ruptured sub-faults at any given time.

This ensures the corner frequency decreases with increasing duration and conserves
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radiated energy at higher frequencies and is given as:

Ao \ 3
feij = Nr(t)7/%.4.9-10°. 3 ( ) (2.26)
MOO/UE
In this equation, Ng(t) represents the total number of ruptured sub-faults at time t,

while M,,,, denotes the average seismic moment of sub-faults equal to My/N.

Significant improvements to the method have later been introduced by Motaze-
dian and Atkinson [10]. Their introduction of the ”pulsing area percentage” concept
improved the approach by distinguishing sub-faults as being part of the passive or ac-
tive rupture areas based on the ratio of ruptured (active) area to the entire fault area.
This approach lead to a reduction in dynamic corner frequency and radiated energy at
higher frequencies until the specified pulsing area percentage was reached. Once the
pulsing area percentage is attained, the dynamic corner frequency becomes stable, en-
suring the model’s accuracy. To address the declining radiated energy issue, a scaling

factor H;; was introduced to balance the high-frequency spectral levels of sub-faults:

— (2.27)
|

The stress drop value and pulsing area percentage value are two important param-
eters in shaping the ultimate amplitudes of the generated ground motions. While the
pulsing area percentage primarily governs the amplitudes in the low-frequency range
of the simulated accelerograms, stress drop exerts its influence on the amplitudes at
higher frequencies. Lower stress drop leads to reduced amplitudes in the response spec-
tra at higher frequencies. As a result, by these two parameters, it becomes possible
to generate ground motion time histories with varying amplitudes at both high and
low frequencies. However, it is essential to note that this process should not involve

random choices; the selected simulation parameters should align with the properties of
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the earthquake under study.

The ultimate equation of the stochastic finite fault method introduced by Mo-

tazedian and Atkinson [10] is given as follows:

Aij(f) =C - Hy- Mow%éj exp (— Z){f)%) exp(mfr) - A(f) (2.28)

In conclusion, the stochastic finite fault methodology offers an effective and robust
technique for generating accurate synthetic data for seismic events. The inclusion of
dynamic corner frequencies and other enhancements in the updated EXSIM program
enables the simulation to capture the complexity of earthquake behavior and improves
the reliability of ground motion predictions for engineering and hazard assessment
applications. In this study, the stochastic finite-fault approach was used following the

methodology developed by Motazedian and Atkinson [10].
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3. STOCHASTIC SIMULATIONS OF THE 2020
ELAZIG-SIVRICE EARTHQUAKE

3.1. General

This chapter undertakes the stochastic finite-fault simulation of the 24 January
2020 Elazig-Sivrice earthquake in the vicinity of the causative fault. For this objective,
the models and data from previous studies suitable for the seismotectonic structure of
the region are adopted and critically evaluated to identify a simulation model best fit
for the region. In order to validate the regional model parameters, observed records
and synthetic records were compared. Furthermore, the ground motion amplitudes

obtained from synthetic records are compared with GMMs.

The applications of the stochastic finite fault technique are presented to obtain
synthetic data of the mainshock. In section 3.2, essential information about the tec-
tonics and seismicity of the study area, Elazig, is given. In Section 3.3, the ground
motion simulation of the mainshock is presented. Firstly, recorded ground motion data
are reported in Subsection 3.3.1. Subsection 3.3.2 introduces the model parameters of
the mainshock, while Subsection 3.3.3 presents the comparison of the synthetic records
with the observed data. Section 3.3.4 provides a comparison of the simulation results

with the recorded data and with estimations from GMDMs.
3.2. Background Information

On January 24, 2020, at 20:55 local time (17:55 UTC), a significant earthquake
occurred in the Sivrice district of Elazig province in eastern Tiirkiye. Also known as
the 2020 Elazig earthquake, the Elazig-Sivrice earthquake’s magnitude, epicenter, and
depth were reported by different institutes (Table 3.1 and Figure 3.1).



Table 3.1. Characteristics and location of the mainshock
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Reported by | AFAD | KOERI | INGV | GFZ | USGS | EMSC
Magnitude (Mw) 6.8 6.5 6.8 6.8 6.7 6.8
Depth (km) 8.06 5.0 11.0 10.0 11.9 15.0
Longitude 39.06 39.24 39.12 | 39.20 | 39.08 39.22
Latitude 38.36 38.37 38.39 | 38.36 | 38.39 38.37
The magnitude of the main event was reported as 6.8 by AFAD and as 6.5 by KO-

ERI. The Elazig-Sivrice earthquake was felt across the Elazig and Malatya provinces,

from Lake Hazar in the east to the city center of Malatya in the west. The earthquake

had a considerable impact, resulting in damage to buildings and infrastructure in the

affected area. According to official reports, 41 people lost their lives (37
4 in Malatya), while 1,466 people were injured due to this event [40].
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Focal mechanism solutions of the mainshock as reported by different seismological
institutions are summarized in Table 3.2. The length of the surface rupture created by
this left-lateral strike-slip mechanism earthquake was reported as between 20 and 30
km by KOERI and 35-40 km by AFAD. Tatar et al. [41] report a 30 km long surface
rupture, and estimate the seismic zone as about 50 km based on the distribution of

surface deformation features caused by the Elazig-Sivrice earthquake seismic sequence.

Table 3.2. Focal mechanism solutions of the mainshock

AFAD Strike 1 Dip 1 Rake 1 Strike 2 Dip 2 Rake 2
248 76 1 158 89 166
KOERI Strike 1 | Dipl Rakel | Strike2 | Dip2 Rake 2
339 85 176 248 87 4
USGS Strike 1 Dip 1 Rakel | Strike2 | Dip2 Rake 2
F
337 78 -170 245 80 12

After major earthquakes, hundreds to thousands of aftershocks occur in the same
region as the mainshock, which decreases in intensity and frequency over time. After
the 2020 Elazig-Sivrice earthquake, many aftershocks were triggered. 5491 aftershocks
occurred in the first year of the mainshock. Their magnitudes were between 0.8 and
5.4. 30 of these aftershocks had magnitudes 4 and larger. The epicenters of the
aftershocks were concentrated in the Sivrice and Baskil districts of Elazig, and in Kale,
Pitiirge, Doganyol, and Battalgazi districts of Malatya. The magnitudes of the largest
aftershocks were Mw 5.1 (25.01.2020 Elazig-Sivrice), Mw 4.9 (25.02.2020 Kale-Malatya)
and Mw 5.0 (19.03.2020 Elazig-Sivrice) [42] (Figure 3.2).
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Figure 3.2. a. Tectonic map of Turkey from Bozkurt [43]. b.Segments of the Eastern

Anatolian Fault System and location map of the mainshock and aftershocks. The

yellow star is the epicenter of the mainshock (Mw 6.8), the green star is the epicenter

of the 25.01.2020 Elazig-Sivrice aftershock (Mw 5.1), the blue star is the epicenter of

the 19.03.2020 Elazig-Sivrice aftershock (Mw 5.0), and the orange star is the

epicenter of the 25.02.2020 Kale (Malatya) aftershock (Mw 4.9).

The Elazig earthquake was associated with the Pitiirge segment of the Eastern

Anatolian Fault Zone (EAFZ), which had been considered to be a seismic gap that

could produce a devastating earthquake in the near future [44].

In order to appropriately evaluate the Elazig-Sivrice earthquake, the characteris-

tics of the EAFZ on which it is located should be examined. While the East Anatolian

Fault (EAF) forms the border between the Arabian block moving to the north and the

Anatolian block moving to the west, the other intersections are the North Anatolian

Fault (NAF) in Karliova in the northeast and the Dead Sea Fault (DSF) in the south-

west. The NE-SW trending EAF is a left lateral strike-slip fault. EAFZ has an average
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width of 30 km and a length of approximately 580 km [44], [40]. According to Duman
and Emre [44], EAFZ consists of 7 segments: Karliova, Ilica, Palu, Piitiirge, Erkenek,
Pazarcik and Amanos (Figure 3.2).

Many devastating earthquakes have occurred in and around the seismically active
East Anatolian Fault Zone in the historical and instrumental period. In the historical
period, major earthquakes with a magnitude of 6.0 and greater in and around the
EAFZ, in chronological order; 1513 earthquake (Ms 7.4) in Pazarcik segment [45], 1822
earthquake (Ms 7.5) on Amanos segment [46,47], 1866 earthquake (Ms 7.0) on Karliova
segment, 1874 earthquake (Ms 7.1) on Palu segment 1875 earthquake (Ms 6.7) on
Piitiirge segment, and the 1893 earthquake (Ms 7.2) on the Ekrenek segment [46]. In the
instrumental period, earthquakes of 6.0 and greater occurred in and around the EAFZ,
respectively; 1905 Piitiirge-Malatya (Ms 6.8) [48], 1908 Malatya (Ms 6.1), 1964 Sincik-
Adiyaman (Ms: 6.0), 1966 Varto-Mus (Ms 6.9), 1966 Karliova-Bingdl (Ms 6.2), 1971
Bingol (Ms 6.8), 1975 Lice-Diyarbakir (Ms 6.6), 1986 Dogansehir-Malatya (Mw 6.0),
2003 Piiliimiir-Tunceli (Mw 6.3) and 2010 Kovancilar-Elazig (Mw 6.1) earthquakes [40].

The 24.01.2020 Mw 6.8 Elazig Sivrice earthquake is one of the three largest earth-
quakes that took place on EAF in the 20th century.

3.3. Ground Motion Simulation of The Mainshock, 24.01.2020

Elazig-Sivrice earthquake (Mw: 6.8)

3.3.1. Recorded Ground Motion Data of the mainshock

The 24.01.2020 Elazig-Sivrice earthquake was recorded by 243 strong motion sta-
tions. Since far-field ground motions are not of great importance in terms of the dam-
age potential of the event, 27 stations located within 100 km of the fault rupture were
selected in this study. All raw acceleration time histories of recorded strong ground mo-
tion data used in this study are sourced from the website https://tadas.afad.gov.tr/event-

detail /8071. The location of selected strong ground motion stations that recorded the
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mainshock is shown in Figure 3.3.
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Figure 3.3. Locations of strong ground motion stations in the study area

The raw acceleration time histories were baseline-corrected and filtered using a
4th-order Butterworth filter in a band-pass frequency range of 0.5-25 Hz. The names,
codes, coordinates, Vs30 values, and associated site classes based on the National
Earthquake Hazard Reduction Program (NEHRP) classification, peak ground acceler-
ations, and epicentral distances of 27 stations used in this study are listed in Table 3.3.
For stations without reported Vs30 values, Vs30 values were assigned and classified
using regional geological maps (QTM - Quaternary, Tertiary, Mesozoic) provided by
MTA (General Directorate of Mineral Research and Exploration).



Table 3.3. Recordings of the 24.01.2020 Elazig-Sivrice earthquake

Site PGA (g)
. Lat Lon Vs30 Repi | Rrup
Code Station eN) | ¢B) | (emys) Class (o) (km) Geomean
© °© cm/s m m

(Nehrp) (EW-NS)
2308 Sivrice 38,45 | 39,31 450 C 23,81 0,7 0,256
4404 Pitiirge 38,2 | 38,87 1380 B 24,55 5,77 0,238
212* Sincik 38,03 | 38,62 406 C 53,21 22,15 0,044
2301 Merkez 38,67 | 39,19 407 C 36,39 | 24,28 0,126
204 Gerger 38,03 | 39,03 555 C 36,81 27,61 0,111
2302 Maden 38,39 | 39,68 907 B 53,51 37,66 0,033
205 Kahta 37,79 | 38,62 660 C 74,25 43,7 0,028
4401* Merkez 38,35 | 38,34 481 C 63,04 | 43,98 0,080
2104* Ergani 38,26 | 39,76 406 C 61,64 | 49,31 0,029
207 Celikhan 38,03 | 38,25 660 C 80 53,7 0,033
2304 | Kovancilar | 38,72 | 39,86 489 C 80,36 | 61,94 0,010
210* Merkez 37,77 | 38,29 333 D 94,63 | 64,23 0,021
201 Merkez 37,76 | 38,27 391 C 96,3 66,05 0,041
6201* Merkez 39,07 | 39,53 333 D 89,46 | 66,21 0,010
2307 Palu 38,7 | 39,93 329 D 84,35 67,3 0,015
209* Samsat 37,58 | 38,48 333 D 100,72 | 68,5 0,065
4412* Yazihan 38,6 | 38,18 333 D 80,96 | 69,29 0,018
4407 Arguvan 38,78 | 38,26 735 C 83,78 | 75,65 0,027
2105* Dicle 38,36 | 40,07 406 C 87,92 | 77,34 0,012
4406 Akcadag 38,34 | 37,97 815 B 95 79,42 0,024
2305 Beyhan 38,73 | 40,13 907 B 101,52 | 87,12 0,004
6304 Bozada 37,37 | 38,51 376 C 120,63 | 87,5 0,061
4408 | Dogansehir | 38,1 | 37,89 654 C 106,78 | 87,54 0,014
2306 | Karakocan | 38,96 | 40,04 663 C 107,88 | 89,22 0,005
213* Tut 378 | 37,93 589 C 117,29 | 92,2 0,037
2101 Baglar 37,93 | 40,2 519 C 110,47 100 0,026
4405 Hekimhan | 38,81 | 37,94 579 C 109,79 100 0,013

* Stations with no previously reported Vs30 values; the Vs30 values at these stations are

estimated from QTM maps.

30
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3.3.2. Selection of Model Parameters

To reliably simulate an earthquake input parameters associated with source, path,
and site effects must be defined correctly. The simulation parameters adopted in this
study are given in Table 3.4 and the slip model is given in Figure 3.4. Details on the
selection of input parameters, models, and parameter values are provided subsequently

in this section.
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Figure 3.4. Slip distribution proposed by Cheloni and Akinci [49]. The pink and
white stars represent the location of the 24 January 2020 Elazig earthquake provided
by AFAD and KOERI, respectively; the blue and green stars are, respectively, the

major aftershocks with M> 5 and M> 4 projected on the fault surface (within 3 km).

The validity of input parameters was obtained by comparing the generated ground
motions with those observed during the 2020 Elazig-Sivrice earthquake in both time
and frequency domains. The goodness of fit between observed and simulated ground
motions is calculated with the help of the model bias equation. The E(f) error function

can be defined as :

B = Y tog (et (3.1)

simulated
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Table 3.4. Input parameter values used in the simulation of the 2020 Elazig-Sivrice

earthquake

Parameter

Value

References

Source Parameter

Moment Magnitude

6.8

Afad

Corner on upper edge of fault

38.42364 (°N);
39.46586 (°E)

Cheloni and Akinci [49]

Depth of Corner on Upper Edge of Fault 0 Cheloni and Akinci [49]
Fault Type SS Afad
Strike; Dip 248; 76 Afad

Fault Length; Fault Width

51 Km; 24 Km

Cheloni and Akinci [49

Subfault Length; Subfault Width

1.5 Km; 1.5 Km

Cheloni and Akinci [49

Slip Distribution

Number of subfaults

34x16=>544 subfaults

Cheloni and Akinci [49

Location of hypocenter within subfaults

22; 8

[49]
[49]

Cheloni and Akinci [49]
[49]
[

Cheloni and Akinci [49]

Rupture Velocity

0.8 Beta

Stress Drop

7 Mpa/ 70 Bar

This study

Pulsing Area Percentage

50 Percent

Boore [17]

Window Function

Saragoni-Hart

Boore [7]

Path Parameter

Geometrical Spreading

r~10 r < 60km

r=05 r > 60km

This study

Anelastic Attenuation (Quality Factor)

Q(f)= 180/°%

Cheloni and Akinci [49]

Path Duration Model

Rrup (km) | Dp (s)
0 0
7 2.4
45 8.4
125 10.9
175 174
270 34.2
Slope of 0.156
last segment

Boore and

Thompson [50]

Crustal Density

2800 kg/m3

Crustal Shear-Wave Velocity (Beta)

3.5 kms-1

Gok et al. [51]

Site Parameter

Site Amplification

NEHRP sites

Boore and Joyner [30]

Crustral Amplification

Kappa Factor

0.035-0.04 s

Boore and Joyner [30]
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In the equation, n indicates the number of modeled stations, while A; represents
the Fourier amplitudes of acceleration time histories in the it station over the fre-
quency range of interest for both recorded and simulated ground motions. The error
function can be calculated as a measure of model performance for a single station or
for all stations used. In this section model bias is used to assess the effect of selecting
different parameter values on simulated waveforms. How and why model parameters
and parameter values are chosen is also discussed. The frequency range for model bias

estimations is 0.5Hz-25Hz.

Residual analysis of peak ground accelerations (PGA) and peak ground velocities
(PGV) was carried out in order to estimate the overall range that they vary and utilized
as a measure of improvement between different models. They are also used to check
if there is a systematic bias in the results with respect to fault distance and site class.

Station-based PGA and PGV residuals are defined as:

' PGAobserved
o = rooto [ PG Awservea 3.2
estaualpga o9 ( PGAgimuated ) >
P
Residual pgy = logl0 (%> -

In all comparisons with respect to the observed data, the geometric mean of the two

horizontal components is used.

The essential source parameters are seismic moment, fault geometry, rupture ve-
locity, slip distribution, stress drop, and pulsing area percentage. In order to determine
the optimum model parameter values, simulations were carried out with different slip
models, stress drop values, and pulsing area percentages. The influence of selected
parameter values was traced by changing a single parameter while keeping all other
parameters constant. The analysis was continued by selecting the parameters that
provide the best match between the observed and synthetic records in both time and

frequency domains.
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In this study, firstly we evaluated the slip distribution model. First, the random
slip distribution model generated by EXSIM, which provides the moment magnitude of
the event through the conservation of the seismic moment, is used. Secondly, the slip
model proposed by Cheloni and Akinci [49] for the 24 January 2020 Elazig earthquake
was used. The rectangular left-lateral strike-slip fault plane, which is 50 km long and
25 km wide, is divided into 34 sub-faults along the strike and 16 sub-faults along the dip
directions. The dimension of each sub-fault is 1.5 km x 1.5 km. The slip distribution

shown in Figure 3.4 has been converted to slip weights and used as such in EXSIM.
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Figure 3.5. Comparison of accelerations and FAS for different slip models at station

0204 ((a) random slip (b) slip model proposed by Cheloni and Akinci [49)])

In order to show the effect of different models, station 0204, one of the stations
close to the fault rupture, was representatively selected (Figure 3.5). The comparison
is carried out uniformly for all stations in the dataset. The presentation of results at a
single station in this subsection is for the sake of simplicity. The observed peak ground
acceleration (PGA) at station 0204 is 109.32 cm/s?. While the PGA of the synthetic
record obtained with the random slip model is 87.57 e¢m/s?, the PGA value of the
synthetic record obtained with the Cheloni and Akinci [49] slip model is 103.61 c¢m/s?.
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The fit between the Fourier Amplitude Spectra (FAS) of synthetic and simulated data
is satisfactory for both slip models, with the Cheloni and Akinci [49] model being

slightly superior to the random slip model.

To present an overall picture of the effect of our model selection at all stations,
residuals between observed and simulated PGAs and peak ground velocities (PGV)
are estimated (Figures 3.6 and 3.7). The residuals are plotted against rupture distance
and grouped in terms of site classes in order to observe if there is a systematic bias
in our simulation model with respect to fault distance and site class. It is evident
from the figures that there is no distance and site class bias in the model. However,
the adoption of the Cheloni and Akinci [49] slip model provided PGA biases (Figure
3.6) distributed over a narrower range as compared to the random slip model. The
PGV biases associated with the random slip model (Figure 3.7) tend to be slightly on
the negative side, indicating that the simulations are larger than observations for the
majority of stations. The situation improved when Cheloni and Akinci [49] slip model
was used represented by a more uniform distribution of negative and positive biases.
It is observed though that the general range of biases is slightly wider as compared to

the random slip model.
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Figure 3.6. Effect of slip distribution models on PGA residuals. Station-specific
residuals versus rupture distance for (a) random slip and (b) slip model proposed

by [49]. A color code is used to mark stations of different site classes.
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Figure 3.7. Effect of slip distribution models on PGV residuals. Station-specific
residuals versus rupture distance for (a) random slip and (b) slip model proposed by

Cheloni and Akinci [49]. A color code is used to mark stations of different site classes.

Figure 3.8b presents the model bias over the frequency range of interest when the
Cheloni and Akinci [49] slip model is used in the simulation. Figure 3.8a summarizes the
results of simulations carried out to develop an understanding of the effects stress drop
variations have on the synthetics. Stress drop bears the largest uncertainty among
the source parameters. One reason for this is that the stress drop exhibits a quite
large range of variability making the development of models less reliable. Known to
affect particularly the PGAs, it is often used as a leverage to improve and refine the
simulations using stochastic approaches, when other parameters are decided for. It is
important to develop an understanding of the stress drop levels that are fit for the
simulation exercise in question and their effects on the synthetics. Model biases are
plotted for stress drops of 50, 70, and 90 bars using a random slip model in Figure
3.8a. More information on the particulars of the three models can be found in Table

3.5.

Figure 3.8a suggests that with the increase of stress drop values the average
synthetic Fourier amplitudes also increase. A stress drop of 70 bars is estimated to be
a general optimum with average synthetic Fourier amplitude misfits (4 or -) remaining

between +0.5/-0.5 and distributed more or less evenly over the considered frequency
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range. Figure 3.8b shows that the performance of the model increases when a non-

random slip model is used, constraining the model bias function between about +0.3/-

0.3.

1 : ; : : i

Model 1.a:50 bar Model2

Model 1.b:70 bar

Model 1.c:90 bar
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(a) (b)
Figure 3.8. Error functions averaged over stations in the data set, when different
stress drop values and random slip model are used, and (b) when a stress drop of 70
bars and the Cheloni and Akinci [49] slip model is used. Other parameter values used

are indicated in Tables 3.4 and 3.5.

Overall, when the Cheloni and Akinci [49] slip model is used together with a stress
drop of 70 bars it was observed that station-specific synthetics were generally better.
Based on these elaborations we selected the slip model by Cheloni and Akinci [49],
and moved on to other parameters in search of an optimum simulation model for the

Elazig-Sivrice earthquake.

The effect of geometrical spreading functions, QQ models (quality factor), and

duration models were studied next.

We have examined three different frequency-dependent geometric spreading mod-

els. The starting model was the geometric spreading function of Akinci and Anto-
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nioli [15](Equation 3.4).

r~0 < 100km

(3.4)
r=9% > 100km

The second model was modified from the model presented in Equation 3.4. It can
be seen as in Equation 3.5. The rationale behind this modification will be discussed in

the coming paragraphs.

r~10 9 < 60km
(3.5)
r=0% > 60km

The third geometric spreading model was proposed by Akinci et al. [52] and is

expressed as in Equation 3.6.

r=10 < 25km

r=9% > 25km

Synthetics were generated using these three models, other parameters being the
same. PGA and PGV residuals plotted with respect to fault distance and grouped in

terms of their site classes are shown in Figure 3.9 and 3.10 respectively.

Figure 3.9a shows residual PGAs for the Akinci and Antonioli [15] model, with the
r parameter set at 100 km. The figure shows at stations with fault rupture distances
larger than about 60 km the spread of the PGA residuals is much wider than at
distances less than 60 km. Until about 60 km rupture distance, the residuals remain
within the +0.4/-0.4 range, while after 60 km they are distributed between 40.5/-0.7.
Therefore it was decided to modify the geometric spreading model as presented in

Equation 3.4 by setting the distance where the power changes from -1.0 to -0.5 at 60
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km. In other words the spectral amplitudes in the adopted model decay as 1/R at

distances less than 60 km, beyond 60 km the geometric spread is defined as R~°°.
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Figure 3.9. Effect of geometrical spreading models on PGA residuals (a)r—1°

r < 100km, r=°° r > 100km by Akinci and Antonioli [15] (b) r=10 r < 60km, r=0°

r > 60km (c) 710 r < 25km, r=°% r > 25km by Akinci et al. [52]

When Figures 3.9 and 3.10 are examined it can be seen that the model performing

relatively poorly is Akinci et al [52]. Although there was only a slight improvement in

the distribution of PGA residuals when the modified spreading model was used, still it

was the best model as can be seen in the model bias plots across three different models.
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Figure 3.11 shows the average modal biases considering all stations obtained

using three different geometrical spreading models. The figure indicates that the model

proposed in this study performs best in our frequency range of interest.

For this reason, the geometrical spreading model defined for this study was chosen

as the preferred model.
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from the error functions of 27 stations in the frequency domain (a) Akinci and

Antonioli [15] (b) this study (c) Akinci et al. [52])

The model comparison was made for two different frequency-dependent quality
functions. Results are given in Figures 3.12, 3.13 and 3.14. The model presented by
Akinci et al. [53] as Q(f) = 100f°3, resulted in an overestimation of FAS levels for

frequencies up to 5-6 Hz. This situation was observed at almost all stations.
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When the results of the model presented by Akinci et al. [54] with Q(f) = 180 %45

were examined, it was determined that the observed and simulated values in all fre-

quency ranges were close to each other. The residual analysis of recorded and synthetic

PGAs and PGVs yielded a similar conclusion as well.
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Figure 3.14. Effect of Q models on all stations. Averaged model biases obtained from

the error functions of 27 stations in the frequency domain (a) Akinci et al. [54]

Q(f) = 180f%45 (b) Akinci et al. [53] Q(f) = 100043

After selecting the geometric spreading and the Q models, the only remaining
model to be decided was the duration model. Two different models were compared
in order to choose the most appropriate duration model. A model with a distance-
dependent form defined as T = T0 + 0.1R by [55], which is also used in the Cheloni
and Akinci [49] study, was tested. In the results from this model, synthetic acceleration
records did not match well with observed acceleration records. For this reason, the
model proposed by Boore and Thompson [50] was used as the path duration model
in order to provide a better match with the records and to obtain a longer S wave

duration.

Figure 3.15 shows the effect of two duration models on the synthetic accelerations
at station 0204. It can be observed that Boore and Thompson [50] perform better in
time and frequency domains. The distribution of PGA and PGV residuals are shown
for the two duration models against fault distance and colored for different site classes

are shown in Figure 3.16 and Figure 3.17 respectively.



44

0204 0204
100F T T T T T 100 1 T T T =
—] =
0 e | 0 . = g
100k L I L | 100E I I i ' ' 1
0 20 40 50 30 100 120 0 20 40 80 20 100 120
100F T T T T T = 100F T T T T T 3
=
L _ ot ]
w 0 w
o T )
£ -tooc L I ! I I . E . ! ' '
6 0 20 40 ) 80 100 120 6 0 20 40 80 20 100 120
= E T T T T T = o 100F T T T T T E
g | £
< <
[ J 0 J
100k I I I | | 9 00k i 1 1 i i E
0 20 40 60 80 100 120 0 20 40 80 20 100 120
100F : ' — ' ! 3 100F T . T T : 5
| ! =1 ) ) EW
o = NS [ 0 e NS |
Syn Syn
-100E . i | — i | = -100E I I —" | L E
0 20 40 60 80 100 120 0 20 40 50 80 100 120
Time(s) Time(s)
T A T o e Y N
| A Ao ] L YTV ,}'\‘ Y e
vm/\m\ﬁ"m,fﬁ Wi BN UWMMW
Vo “
@ <
b3 P = Ew
N e
Synthatic 55‘“}"3“
10°? I 1 103 ;
10° 10! 10
Frequency (Hz} Frequency (Hz)

(a) (b)
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Figure 3.16. Effect of different duration models on PGA residuals. (a) Boore and
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In Figure 3.18 model misfits estimated when two duration models are used are
shown in the frequency range of interest. It is evident from the figures that the Boore

and Thompson [50] model performs generally better.
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After identifying the Boore and Thompson [50] model as the preferred duration
model, the site amplification models were checked. Two different models were compared
to choose the most suitable site amplification factors for our study area. Firstly, we
used the amplification factors of Margaris and Boore [56] corresponding to NEHRP
site classes D, C, and B for stations with Vs30 values of 180-360 m/s, 360-760 m/s,
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and 760-1500 m/s respectively. Secondly, we used Boore and Joyner’s [30] amplification

factors. For class B stations, we assigned amplification factors corresponding to generic

rock. Results are given in Figures 3.19, 3.20, and 3.21.
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Figure 3.19. Effect of site amplification models on the distribution of PGA residuals.
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Figure 3.21. Effect of site amplification models. Averaged model misfits obtained

from the error functions of 27 stations in the frequency domain (a) Margaris and

Boore [56] (b)Boore and Joyner [30]

The performance of the two models is not too far away from each other. It has
been observed that Boore and Joyner’s [30] amplification values give better results
in the 15-25 Hz frequency range and slightly better distribution of PGA and PGV
residuals. Therefore, the Boore and Joyner [30] model was used for site amplification
coefficients. For high-frequency decay (k), the following kappa values are adopted as
suggested by Boore and Joyner [30]: 0.04 for B-type soils, and 0.035 for C and D-type

soils.

As the final step the effect of stress drop was once more examined for the values
of 50, 70, 90, and 110 bars, keeping all other parameter values constant. Results
presented in Figure 3.22 demonstrate how the choice of the stress drop parameter
affects the misfit. Among the four different stress drop values, 70 bar is the one that

gives the best results.
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Figure 3.22. Effect of different stress drop parameters.

To provide a basis for comparing the general performance of all models used in
the simulation and to track the improvement the root mean square error (RMSE) was

utilized. The simulation models tested in this study are summarized and coded in

Table 3.5. The remaining parameters are as in Table 3.4.



Table 3.5. Simulation models and their parameters
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Simulation Slip Geometrical Quality Duration Stress Site
Model Model Spreading Factor Model Drop | Amplification
NEHRP
Lo L00k Boore and site classes
r—rr < m =
Model 1.a | Random - ) Thompson 50 bar D, C, and B
r=95 ¢ < 100km | 180f0-4°
[50] Margaris and
Boore [56]
NEHRP
10 < 100k o Boore and site classes
r— 0 m =
Model 1.b | Random - ) Thompson 70 bar D, C, and B
r=95 ¢ < 100km | 180045
[50] Margaris and
Boore [56]
NEHRP
Lo 100k Boore and site classes
r v r < m =
Model 1.c Random a Q) ; Thompson 90 bar D, C, and B
r=95 ¢ < 100km | 180f0-4°
[50] Margaris and
Boore [56]
NEHRP
Cheloni
Boore and site classes
and r=10 0 <100km | Q(f) =
Model 2 Thompson 70 bar D, C, and B
Akinci | 7795 r < 100km | 180f0-4°
9] [50] Margaris and
Boore [56]
NEHRP
Cheloni
o Boore and site classes
and r~0r <60km | Q(f) =
Model 3 Thompson 70 bar D, C, and B
Akinci r=0% r > 60km | 180f04°
9] [50] Margaris and
Boore [56]
NEHRP
Cheloni
Lo Boore and site classes
and r— PV r <25km | Q(f) =
Model 4 Thompson 70 bar D, C, and B
Akinci r=0% r > 25km | 180f04°
9] [50] Margaris and

Boore [56]
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Table 3.5. Simulation models and their parameters (cont.)

Simulation Slip Geometrical Quality Duration Stress Site
Model Model Spreading Factor Model Drop | Amplification
NEHRP
Cheloni
p o - o) Boore and site classes
an r-vr < m =
Model 5 N Thompson 70 bar D, C, and B
Akinei | 7795 7 > 60km | 100£0-43 T
9] [50] Margaris and
Boore [56]
NEHRP
Cheloni
: 0 - Atkinson and site classes
~1.0 . < _
Model 6 o " "= m | QW) Boore 70 bar D, C, and B
Akinci | 7795 r > 60km | 180f0-45 T
9] (1995) Margaris and
49
Boore [56]
NEHRP
Cheloni
q o . o) Boore and site classes
an r—+Y r < 60km =
Model 7.a - Thompson 50 bar | C, D and GR
Akinci | 7795 r > 60km | 180045 ’
9] [50] Boore and
Joyner [30]
NEHRP
Cheloni
. . -~ o) Boore and site classes
an rvr < m =
Model 7.b N Thompson 70 bar | C, D and GR
Akinci | 7795 7 > 60km | 180045 ’
9] [50] Boore and
Joyner [30]
NEHRP
Cheloni
q Lo 6Ok o) Boore and site classes
an r—vr < m =
Model 7.c B Thompson 90 bar | C, D and GR
Akinci | 7795 r > 60km | 180f0-45 ’
9] [50] Boore and
49
Joyner [30]
NEHRP
Cheloni
q Lo 6Ok o) Boore and site classes
an r—Ur < m =
Model 7.d B Thompson | 110 bar | C, D and GR
Akinci | 7795 r > 60km | 180f0-45 ’
9] [50] Boore and

Joyner [30]
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The RMSE function can be defined as:

n

1
RMSEpga = |~ D (PGA;igns — PGAjg)? (3.7)

i=1

In the equation, n indicates the number of modeled stations, while PGA; represents the
station PGA at the it station for both recorded and simulated ground motions. This
equation, which measures the mean square error between the predicted values and the

actual value, was also used for PGVs.

In our simulations, we modified one parameter at a time and tested its effect by
comparing the RMSE. We repeated this process for each simulation model to determine
the model with minimum RMSE. The results for all simulation models presented above
are summarized in Table 3.6. Model 7.b yields the lowest RMSE both for PGA and
PGV.

Table 3.6. RMSEs for simulation models

Simulation RMSE RMSE
Model PGA(cm?/s) | PGV(em/s)
Model 1.a 38.8452 5.5246
Model 1.b 36.7811 5.3151
Model 1.c 38.4863 5.4634
Model 2 34.6282 5.2909
Model 3 32.8282 4.9908
Model 4 38.5679 5.4921
Model 5 34.9797 5.4134
Model 6 33.7180 5.3326
Model 7.a 38.7242 5.4108
Model 7.b 30.6554 4.9049
Model 7.c 36.6830 5.3206
Model 7.d 38.3617 5.4315
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3.3.3. Results of Simulations and Discussions

24 January 2020 Elazig-Silivri earthquake was simulated with EXSIM using the
input parameters in Table 3.4. The preferred simulation model is Model 7.b (Table 3.5).
The simulation was made for 27 stations within the study area. The raw acceleration
time histories were baseline corrected and filtered with a 4th-order Butterworth filter

in the band-pass frequency range of 0.5-25 Hz.

Acceleration time histories and the FAS are calculated to compare observed and
synthetic waveforms in terms of amplitude, duration, and frequency content. Findings
of the 9 stations closest to the fault among 27 stations are examined below (Figures
3.23, 3.24 and 3.25). In these figures, the green curves represent the EW component of
the ground motion, the blue curves represent the NS component. The magenta curves

are simulated accelerations. The complete set of 27 stations is included in Appendix

A.

A comparison of simulated ground motions of 3 stations closest to the surface
rupture with observed records is given in Figure 3.23. When station 2308 is evalu-
ated in the time domain, the match between the synthetic and observed records was
reasonably well in duration and amplitude. In the frequency domain, at 5 Hz and
above, simulated records are slightly higher than observed. Synthetic ground motions
obtained for station 4404 matched the observed ground motion in duration, but an ex-
act match in terms of amplitude was not achieved. In the frequency domain, the FAS
of synthetic records such as station 4404 and station 2308 are slightly higher than the
observed ones. Since station 0212 did not have a Vs30 value, it was evaluated as Site
C according to the regional geological classification and included in the simulation. It
can be said that the synthetic records at station 0212 generally provide a good match

with the observed records in both time and frequency domains.
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Figure 3.23. Comparison of acceleration time series and FAS of observed and

simulated waveforms at stations 2308, 4404, and 0212*

Figures 3.24 and 3.25 show a comparison of stations 2301, 0204, 2302, 0205, 4401*
and 2104*. In general, it can be said that the synthetic records for these 6 stations are
in close agreement with the observed records. In particular, stations 2301, 0204, and

0205 showed a good match in terms of amplitude, duration and frequency content.
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Figure 3.24. Comparison of acceleration time series and FAS of observed and

simulated waveforms at stations 2301, 0204, and 2302
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Figure 3.25. Comparison of acceleration time series and FAS of the observed and

simulated waveforms at stations 0205, 4401%*, and 2104*

Comparisons of simulated and real accelerations and velocities of nine stations

closest to the fault rupture are shown in Figures 3.26, 3.27, and 3.28. In these figures,

the green and blue curves represent the EW and NS components of recorded ground

motions respectively, while the magenta curves represent the simulated motions.

Although the synthetic and observed velocities are relatively consistent in dura-

tion at stations 2308 and 4404, the amplitude values of the real records are greater

than the synthetics. It can be seen that the simulations for velocity are excellent for

station 0212*, both in terms of amplitude and duration.
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Figure 3.26. Comparison of horizontal acceleration and velocity time histories at

stations 2308, 4404, and 0212*, the three closest stations to the fault rupture

When Figures 3.27 and 3.28 are examined, although the accelerations of observed

and synthetic records are in harmony at stations 2301 and 0205, the observed are

higher in amplitude than the synthetics in the velocity time domain. At stations 0204

and 4401, both acceleration and velocity values of the synthetic records were in good

agreement with the observed records. At stations 2302 and 2104, the observed velocities

are smaller than the produced.
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Figure 3.27. Comparison of horizontal component acceleration, and velocity time

history plots at stations 2301, 0204, and 2302
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Figure 3.28. Comparison of horizontal acceleration and velocity time histories plots

at stations 0205, 4401*, and 2104*

Ground motion intensity measures were investigated to compare and validate the

synthetic and observed values. Initially, the comparison of the observed and synthetic

peak ground accelerations and velocities against their distance from the surface rupture

is shown in Figures 3.29 and 3.30 for each station.
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Figure 3.29. The distributions of the residuals of observed and synthetic PGAs (a)

versus the distance to surface rupture, (b) versus Vs30
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Figure 3.30. The distributions of the residuals of observed and synthetic PGVs (a)

versus the distance to surface rupture, (b) versus Vs30

Looking at the graphs (Figures 3.29 and 3.30), it was seen that PGA and PGV
residuals did not show a systematic change with distance to the fault rupture and with
Vs30. It is seen that the residuals are outside +0.5 / -0.5 range for a few stations at
rupture distances larger than 60 km. Apart from these few stations, it can be said that

the synthetics match the recordings (within +0.5 / -0.5 ) in most of the stations.

Moreover, spatial distributions of ratios of observed to synthetic PGA and PGVs
are shown in Figures 3.31 and 3.32 in order to provide a better assessment of their
variation with respect to their location relative to the fault rupture. The maps do not
reveal any systematic variation with respect to fault rupture distance. However, in the
geographical sense at stations located to the NE of the fault rupture, synthetic PGAs
and PGVs are uniformly larger than the observed ones. For stations in the remaining
regions, no systematic trend is evident for PGA, while the observed PGVs are generally

larger than the synthetic ones.
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3.3.4. Comparison of Observed and Synthetic Ground Motion Parameters

with Ground Motion Models

In this study, comparisons were made for both observed and synthetic ground
motion parameters with selected GMMs for the 24.01.2020 Mw 6.8 Elazig earth-
quake. Within the scope of the study, prediction models of Boore et al. [57] (BSSA14),
Chiou and Youngs [58] (CY14), Abrahamson et al. [59] (ASK14) and Kale et al. [60]
(KAAH15) were used, the first three models representing global models, while the
fourth one representing a local model derived based on Turkish strong ground motion
data. Fault distance, earthquake magnitude, mechanism, depth, and Vs30 are the

parameters used in the prediction models.

Figure 3.33 to Figure 3.36 show the PGA-Rrup (closest distance to the fault
rupture) relationship graphs produced from the four GMMs for two different Vs30
values, namely 360 m/s and 760 m/s. Both observed and simulated PGA values are

compared with the median and + 1 standard deviation ranges of the predictive models.
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(a) (b)
Figure 3.33. Comparison of the recorded and synthetic PGAs with the BSSA14
model (a) rock site Vs30=760 m/s , (b) soil site Vs30=360 m/s

Initially, synthetic and observed (obtained as the geometric mean of the two

horizontal components) PGAs for the twenty-seven stations located in an area of 100 km
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radius around the fault rupture are compared with the predicted median + 1 standard
deviation values obtained by BSSA14. In this comparison, it was concluded that both
synthetic and recorded PGA values were not compatible with BSSA14 estimates, as
most of the stations were outside (mostly on the lower side of) the £ 1 standard

deviation boundaries.
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Figure 3.34. Comparison of the recorded and synthetic PGAs with the CY14 model
(a) rock site Vs30=760 m/s , (b) soil site Vs30=360 m/s
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Figure 3.35. Comparison of the recorded and synthetic PGAs with the ASK14 model
(a) rock site Vs30=760 m/s, (b) soil site Vs30=360 m/s
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Figures 3.34 and 3.35 reveal that both the simulated and recorded PGA val-
ues were generally consistent with the CY14 and ASK14 prediction models for both
rock and soil stations. Most of the stations remained within + 1 standard deviation.
However, it should also be noted that the simulated ground motion amplitudes are
in better agreement with the predictive models. Recorded PGA values, especially at
larger distances tend to be lower than the median — 1 standard deviation values. An-
other interesting observation is that The PGA of the closest recording (Station 2308)
obtained from this earthquake is lower than the median — 1 standard deviation value

for all three predictive models mentioned above.
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(a) (b)
Figure 3.36. Comparison of the recorded and synthetic PGAs with the KAAH15
model (a) rock site Vs30=760 m/s , (b) soil site Vs30=360 m/s

Figure 3.36 compares the recorded and synthetic PGA values with KAAH15,
which is a local prediction model and it is observed that both the recorded and synthetic
PGA values of station 2308, are within the prediction bounds, unlike the previous three
models. Figure 3.36 shows that there is a satisfactory match between the recorded and

simulated PGA values and this prediction model.

Based on all GMM comparisons, it is concluded that the CY14 and ASK14 GMM
predictions agree roughly well with the simulated PGA values, while the KAAH15

prediction model gives the best results.
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Figure 3.37 compares the observed and simulated PGV values with the two global
models, namely CY14 and ASK14 for the VS30 values of 760 m/s and 360 m/s, while

a similar comparison is provided in Figure 3.38 for the local predictive model, i.e.
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Figure 3.37. Comparison of the recorded and synthetic PGVs with the CY14 and
ASK14 models (a) rock site Vs30=760 m/s , (b) soil site Vs30=360 m/s
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Figure 3.38. Comparison of the recorded and synthetic PGVs with the KAAH15
model (a) rock site Vs30=760 m/s , (b) soil site Vs30=360 m/s
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Considering the soil sites (Figures 3.37b and 3.38b) both synthetic and observed
PGV values are lower than the - 1 standard deviation bound for all three models,
while for the rock sites, a better agreement is observed, especially both the observed
and simulated PGV values at the closest station (2308) are within the median +1
standard deviation bound for the KAAH15 model. However, for station 4404 which is
the second closest station the simulated PGV values remain lower than the - 1 standard

deviation bound for all predictive models.
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4. CONCLUSIONS

This thesis presents the application of the stochastic ground motion simulation
methodology to the mainshock of the 24 January 2020 Elazig-Sivrice earthquake for
strong ground motion recordings within 100 km of the fault rupture. Input parameters
are adopted from a study on this event [49], the models and data in previous studies

suitable for the seismotectonic structure of the region.

Selected simulation model parameters are validated by comparing model bias in
the frequency domain and the residuals of ground motion intensity measures (PGA and
PGV) in the time domain using observed and synthetic records. As a further validation,
the ground motion intensity measures associated with synthetic and observed records

are compared with selected GMMs.

A simulation model was identified, the results of which yielded an optimum fit
with observations in both time and frequency domains. This validated model was
reached after analyzing 12 combinations of selected source, path, and site parame-
ters and yields synthetic records for the January 24, 2020, Elazig-Sivrice (Mw 6.8)
earthquake providing a satisfactory match with real recordings. The parameters of the
preferred model are presented in Table 4.1. We suggest that these parameters, specif-
ically the path and site models, can be used in future studies on generating synthetic

ground motions in eastern Tirkiye.

Simulated recordings provide a reasonable match with synthetics for frequencies
larger than 1 Hz. However, it should be noted that although a close agreement at
frequencies larger than about 13 Hz could be achieved, at frequencies less than 13 Hz,

synthetic Fourier amplitude was consistently larger than the observed ones.
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Table 4.1. Parameters of the prefered simulation model

Parameter

Value

References

Source Parameter

Moment Magnitude

6.8

Afad

Corner on upper edge of fault

38.42364 (°N)
39.46586 (°E)

Cheloni and Akinci [49]

Depth of Corner on Upper Edge of Fault 0 Cheloni and Akinci [49]
Fault Type SS Afad
Strike; Dip 248; 76 Afad

Fault Length; Fault Width 51 Km; 24 Km Cheloni and Akinci [49]

Subfault Length; Subfault Width

1.5 Km; 1.5 Km

Cheloni and Akinci [49]

Slip Distribution

Number of subfaults

34x16=544 subfaults

[
[
Cheloni and Akinci [49]
Cheloni and Akinci [49]

[49]

Path Parameter

r=0% r > 60km

Location of hypocenter within subfaults 22; 8 Cheloni and Akinci [49
Rupture Velocity 0.8 Beta
Stress Drop 7 Mpa/ 70 Bar This study
Pulsing Area Percentage 50 Percent Boore [17]
Window Function Saragoni-Hart Boore [7]
r~10 ¢ < 60km
Geometrical Spreading This study

Anelastic Attenuation (Quality Factor)

Q(f)= 18004

Cheloni and Akinci [49]

Rrup (km) | Dp (s)
0 0
7 2.4
45 8.4 Boore and
Path Duration Model
125 10.9 Thompson [50]
175 174
270 34.2
Slope of
0.156
last segment
Crustal Density 2800 kg/m3
Crustal Shear-Wave Velocity (Beta) 3.5 kms-1 Gok et al. [51]

Site Parameter

Site Amplification

NEHRP sites

Boore and Joyner [30]

Crustral Amplification

Kappa Factor

0.035-0.04 s

Boore and Joyner [30]

There is no evidence for a systematic dependence of simulated PGAs and PGVs
on rupture distance and site class. That said, it needs to be stated that the simulated
PGAs and PGVs are very close to recorded values within a rupture distance of about

60 km, as suggested by the residual analysis. For rupture distances above 60 km, the
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scatter becomes larger, although still the variation could be contained within +0.6 /

-0.6.

PGAs recorded during the earthquake were evaluated using the ground motion
models of BSSA14, CY14, ASK14, and KAAH15. Among these models, KAAH15 was
found to be the most compatible one with both observed and synthetic records of the

Mw 6.8 Sivrice- Elazig earthquake.

The findings from this study demonstrate the efficiency of the stochastic finite
fault simulation method as a useful technique for generating synthetic records of earth-
quakes. The simulation model and its parameters developed and validated for the
Elazig (Mw 6.8) earthquake, can be further improved and used as input to other stud-
ies evaluating the seismic hazard in similar regions. In particular, the development of
a geometric spreading model for rupture distances larger than 60 km, can improve the

performance of the model.

The synthetic records produced can be used as inputs for various studies. It
is possible to combine them with building fragility functions to estimate losses from
potential earthquakes. Synthetic motions can be used to complement the datasets used

to develop regional GMMs as well as in structural time history analysis.

The stochastic finite fault simulation model is successful in generating high-
frequency ground motions, and the failure of synthetics to generate low-frequency con-
tent has been observed from the FAS graphs and model bias in the frequency domain
in the study. However, the ground motions generated in this study through stochastic
simulation can be effectively combined with long-period ground motions produced us-
ing deterministic methods. This combination provides for the creation of broadband
simulations, encompassing a wide range of frequencies and providing a more compre-
hensive representation of seismic ground motions. The integration of both stochastic
and deterministic approaches enhances the overall accuracy of the simulated ground

motion fields.
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APPENDIX A: COMPARISON OF SYNTHETIC AND
OBSERVED GROUND MOTIONS IN THE TIME AND
FREQUENCY DOMAIN
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A.2. 24 January 2020 Elazig-Sivrice earthquake (Mw=6.8), Site C
(360m/s < Vs30 < 760m/s)
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