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ABSTRACT

The main objective of this study is to simulate broad-frequency-band strong ground motion
waveforms resulting from the rupture of the Prince Idland Fault and to provide input
accelerograms for linear and non-linear time history analyses for engineering structures.
Smulations are performed using Green's Function methodology developed by Hutchings
and Wu (1990) [1]. The methodology considers physical based rupture process and takes
into account different source parameters to investigate their effects on amplitude and
frequency content of simulated waveforms. As a result, the low frequency energy content of
the simulated waveforms has significant role in the characteristic of strong ground motion
for large earthquake in Marmara region.
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1. INTRODUCTION

Destructive earthquakes may cause severe damage, particularly within the near source
region, which is defined as the area that lies within two fault-lengths from the source. For
this reason, determination of strong ground motion for large earthquakes, especially by
considering the complex nature of wave propagation at the near source region, is one of the
primary objectives of recent engineering seismology studies. The basis of the strong ground
motion studies is the prediction of strong ground motion parameters that will originate from
potential future earthquakes by defining the faulting mechanisms and the respective
affecting parameters of the previous earthquakes.

Realistic characterization of strong ground motions occurring near source regions is highly
critical, particularly for civil engineering studies. Recent improvements in calculation
techniques in the earthquake-resistant design of engineering structures resulted in the
adoption of performance-based design approach and in the widespread utilization of time-
history analyses in seismic design of the structures. Classical methods that are used in
calculation of seismic loads on structures during earthquakes, such as the ‘Equivalent Static
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Earthquake Load Method’ and the ‘Mode Superposition Method’, have been replaced by
nonlinear time-history dynamic analysis. Since the latter group of analyses require
acquisition of proper seismic records, this has become an important subject of earthquake
engineering studies.

There are three sources in the literature, from which strong ground motion acceleration
records for dynamic analyses can be obtained: 1) Actual acceleration records obtained
during earthquakes, 2) Synthetic acceleration records compatible with design acceleration
spectrum, and 3) Simulated acceleration records, which take propagation medium
properties into account and use seismologic source models.

Acceleration records obtained from actual earthquakes, are records that have been
selected and scaled using certain geological, tectonic, and seismological parameters
obtained from the study area. These records not only consist of reliable data regarding the
nature and characteristics of the earthquake (e.g., magnitude, duration, phase properties,
frequency content), but they also reflect important factors such as the source affecting the
seismic wave propagation, properties of the propagation medium and ground conditions
[2]. Basic methods and criteria for selection and scaling of actual ground motion records
suitable for the earthquake-resistant design of engineering structures is explained in detail
in Fahjan (2008) [2].

Synthetic accelerograms, are the artificially generated acceleration time history that are
compatible with the response spectrum obtained by seismic risk analysis of a particular
region or with the design spectrum specified in the seismic design regulations [3].

Simulated accelerograms, are the acceleration time history obtained through earthquake
simulations that model the earthquake source and source region wave propagation using
physics-based processes. The simulation procedure, in general, is expressed in terms of
elastodynamic representation theory, and it is calculated by taking the integral of the
contribution of each point on the fault surface to the ground motion (Green’s Function) [4].

The increase in the existing strong ground motion database and the enhanced ease of access
to these data as a result of ongoing improvements in the communication technologies
enabled the use of real acceleration records in dynamic analyses of structures. However, it
becomes difficult to find records that are suitable for design, when other criteria such as
ground class, distance between the source and the field, magnitude, and rupture processes
are taken into account [5, 2]. Similar difficulties are also encountered in attempting to use
the synthetic acceleration records during design. The biggest challenge in the use of
artificial acceleration records is to try to obtain a single record suitable for the design
spectrum representing the average of numerous recorded ground motions [6, 2]. Another
limitation on the use of these records is the unrealistically high amounts of energy released
due to an increase in the number of cycles of strong ground motion [2]. During the analysis
of nonlinear behaviour of structures, phase information is equally important as the
magnitude of the ground motion. This, combined with the scarcity of records for recent and
large earthquakes, suggests that both options mentioned above are far from meeting the
expectations. Therefore, during dynamic analysis of structures it would be better to use
earthquake ground motions that were simulated based on the basis of earthquake physics
and with spectral averages that are broadly coincident with the design spectrum [4].
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Numerous studies have characterized the entire Marmara Sea as a seismic gap due to the
westward migration of destructive earthquakes [7, 8], as indicated by the August 17, 1999
Golciik (Mw=7.4) and November 12, 1999 Diizce (Mw=7.2) earthquakes and the August 9,
1912 Miirefte-Sarkdy (Ms=7.2) earthquake [9]. It is therefore mandatory to accurately
determine the bedrock ground motion in a wide-band frequency range to assess the seismic
risk potential of the Marmara region and to reliably estimate the future seismic risks. This
study aims to provide input data for the linear and non-linear time-space analyses of the
structures using a hybrid simulation method and to predict, in a wide-band frequency range,
the ground motion waveforms that will be generated by rupturing of the Prince Islands
Fault through a potential M,,=7.2 earthquake. In addition, effects of variations in different
source parameters on the magnitude and frequency contents of these waveforms are also
investigated.

2. EARTHQUAKE GROUND MOTION SIMULATION MODELS

Earthquake simulation models are based on the information on physical properties of the
geological environment and the local ground conditions of the area between the earthquake
source and the recording station. In addition, the effects of the variations in fault parameters
and fault rupture characteristics on strong ground motion records should also be known
[10]. Key elements of earthquake simulation models, in general, are the source, propagation
direction, and local ground effects [4].

In recent years, numerous studies have been undertaken by seismologists particularly
regarding the modelling of earthquake rupture processes in order for accurate prediction of
ground motions generated by large earthquakes [1, 11, 12, 13]. There are numerous
methods in the literature dealing with earthquake ground motion simulations. These
methods can be mainly classified as Green Function, Deterministic, Stochastic, and
Hybrid methods.

2.1. Green’s Function Based Earthquake Simulation Methods

In general terms, the Green’s Function (GF) can be defined as the reaction of the ground
to an instantaneous impulsive point source. This definition is also an expression of the
theoretical “Synthetic Green’s Function” (SGF) as used in this study. In order to
synthetically calculate the GF it is necessary to know the crustal velocity structure of the
region between the earthquake source and the recording station. However, it is not possible
to determine the heterogeneous nature of the ground with sufficient resolution, especially
for the high-frequency or short wavelength components of ground motion. Practically, the
problems that stem from this heterogeneity can be best overcome by utilizing the
Empricial Green’s Functions (EGF), which includes the effects of crustal velocity
structure [14]. The EGF method, which was first proposed by Hartzell (1978) [S] and Wu
(1978) [16], is based on the principle that earthquake rupture and resulting ground motion
can be modeled based on the elastodynamic represention theory and using the ground
motion information recorded from small earthquakes. This method was later modified,
improved, and utilized by some other researchers in their studies such as Hadley and
Helmberger (1980) [8], Irikura (1983) [13], Hutchings and Wu (1990) [1], and Hutchings
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(1991) [10]. The basis to this this method is to utilize the observed small earthquakes
originating from the rupture area of the simulated large earthquake to count on the actual
propagation medium and local effects, and thereby determine, with great accuracy, the
asperity fields in the source and the heterogeneity [15]. A schematic presentation of
earthquake simulations developed using GF is provided in Figure 1.
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Figure 1. Schematic illustration of Green’s Function simulations.

2.2. Deterministic Earthquake Simulation Models

Deterministic earthquake simulations, utilizing kinematic source models, require the
knowledge of fault slip distribution. In principle, deterministic methods combine SGF with
source function to generate surface ground motion during an earthquake [4]. In order to
determine the ground motion at any point by this method, the earthquake source geometry,
slip functions for the entire source, and the GF should be defined and the source needs to be
divided into a finite number of discrete elements [14]. Finite difference, finite element, and
discrete wave number methods are the most commonly used approaches used in the
literature in generating deterministic strong ground motion simulations. Aki (1968) [17]
and Bouchon and Aki (1977) [18] are two of most significant studies in this field that
developed and utilized this model.

2.3. Stochastic Earthquake Simulation Models

Stochastic method is one of the most widely utilized strong ground motion simulation
models, and it is based on the assumption that the high frequency components of
earthquake motion can be represented by an omega-squared (®”) average spectrum based
band-limited Gaussian noise [12]. Erdik et al. (2003) [4] indicated that the Fourier
magnitude spectrum model used in stochastic earthquake simulations is an S-wave ground
motion spectrum based on the far-field model of Brune (1970) [19]. The Fourier magnitude
spectra of Brune (1970) [19] are satisfied by the main parameters of high frequency ground
motion for earthquakes within a wide magnitude range [20]. Basic steps of the earthquake
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simulations using the stochastic method are shown in Figure 2. In general, two different
source models, point source and finite source, are used in stochastic simulation techniques
[2]. The point source model, in which the source is localized into a single point, is based on
the assumption that the obtained waveform simulation model involves both deterministic
and random processes. The point source model yields highly accurate results when the
distance between the source and the receiver is significantly larger than the dimensions of
the source itself [21, 22]. Beresnev and Atkinson (1997) [23] developed a method for finite-
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Figure 2. Basic step in Sochastic earthquake simulations.
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fault strong ground motion simulation [4] by modeling the fault rupture plane as a subfault
matrix and by considering propagation originating from each subfault as a subfault point
source with w’-model spectrum (in conjunction with the principles of [12]). The finite
source model solved an important problem in stochastic earthquake simulation techniques,
since it involves finite-fault rupture effects (e.g., source geometry, uncertainty in rupture
parameters, nonhomogeneity, etc.), which cannot be modeled by stochastic point source
models.

2.4. Hybrid Broadband Earthquake Simulation Methods

During generation of broadband strong ground motion simulations by the hybrid approach,
first the ground motion components from different frequency bands of the spectrum are
determined individually, and then these data are combined together. Recent seismologic
developments make the mathematical solution of the SGFs possible for the large
wavelength (or low frequency) components, for which the geological heterogeneities can be
modeled. High frequency components of ground motion, on the other hand, cannot be
mathematically solved due to uncertainties related to the earthquake source and the
geological heterogeneities. As a result, these components should be calculated either by
stochastic simulation techniques of high-frequency components of the strong ground
motion or by utilizing an EGF-based method that uses small earthquake records as a GF.
Both low and high frequency band components of earthquake ground motion are
determined through different methods, and these are later combined via specific filtering
functions to obtain ground motion simulations within a wide frequency range. Designing of
the filtering functions that will be used during combination processes is a particularly
important subject as energies obtained from different parts of the spectrum need to be
combined properly.

3. BROADBAND EARTHQUAKE SIMULATIONS OF THE PRINCE ISLANDS
FAULT

A considerable amount of studies exist in the literature in which bedrock ground motion is
calculated by hybrid broadband simulation techniques, in order to accurately assess the
seismic risk and potential future seismic risk evaluation of the Marmara region, particularly
following the 1999 earthquakes [24, 25, 26, 27, 28, 29]. These studies presented important
results in terms of complexity of ground motions that may be produced during a large
earthquake. Tanircan (2012) [24] obtained a simulation of strong ground motions that can
be recorded at 82 acceleration stations in Istanbul during a potential M,,=7.2 earthquake
along the Prince Islands Fault. He determined acceleration values of up to 8 m/s” in the
Asian side and velocity values of up to 1.6 m/s by using finite difference method for the
low frequency ground motion simulations, and by hybrid simulation with stochastic
techniques for the high frequency ground motion simulations. Erdik et al. (2001) [25]
calculated design-based strong ground motion waveforms for critical engineering structures
that are located in the near-fault regions. In this study, they utilized a hybrid method in
which they combined the low frequency ground motion components determined by
deterministic methods with the high frequency ground motion components determined by
stochastic methods, and generated broadband ground motion waveforms. Similarly, Pulido
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et al. (2004) [26] calculated the low frequency ground motion components through a
deterministic algorithm, and the high frequency components by a semi-stochastic method,
and examined the variations in some important ground motion parameters for the
engineering structures such as the absolute amplitude, frequency content, and duration of
the earthquake, for a potential large earthquake in the Marmara region. Mathilde et al.
(2007) [27] used a hybrid model similar to that of [26] and demonstrated the potential
effects of source and attenuation parameters on strong ground motion waveforms that may
form during a large earthquake in the Marmara region. Ansal et al. (2008) [28] obtained
strong ground motion simulations for Istanbul by using a stochastic-deterministic hybrid
approach, and attempted to predict the potential damage and loss that will occur following a
large earthquake. Using a hybrid model, Mert (2011) [29] determined the strong ground
motion waveforms, which may form during a large earthquake in the Marmara Sea, in a
wide frequency range, thereby demonstrating the dependency of the ground motion to
source and rupture parameters, by implementing different earthquake scenarios. Prior to the
current study, no other work has utilized an EGF-based simulation technique along the fault
segments traversing the Marmara Sea. This is most likely due to a lack of data relating to
the insufficient number of good quality earthquake stations. Nevertheless, different
organizations have installed a number of broadband earthquake stations have been installed
in the region, particularly following the 1999 earthquakes, allowing new geophysical and
geological studies [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41] within or in the vicinity of
the Marmara Sea.

In this study, hybrid simulation algorithms are utilized to simulate broadband strong ground
motion waveforms resulted from a possible earthquake of moment magnitude Mw=7.2 at
Prince Islands fault. The seismic criteria of the Prince Islands fault are selected to be
compatible with the current studies in the literature. Maximum possible earthquake at
Prince Islands will generated with fault rupture length of 35-40 km [42, 24] and the seismic
moment-earthquake magnitude empirical relationship [43] and the empirical relationship
between fault size and earthquake magnitude [44] are chosen accordingly.

Empirical and synthetic Green functions are used for the simulations of wave propagation
for high and low frequency bands. The physical based fault ruptures and wave propagation
methodology proposed by Hutchings and Wu (1990) [1] is used to simulate the strong
ground motion waveforms. In order to consider the variation in the fault rupture
mechanism, 100 different scenario are generated.

The parameters related to fault geometrical properties and rupture mechanism and
earthquake source (hypocenter, depth, rupture velocity, etc.) are considered. The variation
and limits of fault parameters are based on different studies in the literature. The selected
earthquake scenarios are based on studies related to tectonic structure of the Marmara
region [30, 31, 32, 33, 34, 35], earthquake source parameters [36, 37], seismic moment-
earthquake magnitude [43], empirical relationships of fault size - earthquake magnitude
[44] and other related studies [42, 24].

For each earthquake scenario, the Green functions recorded from small earthquake at Prince
Islands fault are used for the simulation of high frequency of the strong ground motion
waveforms. The low frequency part of the waveforms are simulated using synthetic Green
functions resulted from finite difference model developed by Shawn Larsen (Lawrance
Livermore National Laboratory, LLNL) (1995) [45]. The model simulates the propagation
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of seismic waves resulted from a seismic source in three dimensional elastic medium that
represent the geological characteristics of the region. Finally, the low frequency and high
frequency strong ground motion waveforms are merged to produce broadband waveforms
for the range (0.1 Hz—20 Hz). Special filtering algorithms are used for merging process. As
it is shown in Figure 3; four different softwares are used to produce the broadband
simulated waveforms, NETMOMENT, EMPSYN, E3D and HAZARD.

HIGH FREQUENCY LOW FREQUENCY
COMPONENTS COMPONENTS
v
DETERMINATION OF CALCULATE SGF USING FINITE
EARTHQUAKE SOURCE DIFFERENCEALGORITHM
PARAMETERS (NETMOMENT) (E3D)

T
GENERATE EARTHQUAKE SCENARIO (HAZARD)

 J

SIMULATE STRONG GROUND
MOTION TIME HISTORY
(EMPSYN)

._‘ MERGED

Figure 3. Basic step of simulation algorithm that was used to generate strong ground
motion waveform. High frequency components of waveforms simulated using by EGF and
low frequency components of waveforms simulated using by SGF. High frequency and low

frequency simulated waveforms merged to obtain broadband strong ground motion.
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3.1. Broadband Earthquake Waveforms Simulations
3.1.1. Synthetic Green Functions for Low Frequency Simulations

In order to produce broadband simulation for different earthquake scenarios of Prince
Islands fault, the low frequency synthetic Green function needed to be generated. For this
purpose, a three dimensional volume is introduced with 300 km length in East-West
direction and 200 km width in North-South direction, with a starting point 40.0 N 26.50 E
(Figure 4). The dimensions are selected to comprise all stations for the simulations. The
Prince Islands Faults are placed at the coordinates 40.887 N 28.866 E and 40.732 N, 29.244
E with fault width 15 km and fault depth 10 km from the surface. The shear velocity model
proposed by Karabulut et al, (2003) [46] are used for the simulation. The proposed stations’
locations for the simulations are placed at the surface of the volume taken into account their
spatial coordinates.

The earthquake sources are placed laterally on the fault every 7 km and at three depths
(12.5 km- 17.5 km- 22.5 km), therefore 15 earthquake sources are used to produce the
synthetic Green functions. The seismic moment of the earthquake source is considered to
be M0O=1e+21 dyn.cm and corner frequency 10 Hz. The fault mechanism of the earthquake
sources are chosen to be compatible with the Prince Islands fault mechanism with strike
118° dip 90° and rake -180°. The volume is discritized with 0.5 km grids and time step of
0.01 is chosen for output synthetic seismograms. In Figure 5, the generated synthetic
seismograms of station ADV is shown.
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-25 -
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Figure 4. Finite difference model for synthetic seismograms of Prince Islands Fault (Red
starsis earthquake source points, Green triangles are station locations)
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x10* SYNTHETIC LOW FREQUENCY GROUND MOTION AT ADV STATION

0 Ew

T T T T T T
— e %JMW\MNMUVVWWw\¢n,u,W_.
Il 1 1 L Il L
il ) 40 &0

&0 n -] 0

VEL [mis)

cxi0

L T T T T T T T T NE
o e J\]J\N\A{\f\m\/\/\w\m«ﬁwxﬁww A A
|

L L L 1 1 i
n il Eil 40 0 &0 n - o

VEL (mis)

n

w0t

1

T T T T T T T T UD
0 WWWM«WWN\WW
L L L L A 1 1 1
1] 10 a I 40 =1} (=1} m B0 a0

VEL (s}

-1
TRAE(S)

Figure 5. Smulated synthetic seismograms for ADV Sation.

3.1.2. Empirical Green Functions for High Frequency Simulations

To generate the high frequency part of the broadband earthquake simulation, the real
recorded Green functions are used. The Green functions of small earthquakes (Mw=3.5) in
Marmara Sea at the vicinity of Prince Islands fault are recorded at the broadband stations
around Marmara Sea.

27° 28° 29° 30°

Figure 6. Small Earthquakes used as Green’s functions at Prince Island Fault and
recording stations.
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Table 1. Earthquake stationsrecorded Green's functions at Prince Islands Fault.

NO | Station Code Latitude (N) Longitude (E) Seismometer Type
Degree Degree
1 ADV 40.4332 29.7383 CMG-3TD
2 ARM 40.5683 28.8660 CMG-3ESPD
3 GEM 40.4350 29.1890 CMG-3TD
4 ISK 41.0657 29.0592 CMG-3TD
5 KLY 41.2530 29.0420 CMG-3TD
6 MFT 40.7867 27.2812 CMG-40T
7 MRM 40.6058 27.5837 CMG-3TD
8 SIL 41.1530 29.6430 CMG-3ESPD
9 SLV 41.2300 28.2100 CMG-3ESPD
10 YLV 40.5667 29.3728 CMG-40T

Table 2. Green’ s functions and source parameters at Prince |slands Fault

NO DATE Hour Latitude Longitude Depth M MOMENT f.
(dd/mm/y) (Local) (N) Degree (E) Degree (Km) " (Dyne-cm) (Hz)
1 290904 | 15:42 | 40.785 29.027 13.4 39 | 764et+20 | 123

2 290904 | 15:51 | 40.777 29.041 1077 | 2.9 | 2.84e+20 | 83
3 070905 | 13:22 | 40.732 29.237 7.6 34 | 13.1e+20 | 10.2

4 080905 | 00:22 | 40.715 29.199 12.1 3.1 | 422e+20 | 4.5
5 080905 | 03:39 | 40.711 29.241 54 32 | 6.01et20 | 8.6

6 080905 | 07:12 | 40.722 29.235 9.8 32 | 844et+20 | 6.1
7 031105 | 05:06 | 40.712 29.237 14.7 32 8.4 e+20 11.0

8 221008 | 01:00 | 40.748 29.174 9.4 3.8 | 63.6e+20 | 4.2
9 160406 | 20:54 | 40.773 29.147 24.6 3.0 | 3.84et20 | 10.2
10 120906 | 18:18 | 40.799 28.978 10.4 3.0 | 3.72et20 | 11.7
11 280507 | 22:47 | 40.761 29.159 7.9 2.7 | 131et20 | 12.1
12 | 030208 | 12:57 | 40.764 29.198 5.3 2.7 | 145e+20 | 143

The stations used for the simulations are listed in Table 1 and shown in Figure 6. The green
functions for small earthquakes recorded at the listed stations are shown in Figure 6, and
the calculated source parameters are given in Table 2. The main advantage of using real
earthquake records s Green’s functions along the fault surface is that these records include
all the geological information across the propagation path. In addition, the recorded green
functions also contain the information about the linear response of the upper soil.

The distribution of the small earthquake sources at the fault surface to represent the
propagated energy from all the regions across the fault surface practically is not possible.
During the simulations, interpolations of the recorded Green’s functions for all the regions
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across the fault surface are performed. One another important point to use representation
relations, selected earthquakes used as EGF must provide effectively impulsive point
source conditions or in other words their moment must be below a threshold (about
1.5¥1014 Nm) [1], [47]. If moment value of the earthquake used as EGF larger than
threshold than deconvolve out source effect from the spectrum to provide effectively
impulsive point source [48]. This procedure was applied some of the EGF used in this
study.

3.1.3. Computation of source parameters of Empirical Green’s Functions.

The source parameters, seismic moment (Mo), corner frequency fc) and damping parameter
(t*) are calculated directly from the horizontal components of S waves.

During the analyses, horizontal components of the record related to a specified station are
converted to radial and transverse components with respect to seismic source, and then the
first 12 seconds of S waves are used to compute the source displacement spectra. For each
earthquake, the source parameters Mo, fc and t* are computed using simultaneous inverse
solution techniques as it is explained in Hutchings (2001) [47]. In order to eliminate the
effects of damping at certain frequencies between the stations along the path they were
recorded with respect to the earthquake sources, the available studies in literature regarding
Marmara region were reviewed. The frequency dependent quality factor of the shear waves
relationship, Q(f) = 180 f**° , proposed by Akinci et al. (2006) [49] are utilized. The wave
propagation geometrical scattering effects (R*) on displacement spectra are removed using
the factor 0=0.5 for distances greater than 100 km and a=1.0 for distances less than 100
km. 1D shear velocity model proposed by Karabulut vd. (2003) [46] is used in the analysis.
The free surface correction coefficient (S) is computed form the shear velocity model;
together with the densities, the P waves velocity (V,) is calculated [50].

- FITTED THEORETICAL BRUNE SPECTRA TO CORRECTED S WAVES DISPLACEMENT SPECTRA
0 g T T T T 7 T T T T

DISFLACEMENT SPECTRUM

] 16,05 2004 U3:30 EQ
il i i H HE
' 10’ 10
FREQUENCY (Hz)

Figure 7. Fitted theoretical Brune Spectra to corrected Swaves displacement spectra of the
recorded earthquake (Red lines represent Brune spectra, Black lines represent observed S
waves displacement spectrum. Theradial and transver se components of Swaves of the
stations 1K, KLY, MRM, SV, YLV are used)
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The focal mechanism radiation correction factor (F) of 0.47 and 0.52 [51] was used for SV
and SH arrivals, respectively. The local soil effects on the displacement spectra could not
be removed since the soil response functions are not known. Therefore, local site effect is
considered to be the reason for scattering of the results.

During the analysis algorithm conducts a signal to noise ratio of the data before performing
to inversion, and only frequency ranges of the recorded spectra above a selected Signal to
Noise Ratio (SNR) are used in fitting the Brune model to calculate source parameters of
selected earthquakes. We used a SNR of 10. Figure 7 shows an example of how we fit
spectra simultaneously for source and individual station. In the figure we used 16.05.2004
03:30 earthquake time history recorded by Marmara (MRM) station and fitted Brune
spectrum and recorded spectrum in the frequency range between 0.15 to 25 Hz. We used a
nonlinear least squares best fit of displacement spectra of the S wave energy of the recorded
seismograms fit to Brune (1970) [19] displacement spectral shape with a site specific
attenuation operator to solve our free parameters (Figure 7).

3.1.4. Generation of earthquake scenarios of Prince Island fault

To generate different earthquake scenarios for Prince Islands fault, fault geometry, location
of the hypocenter, size and number of asperities, rupture velocity, strike and rake vectors
together with measured or theoretically determined parameters such as stress drop are
changed randomly in physically possible ranges. Then, synthetic and empirical Green's
functions are used separately for the simulations of low and high frequency bands for all
scenarios.

The basic hypotheses premise of the methodology is that if a particular fault segment is
identified as capable of having an earthquake of particular moment, and if sufficient
variations of rupture parameters are sampled, then the suite of synthesized seismograms
would encompass all possible seismograms, in an engineering sense, and they can be used
earthquake resistant design of structures [52].

The parameters and variations intervals used in the scenarios are described below;

Moment; seismic moment values for Princes Islands fault are considered to be in the range
M)=0.5e+27 Dyne-cm to My=1e+27 Dyne-cm

Fault rupture geometry; The shape of the fault is considered to be rectangular with 35 km
length and 15 km width and 10 km depth from the top boundary of the fault to the surface.

Fault strike, dip and rake; Considering current tectonic and seismological studies in the
literature regarding Prince islands fault is modeled as strike-slip with the following
parameters ranges: Strike 110 °/ 116 °, dip: 70 ©/ 90 °, rake: -160 ° / 180 °.

Hypocenter, randomly changed on the fault, therefore each scenario has different depth
and coordinates.

Rupture velocity is randomly selected to be from 0.8 to 1.2 times the shear wave velocity.

Healing velocity is the velocity for the stress pulse that terminates slip. The healing phase
is initiated after rupture arrives at any fault edge. The healing velocity is randomly selected
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to be between 0.8 and 1.20times the rupture velocity, which is between the Rayleigh and
shear wave velocities.

Rise time is equal to the time it takes, after the initiation of rupture, for the first healing
phase to arrive.

Rupture roughness is modeled by delaying an element’s rupture time so that it finishes
slip (rise time) at the same time as neighboring elements. The delay is randomly chosen to
be 33 % of the original rise time of the element. Areas of roughness have (“rough”
elements) have corresponding high stress drop.

Stress drop is a dependent variable derived from the Kostrov slip function [53] and
allowed to vary according to three effects modeled in the rupture: asperities and rough
rupture are allowed to have a different stress drop from surrounding portions of the fault
rupture; stress drop is constrained to diminish near the surface of the earth. The near surface
stress is the minimum calculated from confining pressure and stress drop from the rupture
model.

3.1.5. Merging Earthquake Simulations at Low- and High-frequency bands

Several methods have been developed on the integration of low and high frequency
seismograms used for estimation of the broadband (0-20 Hz) hybrid waveforms in
earthquake engineering applications ([54] Irikura and Kamae, 1994; [55] Beresnev and
Atkinson, 1997; [56] Kamae et al, 1998; [57] Hartzell et al., 1999; [58] Pitarka et al., 2000;
[59] Pulido and Kubo, 2004; [60] Graves and Pitarka, 2004; [61] Mena et al.., 2006; [62]
Pulida and Matsuoka, 2006; [63] Liu et al., 2006; [64] Rodgers et al., 2008, see [65] Mai et
al., 2010, pp.2128 for more references).

|Fitter Coefficients|

Frequency (Hz)

Figure 8. Thefilter functions used to obtain the broadband earthquake simulations.
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In this study, we obtained earthquake simulations at wide band frequencies (0.1-20.0 Hz)
for each seismic station, using in-house merging algorithms in MATLAB environment, by
merging the low and high frequency band simulations estimated for different earthquake
scenario. The GF synthetics at low frequencies (0.1-2.0 Hz) calculated using finite
difference algorithms yield reliable results by taking into account the grid size (0.5 km) and
the structural features of the seismic seismic velocity model.

The sampling rate of the earthquake records used as EGF in high frequency band is 0.02 s
thus providing high frequency components up to 25 Hz Nyquist frequency in the spectra.
However, because of the noise level characteristic of the smaller size earthquakes the
preferred frequency band was selected as 0.5-20 Hz and in the merging algorithm we used
the 0.5 Hz frequency as the pivot frequency.

Low Freq High ==y i
—~ oo 2 o
5 Bl V— +_ -
= o o =
H
< am -z =
o 50 W00 150 o = Wm = o 50 100 150
- m Ll Ex
= ‘-—- #—-t "
) ol ! o
" 3 5 =
% B0 %00 gD T & W WD b 8 190 %0
~ 10 x
v L S— -
G al | ]
.
. - e
= B0 W0 B By - - B B g0
Tirg (a0 T e T {2
g " e J d
g | ™ _
® 10 z
i Sl |- . )
Ly 1 il 10 #lf i i 1 1d
Fres (Hz) Fresg HE Freg =)

Figure 9. Integration of the simulation results obtained for low and high frequency bands
at ARM station (blue color isthe original seismogram, while the red color isthe filtered
seismogram).

In broadband earthquake simulation spectra, for the frequencies below 0.5 Hz the
simulations are obtained by low pass filtering the SGF seismograms, while for the
frequency higher than 0.5 Hz the simulations are obtained using high-pass filtering of the
EGF functions. An optimization process was applied to choose the appropriate filtering
coefficients and the sum of the coefficients of the merging filter in frequency domain was
set to be as close as possible to one. This process, in turn, prevented large amplitudes to
appear around the corner frequency of the integrated broadband ground motion simulations.
The filter functions used in this study are portrayed in Figure 8.
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Figure 9 illustrates the merging results of the low and high frequency simulations at ARM
station for one of the 100 scenarios using the filter coefficients described above. The blue
color seismograms in the first column of the figure are the low frequency SGF simulations
while the red colors seismograms are the filtered simulations derived using the filter
function shown in Figure 8. The second column shows the high frequency original and
filtered simulations, and the third column indicates the original and the filtered
seismograms attained from the low and high frequency components of the simulations.

The average acceleration, velocity and displacement seismograms estimated for the two
horizontal components are derived from the average and the standard deviation of the 100
broadband earthquake simulations acquired for each seismic station and are given
separately in the figures from 10 to 19.

4. RESULTS AND DISCUSSIONS

The studies using different simulation techniques carried out in Marmara region as well as
in the other tectonically active regions of the World revealed the limitations and the
uncertainties in the modeling of the ground motions likely to be generated by future large
earthquakes, even using highly reliable simulation techniques [27].

One of these limitations emerge from the uncertainties in the attenuation parameter of the
medium and the source parameters of the earthquakes [27]. The most important advantage
of the simulation method of this study is that the attenuation features represent the physical
properties of the medium because they are estimated directly from the smaller size
earthquakes (EGF function) that take place on the fault to be modeled.

It is proposed that an optimum solution for solving the uncertainty problem of the source
parameters is to establish the best and the worse scenario and then determine the limits of
the different source parameters for those scenarios [27]. Thus, it is possible to estimate the
maximum and the minimum amplitudes of the ground motions to be generated within
certain error limits. By virtue of this fact, 100 different scenarios were generated by
changing each source parameter values within the limits that are physically likely to be
realized.

By applying a physics based rupture process technique, we have estimated the ground
motion waveforms to be generated by a Mw=7.2 size earthquake rupturing the Prince’
Islands fault segment of the North Anatolian fault crossing the Marmara Sea. We estimated
the broadband (0.1-20.0 Hz) synthetic seismograms and compared their spectral contents at
10 seismic stations around Marmara sea and investigated how the variation in the source
parameters affect the amplitude and frequency content of the ground motions (Figures 10-
19). For this purpose, we used the EGF functions retrieved from the records of the smaller
events and the SGF functions estimated using a finite difference method.

Thus, the earthquake source features were determined and when necessary the source effect
removed EGFs and the SGFs estimated assuming point sources were scaled to the seismic
moment of the expected large earthquake through the representative theorem [66]. The
largest problem we faced in determining the source parameters of the smaller earthquakes
to be used as an EGF function was the site effects masking the corner frequency of the
smaller earthquakes resulting in wrong estimation of the source parameters. For this reason,
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we haven’t included the data of the stations facing such considerable site effects in the
analysis; also, we used the frequency bands where the signal-to-noise ratio was larger than
10 to get rid of the mentioned problems. Another limitation of the earthquakes to be used
as EGF was the distance between the events and also their distances to the related fault
plane. In this study, we successfully used the EGFs within 8-10 km distance to the fault.

The properties of the earthquake ground motions recorded at the surface depends on
faulting geometry, the maximum slip amount, the slip distribution on the fault plane and the
rupture pattern. Because of the properties of the quassy-dynamic model we use a change in
one of the source parameters results in variations at the other parameters. For example, a
change in the rupture velocity results in different rise time and slip distribution. Similarly, a
modification in the hypocenter parameter results in variations in rise time and the slip
distribution model. In our scenarios we modified several parameters to check how the
amplitude and the frequency content of the seismograms vary. When we elaborate the
scenarios we observe that the hypocenter location, the rupture velocity and the rise time are
the most important source parameters that affect the modeled ground motions. Especially,
the stress drop parameter affects the high frequency content of the ground motions. Similar
results were previously reported in the literature [24, 27].

How the alterations in different parameter affect the ground motions can be inspected from
the spectra obtained for each seismic station (Figures 10-19). One may notice the distinct
differences in the energy content of the earthquake simulations attained for different
scenarios at the same station. For example, we observe as large as 2-3 times difference in
the average energy content and its standard deviation estimated for 100 earthquake
scenarios at ADV station (Figure 10). Similar features are achieved at the spectra of the rest
of the nine stations for which we get simulations. Thus, it is obvious that the source
parameters definitely modify the amplitude and frequency of the waveforms.

Another distinguished aspect of our results is the dominant low frequencies in the simulated
waveforms. This finding gives clue on the characteristics of the ground motions to be
generated by the large earthquakes (M>7) expected in Marmara region. It is obvious that
earthquakes of this size, considering the fault rupture length and the rupture duration should
yield rather small corner frequency. Therefore, it would not be a surprise if significant
seismic energy release occurs at the lower frequencies. The amplitude spectra of the
simulations are kind of proof of the expectations. As such, it is an important issue to be
considered during the design of the high-rise buildings, viaduct and bridges because of their
large natural periods. Almost all the stations used in the simulations are located at the area
described as near-source region. The spectra of the waveforms recorded at the near-source
region are expected to possess low-frequency seismic energy due to directivity effect. It is
important to state that, the reliability and the success of the method in modeling the
earthquake ground motions is proved by the fit of the simulations to such observations.

The average PGA values of the broadband earthquake simulations at the seismic station
retrieved from the 100 earthquake scenarios are compared with the GMPE estimations [67,
68, 69] which shows that almost all the values fall within +1 standard deviation (Table 3).
The stations that do not apply for these results are MFT, SLV and YLV which yield PGA
values exceeding the =1 standard deviation range. The difference in the MFT station is so
small that one may omit such conclusion. Considering the larger simulation values at the
other two stations compared to the estimations from the ground motion prediction equations
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and taking into account the location of those stations suggest that a directivity effect might
be a causative for the observed difference. Moreover, it is a well-known fact that the GMPE
equations do not reflect very well the wave propagation effects at near-source regions [70].
Also, there are several such examples in the literature showing scattering in the results that
can’t be properly explained. Here, we just compare the average value of the simulated
earthquake with the GMPE estimations; whereas, our results exhibits scattering similar to
the GPME estimations where we obtain values well above and below the average of the
simulated earthquake.

Applying a simulation technique covering several earthquake rupture scenarios on the
Prince’s island fault we obtained results showing the amplitude and frequency content of
the ground motions at several residential area around Marmara Sea. As such, our study is a
contribution to the existing literature on the subject and we believe that a comparison of our
results with the ones obtained at other tectonically active regions in the World using
different simulation techniques would be a benefit to other researchers.

Next, we are planning further studies related with the subject that will be conducted using
similar scenarios but using different simulation techniques; then, the results will be
compared with the ones we get in this study so as to investigate the ground motion
variations. Here, we show that the most effective parameters on the estimation of the
ground motions are the source parameters that should be further elaborated in greater
details. Considering the multiple fault segment tectonics of Marmara region, we think that
our contribution will fill an important gap in the literature dealing with seismic hazard
studies based on simulation algorithms.

Table 3. Comparison of the PGA values from the simulations with those obtained from the
GMPE estimations at different Ryg distances. AS08: Abrahamsan & Slva 2008 [67]; BAOS:
Boore & Atkinson 2008 [68]; CB08: Campbell & Bozorgnia 2008 [69] .

isT Ry, AS08 (PGA-mg) BA08 (PGA-mg) CB08 (PGA-mg) SIMUL
Med +l.6 -l.c Med +l.c -l.c Med +l1.6 -l.0 | (PGA-mg)
ADV 62.85 | 51,56 89,95 29,55 | 72,02 126,6 40.97 | 53,40 90,27 31,90 80
ARM | 15.59 | 174,6 303,9 100,3 | 198,2 348,3 112,8 | 152,9 258,1 90,53 120
GEM | 39.41 | 73,8 128,7 42,32 110,4 194,0 62,8 78,49 132,7 46,45 80
ISK 22.26 | 125,9 219,4 72,28 | 162,9 286,4 92,70 | 121,0 204,4 71,64 125
KLY 41.47 | 71,04 123,9 40,73 | 106,0 186,2 60,28 | 75,30 127,3 44,57 110
MFT 131.0 | 25,53 44,56 14,62 | 25,66 45,09 14,60 | 28,43 48,08 16,81 12
MRM | 106.4 | 32,79 57,22 18,79 | 36,51 64,17 20,77 | 34,04 57,56 20,13 28
SIL 42.06 | 70,29 122,6 40,31 | 104,7 184,1 59,59 | 74,48 125,9 44,07 40
SLV 75.49 | 44,58 77,79 25,55 | 58,54 102,9 33,30 | 45,72 77,30 27,04 135
YLV 33.88 | 82,42 143,7 47,27 | 123,8 217,5 70,41 | 88,48 149,5 52,36 270
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Figure 10. Broadband earthquake simulations obtained for 100 different scenarios at ADV
station. Lightblue: the 100 different FGS estimations; red: the average FGSfor the
simulated earthquake; blue: standard deviation (right panel). Waveforms of the two

horizontal components estimated for the average earthquake (left panel).
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Figure 11. Broadband earthquake simulations obtained for 100 different scenarios at ARM
station (see Figure 10 for more explanations).
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Figure 12. Broadband earthquake simulations obtained for 100 different scenarios at GEM
station (see Figure 10 for more explanations).
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Figure 14. Broadband earthquake simulations obtained for 100 different scenarios at KLY
station (see Figure 10 for more explanations).

SIMULATED TIME HISTORY (STATION MFT)

P STATION MFT
1 1 . T M.
! ::":, [ Y mtrtoo] oL o
= Ep
T & W W m @ 7 & W 0 m w [y .
TINE(5) TME(S) E
[ 4
= Ly
g = =
L Ml‘M EL 'Il"{;va'.»-— g
g g i P
¥ e B 8 w o 3 & 8 ® W §
TIME (5) TIME () £
gz g: |
= = 11 N
&uwwawl‘f')mw =L l.‘lwh... o
5, 5, I o
Y il H I
* % " 7
z @ m?m " m @ 2 e anzis; CR '] "

FREQUENCY {Hz)
Figure 15. Broadband earthquake simulations obtained for 100 different scenarios at MFT
station (see Figure 10 for more explanations).
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Figure 16. Broadband earthquake simulations obtained for 100 different scenarios at MRM
station (see Figure 10 for more explanations).
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Figure 17. Broadband earthquake simulations obtained for 100 different scenariosat SIL
station (see Figure 10 for more explanations).
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Figure 18. Broadband earthquake simulations obtained for 100 different scenariosat SLV
station (see Figure 10 for more explanations).
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Figure 19. Broadband earthquake simulations obtained for 100 different scenarios at ARM
station (see caption of Figure 10 for more explanations).
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