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Earthquake induced base motions of elongated structures will not be uniform. This variation of ground
motion has a nonnegligible effect on the dynamic response of lifelines that has led to investigations of
characterization and modelling of the spatially varying earthquake ground motion within the last decade.
In this context, spatial variation of seismic ground motion in Istanbul is analyzed. After the introduction
of the concept of coherency function and its conventional estimation procedure, estimation of coherency
from recorded data and its interpretation are presented. The lagged coherency is calculated by the
conventional coherency estimation scheme applied to six earthquakes registered by the Istanbul
Earthquake Rapid Response System. A coherency model for Istanbul is derived that will enable to
simulate spatially variable ground motion needed as input in the design of extended structures.
Simulation of ground motion at pairs of closely spaced locations is presented that consider the derived
coherencies in their scheme. The results are compared with actual recordings from the same locations.
Simulation of spatially variable ground motion consistent with a coherency function is stated.
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Introduction

Several researches have been done about the
relationship between coherency, frequency of
earthquake ground motion, and the distance
among the stations. For the quantification of the
variability of seismic ground motion, Fourier
amplitude spectra is used by Schneider et al. [1];
acceleration response spectra is studied by
Abrahamson and Sykora [2]; the correlation
between the peak ground acceleration (PGA),
peak ground velocity (PGV) and magnitude,
distance and site conditions is examined by
Joyner and Boore [3] and Abrahamson [4]. The
variability of PGAs as a function of separation
distance among the stations is studied by
Kawakami and Mogi [5]. Additionally, Field et
al. [6] examined the pseudo-velocity response
spectra (PSV) in terms of variability. The
analyses repeated for the relation between the
PSV and inter-station distance by Evans et al.
[7]. Moreover, the spatial variation is described
by coherency. The strong dependence of spatial
variation of strong ground motion on frequency
has been indicated in early studies by Loh [8],
McLaughlin [9], Abrahamson [10] among
others. Coherency models have been developed
by several researchers such as Abrahamson [11],
Harichandran and Vanmarcke [12],
Harichandran [13], Harichandran [14], Loh [8],
Loh and Yeh [15], Loh and Lin [16], Novak
[17], Oliveira et al. [18], Ramadan and Novak
[19], Vernon et al. [20], Zerva and Zhang [21],
and Cacciola and Deodatis [22]. An overview of
the spatial variation of ground motion has been
done by Zerva and Zervas [23] and Zerva [24].
Song et al. [25] explored the relation between
spatial coherence between earthquake source
parameters. The statistical properties of spatial
variability of ground motion data of two
earthquakes recorded by IERRS have been
studied by Harmandar et al. [26, 27]. A new
methodology has been developed for the
interpolation of peak ground acceleration (PGA)
from discrete array stations using data from
IERRS by Harmandar et al. [28].

Consideration of spatial variability in modelling
of earthquake ground motion is important for the
design of above or under ground structures and
systems where multiple-support excitation needs
to be considered. Spectral representation method
[29, 30]; auto-regressive, moving-average, and
auto-regressive-moving-average models [31, 32,

33, 34]; local average subdivision method [35]
and the covariance matrix decomposition [36,
37] are some of the methods used for the
simulation of spatially variable strong ground
motion. Additionally, Abrahamson [38] studied
envelope functions considering random phase
variability; Ramadan and Novak [39] proposed
coherency function estimation using a Fourier
series. Moreover, Yamamoto [40] proposed that
for the probabilistic assessment of the
performance of structures ground motion
simulation with appropriate coherency s
required.

As aforementioned, uniform earthquake ground
motion data cannot reflect the spatial variability
of field. For stochastic response analysis and
reliability assessment of extended and multi-
supported structures, coherence model s
necessary for this variability effect. Besides,
several bridges and infrastructures have been
built in Istanbul. For the design of these
extended structures, it is important to investigate
the spatial variability of earthquake ground
motion data.

In this context, the purpose of this study is to
derive a coherency model, which could be used
in the simulation of non-stationary ground
motion needed for the design of extended
structures, based on data recorded by Istanbul
Earthquake Rapid Response System (IERRS)
stations. Istanbul is the most important city in
the world that has suffered many devastating
earthquakes throughout history, such as the 1766
Istanbul earthquake with an estimated magnitude
of 7.1. Therefore, it is crucial to handle the
properties of earthquake data, which affect the
dynamic analysis of extended structures.

Furthermore, simulation of ground motion
compatible with target spectrum is constituted
using the computed coherency model. The aim is
to simulate earthquake ground motion data for
the absent stations throughout in an array,
considering a reference station.

Determination of coherency

The procedure for analyzing stochastic spatial
variation of seismic motions from recorded data
is considered to be realizations of random space-
time fields. To obtain the information about
spatial variability, some assumptions should be
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done: The random field is homogeneous in
space; the time histories recorded at stations are
stationary random processes; stationary time
histories at the recording stations are ergodic.
For the characterization of random field, the
definition of coherency is required in terms of
cross spectral density and power spectral
density.

Definition of coherency

The cross spectrum of the time histories can
describe the random field of data as
S, (W)= % W(mDw) A, (w+mDw) A (w+mDw) 1)

where M is the spectral window, W(w), is the

Fourier transform of lag window, Dwis the
frequency step, A is Fourier transform of time
histories, mis, and * is complex conjugate.

The power spectrum of data at two stations on
ground surface is expressed as

S, (W)= +Z W(ITDW)‘A((W+ erW)‘2 @)

nm=-M

Correlation and coherency can characterize the
spatial variability of ground motion. Correlation
represents the phase variability in time;
coherency represents in frequency domain. The
coherency is used due to its mathematical
relevance in random vibration analysis. The
variability in frequency domain is studied by
Matsushima [42], Abrahamson [43],
Harichandran [14], and Zerva and Zervas [23].
The coherency function yxy(®), between ground
motion data at two stations x and y is given as :

_ s,
% s,

in which o is frequency, Sxy(®) is the cross-
power spectral density between stations x and vy,
Sxx(w) is the power spectral density at station x
and Syy(w) is the power spectral density at
station y. The results of coherency will be
complex numbers. When the absolute value of
the coherency (lagged coherency) is taken, the
effects of inclined plane wave propagation will
be removed. It is generally used in engineering
purposes [44].

3)

Array configuration and earthquakes

The Earthquake Rapid Response System in
Istanbul (IERRS) is composed of 100 strong
motion stations and associated peripherals for
data storage and communication. A significant
number of earthquake events are registered by
the IERRS six of which are utilized in this study
for the estimation of coherency values. A
comprehensive description of the IERRS can be
found in Erdik et al. [45]. Figure 1 provides the
distribution of 100 IERRS stations. Harmandar
et al. [28] represented that the station separation
distances of the IERRS vary from 0.67 km to 56
km. The epicenters of earthquakes utilized in the
present work are shown in Figure 2. General
properties of the chosen events are summarized
in Table 1.

Figure 1. Locations of the stations in Istanbul
Earthquake Rapid Response System (Harmandar
et al. [28])
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Figure 2. Epicenters of the selected earthquakes
recorded by the Istanbul Earthquake Rapid
Response System (after Harmandar et al. [28])

Data processing

For the generation of the coherency values,
selection of the specific time windows is
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necessary. The shear wave part of acceleration in
most cases has the strongest energy in the
record, and generally, is the most damaging
component from the engineering perspective.

The baseline-corrected acceleration traces are
filtered with a butter-worth filter (4" order)
using the range detected by Fourier amplitude
spectrum and signal to noise ratio. The selected
time windows are aligned by considering a
reference station to remove the apparent wave
propagation effect across the array for a better
characterization of the homogeneity of ground
motion [46]. Also, high frequency surface waves
and the variation of the low frequency surface
waves generated by wave propagation in the
crust are not observed over the shallow depth
range in the area [47]. S-wave window lengths
are identified and a five per cent cosine tapering
is applied. After preprocessing and alignment
operations, the coherency function is obtained by
estimating the power spectral densities and
cross-spectral density (Figure 3).

Evaluation of coherency values

Application of smoothing windows is essential
in the coherency spectrum estimation procedure.
An 11-point Hamming window is suggested
when the data length is less than 2000 steps and
the coherency estimates are intended for
structural analysis [44].

A code is written in MATLAB environment for
the calculation of the coherency values. Its
flowchart is shown in Figure 3. Data taken from
Event 5 triggered by the SMART-1 array [48]
are used for the application of the code. The
calculated coherencies based on SMART-1 data
for a window length of 5 are illustrated in Figure
4.

After the application of the code, the coherency
values for the six events recorded by IERRS are
calculated for the different station separation
distance bins. Earthquake ground motion data
from east-west (EW); north-south (NS); radial
(R); and transversal (T) components are used in
the analyses. Two different windows are
considered: 11- and 15- point hamming
windows. Seven distance bins are used. The bins
are represented in Figure 5. The average values
of coherencies are used in each distance bin. In
Figure 5, the average coherency values are

shown for the September 29, 2004 earthquake.
For all remaining events studied, not shown here
for brevity, the coherencies of EW component of
the data using 11-point hamming window show
more coherent distribution with distance and
frequency than the others. As shown in Figure 5,
coherency values calculated from EW
component using 11-point hamming window are
higher than the coherencies of NS, R and T
components for both 11- and 15-point window
lengths. Coherence values are predicted to
decrease as separation distance increases. EW
component has higher coherency at about 3 Hz
for the separation distance 0-2 km (Fig. 5a).
Also, the behaviour of EW coherency with
respect to frequency is clearer. As a result, for
the estimation of the coherency values, the
window length is selected as 11 point based on
Abrahamson et al. [44] suggestions. Finally, R
and T components of coherency values are
considered to examine the relationship between
wave propagation and the coherency. There was
no compatibility between coherency and wave
propagation direction for earthquake ground
motion data triggered by six earthquakes. Each
station pair has a different separation distance.
The distributed distances should be categorized
due to an accurate regression analysis.

The coherency values for distance bins
associated with September, 19 2003; May 16,
2004; September, 29 2004; October 20, 2006;
October 24, 2006; and March 12, 2008
earthquakes are demonstrated by Figure 6; (a),
(b), (c), (d), (e), and (f), respectively. 332 ground
motion data are used, totally. 9837 sets are
utilized to obtain the coherency values in Eq. 1.
As shown in Figure 6, coherency values for
frequency-distance behaviour is not clear in
terms of dependence of magnitude. The main
reason behind this is that the number of
recording stations and their location vary from
earthquake to earthquake. For example for the
earthquake in Figure 6a, although the epicentral
distances were smallest, the number of recording
stations was relatively small. Therefore, the
coherency behaviour is not explicit. In Figure 6b
and Figure 6c¢, the coherency values in terms of
distance and frequency is clearly presented. The
reason is attributed to higher number of
earthquake ground motion data in these two
earthquakes. High coherencies (0.8) are detected
in the distance range of 1.5-3 km for frequencies
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of 0-3 Hz except for September 19, 2003 (Figure
6a) and November 20, 2006 earthquakes (Figure
6b). Mostly, coherency values are higher than
0.6 at the frequencies less than 5 Hz. Coherency
values are approximately 0.65 at the frequencies
2-4 Hz and at the distances 1.5-2.8 km (Figure
6b, c, e, f).

Process for coherency model

As it is known and estimates based on IERRS
data, the decay of the coherency in terms of
frequency and distance is approximately
exponential (Figure 5).
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Process data
1. Base-line correction

2. Determination of filter range wrt FAS of signal to noise
ratio

3. Butter-worth fouth order acasual filtering
4. Time alignment
5. Determination of s-wave window

6. Consideration of power averaging over frequency
window

Calculation of power spectral density at station x and y

v

Calculation of cross-power spectral density between stations x
andy

v

Determination of coherency values (Eq. 3)

Figure 3. Procedure for calculation of coherency values

Coherency
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4
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Frequency (Hz)

Figure 4. The lagged coherency between stations 106 and 112 recorded by SMART-1 (Window
length, M =5)
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Table 1. Source properties of the earthquakes registered by IERRS (http://www.koeri.boun.edu.tr/sismo/default.ntm) (after Harmandar et al. [28])

Number Maximum Minimum
Eg Earthquake Date I_atli\tIUde I_ongEitlm'e CMT M. M [()Ifrr:)h mecFr?:r:tism recoor]:jing Elig)iigtzr:c:: ! Elig)iigtzr:c:: !

stations (km) (km)

1 Glizelyal 19/09/2003 40.8498 29.2867 00:51 3.1 3.2 10.3 Strike-slip 16 16 1

2 Yalova 16/05/2004 40.6957 29.3222 03:30 4.3 4.2 9.1 Strike-slip 72 58 14

3 Marmara Sea  29/09/2004 40.7797 29.0200 15:42 40 - 8.3 Strike-slip 86 34 14

4 Kusgoli 20/10/2006 40.2635 279843 21:15 - 5.2 5.4 Strike-slip 43 130 101

5 Gemlik 24/10/2006 40.4240 28.9947 17.00 - 5.2 9.2 Strike-slip 47 70 52

6 Cinarcik 12/03/2008 40.6210 29.0110 20:52 4.8 - 8.9 Normal 54 50 30

My : Earthquake Duration Magnitude, M. : Local Magnitude

117


http://www.koeri.boun.edu.tr/sismo/default.htm

DUJE (Dicle University Journal of Engineering) 12-1 (2021) Page 111-131

10 -

(d - 2.0 km)

— EW-11 point
NS-11 point
— R-11 point
T-11 point
e EW-15 point
NS-15 point
= R-15 point
T-15 point

10 ) ' 10
Frequency (Hz)

Average Coherency

(2.5-3.0 km) |

— EW-11 point
NS-11 point
w—R-11 point
T-11 point
e EW-15 point
NS-15 point
w—R-15 point
T-15 point

Average Coherency

10 : ' 10
Frequency (Hz)

10~ —————
(3.5-4.0 km)

— EW-11 point
NS-11 point
—— R-11 point
T-11 point
e EW-15 point
NS-15 point
—R-15 point
T-15 poim

Average Coberency

10 ' 10
Frequency (Hz)

10" -

Average Coherency

——— R-11 point
T-11 point

NS-11 point

— EW-11 point
NS-11 point
= R-11 point
T-11 point
e EW-15 point
NS-15 point
—R-15 point
T-15 point
10 10
Frequency (Hz)

Average Coherency

10",

(3.0-3.5 km)

—— ~
—— EW-11 point |
NS-11 point
|| m—R-11 point
T-11 poimt
e EW-15 point
NS-15 point
—R-15 point "\
T-15 point
10 10
Frequency (Hz)

Average Coberency

10,

s

— EW-11 point

NS-11 point
= R-11 point
T-11 point

e EW-1S point

NS-15 point
—R-15 point
T-15 point

10 10

Frequency (Hz)

Average Coherency

(4.5-5.0 km)

e EW-15 point
NS-15 point

= R-15 point
T-15 point

1o 10
Frequency (Hz)

Figure 5. Average coherency values of distance bins with respect to direction and smoothing window
length —September 29, 2004 earthquake
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May 16, 2004 earthquake (M4.3)
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Figure 6. Coherency values for distance ranges in the EW direction (11-point): (a) September, 19
2003 earthquake; (b) May 16, 2004 earthquake; (c) September, 29 2004 earthquake, (d) October 20,
2006 earthquake, (e) October 24, 2006 earthquake, (f) March 12, 2008 earthquake
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Based on the aforementioned proposed models
in the literature, this exponential decay and
variation of frequency and distance decay, the

coefficients are situated. Therefore, the
following initial coherency model is selected:
lg(d.f)=a, +e = +¢™7 (4)

where vy is the coherency; ai, a2, and az are
constants; d is the station separation distance; f
is the frequency. The least-squares regression of
the coherency on frequency by distance bins
yields parameters ai, az, and as. As this initial
model (Eg. 4) did not match all data and
earthquakes, particularly due to misfits
associated with distance, it is improved as in Eq.
5!

bt o o)

In this formula, the parameter as, which is
related to distance, does not converge due to the
irregularities of coherency values with respect to
distance (Table 2). When the separation distance
is taken as zero or almost zero, the coherency
should be one or close to one. Eq. 5 has the
inverse separation distance as a variable that
forces it to infinity when the separation distance
is zero. Therefore a new equation related to Eq.
5 needs to be developed, where both the
frequency and distance variables are in
exponential terms. The equation is expressed as

‘g(d,f)‘ = ale(az'%\/a)0.0If +
1- al)e(‘aa-ae—,dz)(o.om2

Again, regression analyses to obtain coherency
model are proposed by considering six
earthquakes individually. Table 3 summarizes
the results of regression analysis. The last
column of Table 3 shows the results of the
regression analysis carried out using the whole
data set. It is seen that five regression
parameters, ai, az, as, &, and as, are close to each
other for every earthquake and the whole
earthquake dataset. Figure 7 represents the
comparison of the coherency model with respect
to observed coherency values for distance bins
d=2.0-2.5 km and d=4.5-5.0 km.

The difference of observed and estimated
coherency values are logarithmically calculated
to obtain the residuals. In Figure 8, the

()

(6)

logarithmic residuals of these six earthquakes
are shown for seven separation distance bins. All
residuals involve the combination of coherency
values calculated from the six earthquakes. The
mean residuals range from +0.2 to -0.2. As it
seems in Figure 8, residuals do not have any
systematic trend and dependency on the
frequency or the distance bin.

The coherency model, calculated by Eq. 6 using
data from earthquakes having magnitudes
smaller than 5.2, for Istanbul is shown in Figure
9 for different distances: 100m, 300m, 500m,
1000m, 3000m, and 5000m.

Simulation of spatially variable ground
motion

Methodology

In addition to realistic characterization of spatial
variation, simulation of spatially varying time
histories is a crucial part of the study considering
the structural response of extended structures
[49]. However, the generation of spatially
variable ground motion for the performance-
based design of lifeline structures, such as
bridges, dams, pipelines, power transmission
systems, etc., will be received the attention it
deserves [50]. Das and Gupta [51], Bi and Hao
[52], Abrahamson [38] and Abrahamson [11]
proposed methods for generating spatially
variable ground motion given a target spectrum,
coherency function and an initial time history.
An approach is developed by Shama (2007) for
the simulation of spatially correlated ground
motion at different stations with respect to a
reference record subdivided into time windows
for the treatment of frequency and temporal
variations.  Simulated ground motion s
compatible with the target auto spectrum of the
reference record and the coherency function.
According to Shama [34], this method is
accurate to generate spatially correlated ground
motion for multi-supported structures.

The estimated data should be consistent with the
defined target spectrum at a reference station and
the coherency values of these estimated data
have to be compatible with
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Table 2. Regression coefficients based on Eq. 5 for East-West direction of the earthquakes data
recorded by IERRS

2004.05.16  2004.09.29

2003.09.19

2006.10.20

2006.10.24

2008.03.12

earthquake earthquake earthquake earthquake earthquake earthquake All data
a1 0.4369 0.4238 0.4762 0.3846 0.4298 0.4551 0.440
a2 0.3951 0.6719 0.5082 0.5497 0.5888 0.062 0.564
as 508.6517 17.4640 -43.7637 -1.2550  2177.3574 108.9232  35.239
s 0.0999 0.2577 0.1899 0.2887 0.1845 0.2569 0.214

Table 3. Regression coefficients based on Eq. 7 for data recorded by IERRS

2003.09.19 2004.05.16 2004.09.29 2006.10.20 2006.10.24 2008.03.12 All

earthquake earthquake earthquake earthquake earthquake earthquake data
a1 0.5298 0.4813 0.5620 0.4708 0.4702 0.5023 0.5130
a2 0.0253 0.0867 0.4155 0.0777 0.1071 0.1320 0.0781
a3 0.0170 0.0399 0.0263 0.0446 0.0398 0.0517 0.0380
a 0.3795 0.1925 0.1444 0.3081 0.2137 0.1926 0.2643
as 0.0067 0.0233 0.0409 0.1000 0.0248 0.0302 0.0301

d=20-25km

Figure 7. Comparison of coherency model with respect to observed coherency values for distance
bins: (a) d=2.0-2.5 km, (b) d=4.5-5.0 km
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the target coherency function. First, earthquake
ground motion data compatible with design
response spectrum are generated by code
RSPMATCH2005 [53, 54]. Then, the ground
motion data is simulated following Shama [34]
to produce coherencies in agreement with the
target coherency function.

Shama [34] assumed that the spatial variation of
ground motion is the combined result of wave
scattering and wave passage effects. A
coherency model is used in which the wave
scattering effects on the simulated ground
motion is accounted for by the coherency phase
uwij and the wave travel effect is taken care of by
the time lag between two stations as:

\/_Z./ chos[ t-1,)+4+ ]

()
in which a(t) is the estimated ground motion
acceleration; Sq (w;) is power spectrum of the
initial motion; Aw = C‘)“/Nf, with w,, as the cut-

off frequency; t;j represents the time lag between

: d .
the two stations as z; = where dj is the

J

V )
separation distance between two stations; V is
the apparent seismic  wave velocity;
@; represents the phase angle and Nr is number
of frequency intervals.

The coherency phase pij for the i frequency at
station j in Eq. 7 is stated as

i)

where y(d;,@;) is the coherency model defined
in Eq. 6 and written again as

\g(d, f)‘ = (.513e(00781-0088Vd)001f
(1 -0. 513) e(-0.2643—0.0301d2)(0.01f ) (9)

where d is the separation distance between two
stations and f is the frequency.

(8)

f is a function related to the coherency phase
angle [34] and is defined as:

wd

b={+1 0<jE2p for T~ £08 (109

.y
1 o<j<?
=3

D .
1 Pejep

2 for0.g<¥d <5 (10b)
3p V

-1 p<J <
,012

+1 37'0<sz,0

-1 0<y<

NS

B-l '0<J<p
m wd

3 for — > 25
£+1 p<jg_'0 \%
m 2

(10c)

37p<j£2p

Z
m

where V is the apparent wave velocity.

Numerical Application

The numerical procedure explained above is
applied to simulate ground motion at two
locations with a relatively small separation
distance for two example cases. In the first case,
we select two stations, set 1.82 km apart, from
the IERRS. We simulate acceleration recorded at
one of them during a real earthquake with the
help of recording at the other station and
compare the results. We use an earthquake that
is not included in the development of the
coherency model for Istanbul. In the second
case, we carry out a blind simulation. We select
a recording of the 1999 Kocaeli earthquake.
Using this record, we estimate ground motion
500 m away from the station, acknowledging the
fact that the magnitude of the earthquake we
simulate for, is beyond the magnitude range, for
which we have developed our coherency model.

Briefly, the spectrum compatible time histories
that have coherency values consistent with the
prescribed coherency function are used to
generate earthquake ground motion. The
spectrum compatible acceleration is subdivided
into time windows. The target power spectrum
of each time window is formed by an
autoregressive (AR) model. In this approach,
ground motion is idealized by using a stochastic
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harmonic model. A coherency model, which
decreases exponentially, is used to represent the
statistical dependence of the ground motion at
another station [34].

This coherency model described in the previous
section and expressed in Eqg. 9 was employed as
the coherency phase stated in Eg. 8. The
computed power spectra, phase spectra, and
coherency phase are used to generate the
coherency model compatible with  the
earthquake ground motion (Eq. 7).

Results and Discussion

As the first example, the methodology is used to
simulate an acceleration time history at station
R85 of the IERRS. The distance from the record
at station ROO (reference station) 1.82 km. The
earthquake data obtained during the October 3,
2010 earthquake with a local magnitude of 4.4 is
used. The reference acceleration ground motion
data is shown at the top row in Figure 10a. As
compared in Figure 10, the estimated ground
motion data, at 1.82 km are compatible with
those of the observed record. Furthermore,
generated acceleration, ground velocity and
displacement time histories are consistent with
observed ground motion. Besides the fact that
the Fourier amplitude spectrum of estimated
ground motion data is in good agreement with
the observed data at 1.82 km in the range of less
than 10 Hz (Fig. 10d). As shown in Figure 10g,
the acceleration response spectrum of the
simulated motion slightly underestimates the
observed response spectrum for low periods. On
the contrary, the compatibility is good for the
higher periods.

The target coherency spectrum (Eq. 9) at 1.82
km separation distance is plotted in Figure 10f.
The coherency values calculated from simulated
data are compared with the target coherency
model. As shown in Figure 10f, the computed
coherency values are consistent with that of the
target coherency model.

As the second example, the procedure is applied
to simulate an accelerogram at a distance of 500
m from the original record taken from MSK
station of the August 17, 1999 Kocaeli
earthquake (Mw 7.5). The hypo-central distance
of the MSK station is 92.14 km. The sampling
frequency of recorded ground motion is 200 Hz.

The initial reference time history is shown in
Figure 1la. This time history is modified to
obtain the ground motion that is consistent with
the target spectrum demonstrated in Figure 11c
using RspMatch2005 software. It is seen that the
five per cent damped response spectra for the
simulated ground motion appear to be in good
agreement with the target spectrum. The
generated time histories compatible with
prescribed target spectrum are displayed in
Figure 11b. The results are consistent with the
initial time histories shown in Figure 11a.

The acceleration time history demonstrated in
Figure 11b is subdivided into windows with a
power of 2 in length.

Acceleration, velocity, and displacement time
histories of the initial reference station are
compared with the acceleration, velocity, and
displacement time histories at a distance of 500
m from the reference point. It is observed that
the simulated time histories shown at the left
column in Figure 12; conforms to the reference
record. The differences between the simulated
and initial ground motion, named as relative
time history, are displayed at the right column in
Figure 12a for acceleration; in Figure 12b for
velocity; and in Figure 12c for displacement.

The frequency contents of the simulated data to
that of reference data are compared. The Fourier
amplitude spectra of the simulated and reference
accelerations are plotted at the left hand side of
Figure 13. The Fourier amplitudes of the
reference data are compatible with those of the
simulated motion. The target spectrum and the
matched spectrum computed as a result of
generation of target response spectrum
compatible ground motion in Figure 11c are
compared with spectral amplitudes of simulated
data at the right column of Figure 13.

It can be argued that simulation of an earthquake
of magnitude 7.2, using a coherency model
developed for the magnitude range of 3.1 to 5.2,
would lead to underestimation of ground motion
for frequencies less than about 3 Hz. However,
considering the Fourier amplitudes and response
spectra of actual and simulated ground motion
(Figure 13) does not suggest any significant
deviation.

124



DUJE (Dicle University Journal of Engineering) 12-1 (2021) Page 111-131

LT . . - . ;
| — Initial data (d=0 km)|
s | (a)
=
=]
g ]
g
5 ) : :
[i] 5 10 15 20 25
gx 107 _ .
—— Observed data (d=1.82 km)
= — Simulated data (d=1.82 km) |
8
g 0
g
5 ) : .
4] 5 10 15 20 25
Time (s)
0.2 — . -
| — Initial data (d=0 km) |
r_.é: (b) |
=z
8
2
“o 5 10 15 20 25
0.2; I I 1
—— Observed data (d=1.82 km)
%;- 0.1 | —— Simulated data (d=1.82 km) .
£
_;§ 0
S 01
0% 5 10 15 20 25
Time (s)

0.01 T ™ T -
= | — Initial data (d=0 km)
S 0,005 1
k=
E 0
]

o
B .0.005
p

-0.01 :

H] 10 15 20 25

0.0 ; I I 1
—_ —— Observed data (d=1.82 km)
§ o005 | — Simulated data (d=1.82 km) |
IS
g o
a
:

2-0.005
P

-0.01 -

0 5 10 15 20 25

— initial data at d=0 i
—— Simulated data at d=1.82 km ||
Observed data at d=1.82 km |

(d)

Fourier Amplitude

Frequency (Hz)

107

——initial data at d=0 ]
—— Simulated data at d=1.82 km |,
| — Observed data at d=1.82 km ||

Spectral Acceleration (g)

5
P K
Period (s)
1 . -
Caoherency at d=1.82 km
0.9 = Target coherency
(f) -
. .
ST Y
. R
s a .
= L]
@ .
L
¥ =~
[=]
w . -
. " <A
& - ~ -
0.2
0.1
% 5 10 15

Frequency [Hz)
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Conclusions

The design of extended structures such as
bridges, pipelines should preferably be done
considering the spatial variability of earthquake
ground motion. In this context, frequency
content of recorded earthquake ground motion
data is used to obtain this variability.

In this paper, a coherency function for Istanbul is
proposed. It is valid for the magnitude range of
3.1t0 5.2 and separation distances of up to 5 km.
The proposed empirical coherency function
considering frequency and separation distance is
consistent with the observed data triggered by
IERRS. The model can be utilized for the
estimation of spatially variable earthquake
ground motion in Istanbul. Then, the ground
motion data is simulated following Shama [34]
to produce coherencies in agreement with the
target coherency function.

Secondly, the coherency values consistent with
the prescribed coherency function are used for
the spectrum compatible time histories, and then
earthquake ground motion are generated using
these values. For the validation of procedure,
two separation distances, 0.5km and 1.82km are
utilized. The simulated and reference
acceleration ground motion data are in good
agreement for both cases. Furthermore, velocity
and displacement time histories are also
compatible with observed data.

State-o-the-art studies show that simulation of
the spatially correlated earthquake ground
motion data for use in dynamic analysis of
extended structures, tunnels, nuclear power
plants (Liu and Hongs [55], Chen et al. [56],
Ahmed et al. [57], Papadopoulos et al. [58], Wu
et al. [59]).

In this context, this study forms the skeleton to
simulate the ground motion consistent with the
response and coherency characteristics of a
region at stations distributed over an extended
area.
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