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ABSTRACT 
 
Local site effects play an important role in earthquake resistant design and must be accounted for on a case-by-case 
basis. Site specific response analysis are becoming to be widely used in engineering design practice and in taking its 
place in country design codes. 
 
The site specific response analysis needs time histories as an input at the engineering rock or seismic rock level. The 
selected time histories and the geologic and geotechnical characteristics of a site have a strong influence on the nature 
of the ground shaking experienced by a structure. There are not enough recorded time histories in many part of the 
world, therefore a number of techniques and computer programs have been developed either to completely synthesize 
an accelerogram or modify a recorded accelerogram.  
 
In this study, a uniform hazard spectrum is constructed as a target spectrum and ground motions are simulated for the 
city. The simulated time histories and the geotechnical site soil properties are then used to generate the soft soil 
response of the given site. The site response and related parameters are then compared with results coming from the 
recorded time histories in the same site conditions. Also, the results are compared with the different type of analysis 
(One, Two- Dimensional, equivalent linear-nonlinear) used in the study.   
 
1 INTRODUCTION 

 
Nowadays, with the improved computer technology and 
technical information, the nonlinear analysis and time-
history dynamic analysis increase substantially (NIST 
GCR 11-917-1, 2011). To perform damage risk analysis, 
sufficient number of time-history ground motion which 
suits the seismotectonic environment of Izmir should be 
selected. Therefore, the first step in analyses starts with 
the selection of time-history ground motions. 
There are 3 ways for selecting time history ground 
motions (Kramer, 1996); synthetic time histories, 
previously recorded time histories from the region and 
using recorded time histories from other regions after 
doing some manipulations.  
In Aegean region and specifically in Izmir, however, 
largely due to lack of earthquake records of intensity of 
engineering interest, such ground motions have not been 
available. Although there are recorded time histories in 
seismically active regions, not all of these records are 
suitable (the length and quality of the records) to use in 
further seismic analysis per earthquake standards in 
Turkey (DLH, 2008). For that reason, recorded strong 
time histories from other regions of the world shall be 
appropriately scaled for use in projects region. 
The methodology starts with a probabilistic seismic 
hazard analysis using Monte Carlo simulation methods, 
generation of uniform response spectrum and then 
selecting and scaling time histories based on the 
generated uniform hazard response spectrum. 
For the simulation of ground motions, a simple and 
powerful method for simulating ground motions is used. 
The aim is to combine parametric or functional 

descriptions of the ground motion’s amplitude spectrum 
with a random phase spectrum modified such that the 
motion is distributed over a duration related to the 
earthquake magnitude and to the distance from the 
source. This method is widely used to predict ground 
motions for regions of the world in which recordings of 
motion from potentially damaging earthquakes are not 
available. (Boore, 2003) 
The ground motion simulation method is largely based on 
Boore’s point-source simulation method SMSIM (Boore, 
2000). The tectonic and seismological data are mainly 
taken from Turkey Kandilli Rasathanesi Open-File 
Reports.  
Finally, to facilitate site response analysis, suites of 7 
ground motions are selected from the large pool of 
simulated ground motions such that the medians of the 
response spectra of the suites match those of UHRS in a 
least square sense at two probability levels, 10 % and 2% 
in 50 years.   
 
2 SEISMIC HAZARD ANALYSES 
 
Earthquake seismic risk analyses can be performed by 
using deterministic and probabilistic methods. In the 
deterministic case, the earthquake mechanism is 
independent of the probability, and it just tells us about 
the maximum earthquake that can happen in a given 
region. It is calculated by some empirical methodologies 
(Kramer, 1996). 
For example, for a Project site in the city of Izmir, the 
earthquake of Mw=6.5 magnitude has a chance to 
happen (Radius Project). In the east-west plane, a 
probable earthquake will have the effect to break a 30+-5 



 

 

km part and 10 km depth of a given normal fault plane 
(Emre et al., 2005). 
The characteristics of the design ground motion at a 
particular site are influenced by the location of the site 
relative to potential seismic sources, the seismicity of 
these sources, the nature of rupture at the source, travel 
path effects between the source and the site and the local 
site effects (Figure 1) (Boore,2000). 

 

 
Figure 1. Source to Site Modeling of Seismic Motion 
 
Probabilistic seismic hazard analysis (PSHA) carries out 
an integration over the total expected seismicity during a 
given exposure period to provide an estimate of strong-
motion parameters with a specified confidence level.  
At its most basic level, PSHA is composed of five steps.   
1.  Identify all earthquake sources capable of producing 
damaging ground motions.  
2.  Characterize the distribution of earthquake magnitudes 
(the rates at which earthquakes of various magnitudes are 
expected to occur).  
3. Characterize the distribution of source-to-site distances 
associated with potential earthquakes.  
4. Predict the resulting distribution of ground motion 
intensity as a function of earthquake magnitude, distance, 
etc.  
5.  Combine uncertainties in earthquake size, location and 
ground motion intensity, using a calculation known as the 
total probability theorem. 
This general layout is subdivided into different steps, 
adhering to the Cornell (1968) methodology above, while 
implementing the Monte-Carlo simulations at the same 
time (Sen T.K., 2009).  
For the proposed simulation in the context of seismicity of 
the city of Izmir, a 100 km diameter circle is selected to 
determine the seismic records which affects the city 
directly. Every event is categorized for its magnitude and 
epicenter (Katsonas v.d., 2010) and the analyses are 
conducted using the SMSIM software (Boore 2000, 2003). 
The resemblance of ground motion time histories to 
transient stochastic process was noted years ago 
(Housner, 1947). The main philosophy behind this method 
is to follow the physical process which begins with the 
break of fault and then propogation of the earthquake 
wavefront (Brune, 1970).  
This method is more confidential than other empirical 
formulas if there are no enough information at hand in the 
region of interest (Kramer,1996). These stochastic 
simulation methods are used in nearly all parts of the 
World and literature about the topic is vast (Han and Choi, 
2008; Zafarani et.al., 2009; Mammo, 2005; Pulido 

et.al.,2004; Carvalho et.al.,2008, Berardi et.al., 2000; Wu 
and Wen,1999).  
  

 
2.1 Earthquake Source Identification 
Izmir is located in a very active seismic region in Western 
Anatolia (Figure 2). Earthquakes in the Aegean Graben 
System and the Aegean Trench dominate the seismicity 
of the region.  
The seismicity of a region can be determined by 
investigating the close and far away faults and the 
earthquake records. For that aim, all the faults can be 
investigated one by one or an area method which takes 
into account all the faults. For our case, in where a 
complex fault structure can be seen, areal methodology is 
followed (Ansal and Tonuk, 2007). 
Furthermore, due to the shallow dip angles of the most of 
the fault zones, earthquake epicenters associated with a 
given fault zone varied in the latitude-longitude coordinate 
system for different focal depths. Therefore, accounting all 
the facts discussed so far, a simple single areal source 
model was adopted to estimate the regional earthquake 
hazard for the city of Izmir. 

 

 
Figure 2. Main Highlights of the Earthquakes and related 
fault zones in Izmir Region. 
 
2.2 Identifying The Earthquake Magnitude 
The second stage in probabilistic seismic hazard analysis 
is the estimation of the probable earthquake magnitude 
based on seismological and geological data for the 
region. The effective zone is taken to be a circular area 
with a radius of 100 km centered at the given city center. 
Earthquake records for the historical era (approximately 
between 1654 and 1899) with intensity Io >V, for Izmir 
region were compiled based on available earthquake 
catalogues (Ergin et.al., 1967; Sipahioglu, 1984; 
Ambraseys and Finkel, 1985). Since the records for this 
period are in terms of intensities, the relation developed 
for Turkey by Ansal, 1997 is used; 

 
              M = 0.594 Io + 1.36   [2] 
 
Seismic hazard curve is determined by the Gutenberg-
Richter recurrence relations and defined by the following 
formulation: 

 𝜆𝑚 = 10𝑎−𝑏𝑚 = exp(𝛼 − 𝛽𝑚) ;  𝛼 = 2.303𝑎;  𝛽 = 2.303𝑏 [3] 



 

 

 
In the above equation, the earthquake magnitude and 
formation recurrence is defined with an exponential 
equation, which takes into a wide range of earthquake 
magnitudes. A lower limit of magnitude, Mo, is defined 
below (Kramer, 1996), so that earthquakes smaller than 
mmin will be ignored in later calculations due to their lack 
of engineering importance. 𝜆𝑚 = 𝑣𝑒𝑥𝑝[−𝛽(𝑚 − 𝑚𝑜)] 𝑚 > 𝑚𝑜      [4] v = exp (α − βmo)     [5] 
This method of evaluation is not without some drawbacks. 
To mention some, the historical data compiled for a longer 
time interval may not be very accurate with respect to the 
given epicenter locations, dates, and intensities. Using the 
instrumental records, however, will not represent the 
tectonic regime going on for millions of years.  
Using the earthquake data, the resulting probability 
distribution of magnitude for the Gutenberg-Richter law 
with lower bound is expressed in terms of cumulative 
distribution function (CDF): 
 𝐹𝑀(𝑚) = 𝑃{𝑀 < 𝑚|𝑀 > 𝑚0} = 𝜆𝑚0−𝜆𝑚𝜆𝑚0 = 1 − 𝑒−𝛽(𝑚−𝑚0)            [6]

  
Probability density function (PDF) is defined in Eqn. [7] 
below 

 

 fM(m) = ddm FM(m) = βe−β(m−m0)    [7]

      
Cumulative distribution function of earthquake magnitudes 
is given in Figure 3 based on the Gutenberg-Richter 
formulation. 
 

 
 
Figure 3. Gutenberg-Richter evaluation of moment 
magnitude v.s. fm(m). 
 
2.3 Identifying Earthquake Distance 
The aerial source model predicted for the area produces 
earthquakes anywhere within 100 km of the site.  
The possible earthquake epicenters of future events are 
generated using cumulative distribution probability Fλ(i) is 
evaluated in Egn [8] and given in Figure 4. 
         

 Fλ(i) = ∑ Pkikii=1         [8] 

  

 
 
Figure 4. Cumulative distribution function of possible 
future earthquake epicenters 
 
2.4 Ground Motion Simulation 
After quantifying the distribution of potential earthquake 
magnitudes and locations, the next step is to analyse 
ground motions—a ground motion prediction model. 
Since earthquake magnitude (M) and distance (R) of the 
rupture zone from the site of interest are the most 
common parameters related to a seismic event, it is 
evident that the simplest selection procedure involves 
identfying these characteristic (M,R) pairs (E.I.Katsonas 
et.al., 2010).   
For the evaluation of earthquake hazard, the possible 
future earthquake moment magnitudes and epicenters are 
defined using the avaible earthquake magnitude and 
epicenter records mentioned in the previous section.  
Based on the past earthquake data and occurance rates, 
1050 earthquakes will be generated for the next 1000 
years in the aerial limit of Izmir center. Therefore, a set of 
uniformly distributed 1050 random numbers is generated 
from 0 to 1, which represent both the FM(m) and Fλ (k) for 
the future 1000 years. For the analysis, the moment-
distance pairs are chosen using the cumulative 
distribution curves given above by selecting randomly 
numbers between [0-1] (Tapan K.Sen, 2009). The random 
selection is handled with a computer program in Matlab.  
A ground motion simulation method based on stochastic 
approach (Boore, 2003) is used. In this method the 
ground motion is modeled as band limited finite-duration 
Gaussian white noise in which the radiated energy is 
assumed to be distributed over a specified duration. 
One of the important features of this method is that it puts 
together the various factors affecting ground motions–
source, path, and site factors–into a physically determined 
algoritm so that it can be used to predict ground motion. 
Modeling parameters of the point source model for the 
city of Izmir is adopted from the previous studies (Boore, 
2003; Horasan et.al.,2002; Boore and Boatwright, 1984; 
Akinci et.al., 1985; Cong and Mitchell, 1999).  
In current seismic performance evaluation procedures two 
different seismic hazard levels are generally used, which 
are defined by probabilities of exceedance of 10% and 
2% in 50 years. For these two levels, annual occurrence 
rates can be calculated using Poisson process shown in 
Eq [9]: 
 

 P(Sa > aj, t = 50 years) =  1 − e−λ(Sa>aj)x50                  [9] 
 



 

 

The annual occurrence rate, λ (Sa > aj) is calculated as 
0.0021 and 0.004, corresponding to for 10% and 2% 
probabilities of exceedance in 50 years (P(Sa > aj, t =50 years). Thus, spectrum acceleration value is calculated 
for the annual exceedance probabilities of 0.0021 and 
0.0004 for each 91 periods.  
The simulated spectrum is then calibrated with the so-
called code-based generated spectrum (Wu and Wen, 
1989). DLH code based spectrum is usually used as a 
target spectrum in dynamic analysis being carried out in 
this region. The results are given in Figure 5 with the 
generated spectrums by D1, D2 and D3 earthquake 
levels, which are conforming to the related outcomes. 

 

 

Figure 5. Uniform Hazard Response Spectrum- 
Engineering Rock Level (UHRS-İZMİR) 

 
The results at different hazard levels are generally close 
to each other. This indicates a close relationship by the 
two methods, which serves a basic standpoint for us for 
further studies and development of site-specific ground 
motions. 
 
2.5 Selecting and Scaling Time Histories 
Earthquake records were selected from the PEER (2010) 
ground motion database in accordance with the 
characteristics of active faults in the region so that they 
represent target DLH D1, D2 and D3 acceleration spectra. 
Soil profiles with varying thickness and features were 
used in the analyses. These are; the engineering rock 
level (Vs>=760 m/sn).  
The quantitative measure used to evaluate how well a 
time series conforms to the target spectrum is the mean 
squared error (MSE) of the difference between the 
spectral accelerations of the record and the target 
spectrum, computed using the logarithms of spectral 
period and spectral acceleration.  
The mean squared error – MSE - between the target 
spectrum and the response spectrum of a recorded time 
series is computed in terms of the difference in the natural 
logarithm of spectral acceleration. The period range from 
0.01 second to 10 seconds is subdivided into a large 

number of points equally-spaced in ln (period, Ti) (100 
points/log cycle, therefore 301 points from 0.01 second to 
10 seconds, end points included) and the target and 
record response spectra are interpolated to provide 
spectral accelerations at each period,   
 𝑀𝑆𝐸 = ∑ 𝑊(𝑇𝑖){ln[𝑆𝐴ℎ𝑒𝑑𝑒𝑓(𝑇𝑖)]−ln[𝑓𝑥𝑆𝐴𝑘𝑎𝑦𝚤𝑡(𝑇𝑖)]}^2İ ∑ 𝑤(𝑇𝑖)𝑖        [10] 

 
The parameter f is the linear scale factor applied to the 
time history. W (Ti) is the linear weight factor that will be 
applied to different periods, which is generally taken is 
w(ti) = 1. 
Each earthquake record is scaled with a single scale 
factor (f). It is determined from the selected records to 
minimize the difference between spectral accelerations 
and target values for a specified period range. In these 
circumstances, f can be defined as below: 𝑙𝑛𝑓 = ∑ 𝑤(𝑇𝑖)𝑙𝑛 (𝑆𝐴ℎ𝑒𝑑𝑒𝑓(𝑇𝑖)𝑆𝐴𝑘𝑎𝑦𝚤𝑡(𝑇𝑖) )𝑖 ∑ 𝑤(𝑇𝑖)𝑖     [11] 

The records selected from PEER database were listed 
based on the magnitude, fault mechanism, distance and 
time considerations. The selected and scaled earthquake 
records are given in table 1 below. 
 
Table 1.  Selected Earthquake Records  
 

 
 
3 SITE RESPONSE ANALYSES 

 
Site response analysis methods can be classified by the 
domain in which calculations are performed (frequency 
domain or time domain), the sophistication of the 
constitutive model employed (linear, equivalent linear, 
and/or nonlinear), whether effects of pore water  pressure 
generation are neglected or not (total stress and effective 
stress analyses, respectively), and the dimensionality of 
the space in which analysis is performed (1-D, quasi 2-D, 
2-D, and 3-D). Other considerations in classifying site 
response analysis methods include modeling of cyclic 
reduction and degradation in a total-stress mode. 
The ground response analyses were performed using the 
equivalent-linear viscous-elastic code EERA and the finite 
element (FEA) code PLAXIS 2D. 
The code EERA is software, which is in spreadsheet 
format and has the ability to include unlimited dynamic 
soil models in soil response calculations by one-
dimensional linear equivalent method. A damped linear 
elastic model and equivalent linear analyses are used to 
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demonstrate the non-linear behavior of the soil layers. 
The stress–strain properties of the soils are instructed by 
use of the relationships expressing the change of shear 
modulus and damping with the shear strain level.  
Modulus reduction curve G/G0 and variation of damping 
ratio D with shear strain level were defined according to 
typical results reported in the literature (J.P.Bardet et.al., 
2010) as a function of IP (Fig. 6). 

 
Figure 6. Modulus Reduction Curve G/G0 and variation of 
damping ratio D with shear strain adopted in EERA  
 
Plaxis software is used for the finite element analysis. The 
program can be solved with the finite element analysis 
and can be used in a variety of different cases. 15 noded 
triangular elements are used in the program. The finite 
element model used in the analysis can be seen in Figure 
7. The system width is 400 m; height is 80 m. The 
calculated earthquake width/depth ratio is d/h=5, which is 
an acceptable way. 
 
 

 
Figure 7. Finite Element Model used in the analysis 
 
The soil profile consists of 300-350 meter depth alluvial 
soil profiles. The 80 meter depth of soil profile is taken 
into account in the analysis. The earthquake waves are 
transferred to 80 meter level by the equivalent linear soil 
program called the EERA program. 
Newton-Raphson methodology is followed for the solution 
of static finite element methods. Improved Newmark 
methodology is solved in the dynamic analysis. The 
nonlinear analysis are performed with the equal spaced 
time solutions. Mü + Cu̇ + Ku =  −Müg                     [12] 

 

In the above equation [M], [C] and [K] are mass, damping 
and rigidity matrices respectively. {u}, {u̇} and {ü} are the 
displacement, velocity and acceleration matrices for the 

mass M body. The stiffness matrix is used in the material 
soil model and defines the soil nonlinear behaviour. 
The amount of viscous damping is typically selected such 
that the sum of hysteric and viscous damping is equal to 
the total damping measured for the given soil type. The 
boundary conditions adopted for the static stages are 
standart ones: nodes at the bottom are fixed in horizontal 
and vertical directions, while those along the lateral sides 
were only fixed in the horizontal direction. İn the dynamic 
analysis, the bottom of the mesh was assumed to be rigid 
and the lateral sides were characterized by the viscous 
boundaries proposed by Lysmer and Kuhlmeyer. 
 
3.1 Case Study and Analysis Results  
Acceleration time histories were recorded at strong 
ground motion stations located in different parts of Izmir 
during the 8 January 2013 ML=6.2 Bozcaada earthquake 
(Kandilli Obseratory). The stations and the peak ground 
accelerations are given in Table 2.  
 
Table 2. Recorded Earthquake Records – 2013 Bozcaada 
Earthquake  

  PGA (m/s2) 

İzmirNET 
Recording Station NS EW 

Bayindirlik 0,043 0,041 

Bayrakli 0,016 0,014 

Urla 0,023 0,024 

Balcova 0,022 0,025 

Pinarbaşı 0,013 0,013 

Yesilyurt 0,016 0,017 

Kaynaklar 0,012 0,009 

Mavisehir 0,043 0,05 

 
To calibrate the finite element model (FEA), the 
earhquake record from the Yesilyurt station will be further 
used as an engineering rock record with the Bayındır 
station with a 300-350 meter deep alluvion (Figure 8).  

 
Figure 8. Model and Methodology Used in the analysis 
 
The comparison of the selected time history from the 
surface and the rock outcrop is given in figure 9. In this 
figure a comparison with the nonlinear methodology and 
the one-dimensional site response methodology with the 
real record is given. 
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As the selected time histories are from the lateral 
recording stations, not the vertical arrays, a full conformity 
cannot be expected. The results are also based on the 
success of the choice of control motions (Stewart v.d., 
2008). The distance of the control motions also have 
some effect on the final agreement of the results.  

  

 

Figure 9. Comparison of Bayindir record Model and 
Methodology Used in the analysis 
 
Idriss (1993), in his study with two different source 
motions having different distances, shows the different 
spectral values. In far away motions, the recorded high 
frequency components vanish away easily than the low 
frequency effects. 
After calibrating the finite element model and the one-
dimensional modal with the real record, in the context of 
the analysis, one-dimensional and two-dimensional 
analysis were also compared with the selected and scaled 
time histories gathered from the uniform hazard response 
spectrum. The response spectrum and the time histories 
gathered from one and two-dimensional analyses are 
given in the figure 10 below. 

 
Northridge Records 

 
Lome-Priata Earthquake 
Figure 10. Comparison of 1D-2D results 
 
Finn et.al. (1978) compared site response analysis using 
3 different program (2 of them is nonlinear and 1 of them 
is linear Figure 11). The results by two nonlinear analyses 
are almost the same but Shake gives larger shear stress. 

 
Figure 11. Comparison and related studies by Finn et.al. 
(1978) 
Generally, equivalent linear analysis has a tendency to 
give larger peak acceleration and shear stress under 
large earthquakes, and lower amplification in high 
frequency range. The reason of the latter phenomena is 
resulting from the damping ratio evaluated from the 
effective strain which is too large for small amplitude (high 
cycle) vibration. This effect becomes predominant under 
small to medium earthquake, resulting in smaller 
acceleration.  



 

 

The maximum shear stress values are seen to be 
unrealistically higher than the compared finite element 
results (Figure 12). 

 
Figure 12. Shear stress comparison in equivalent linear 
analysis and nonlinear analysis 
 
As can be seen in figure 13, the stress-strain curve of an 
equivalent linear analysis is the line OAC, in which case, 
the maximum stress at point C is unrealistically higher 
than that of the point B. This point clearly gives the reason 
why the equivalent linear analysis gives larger shear 
stress than the nonlinear analysis. The larger acceleration 
values of the program SHAKE begin to appear as the 
nonlinear behavior becomes predominant. 

 
Figure 13. Shear stress comparison in equivalent linear 
analysis and nonlinear analysis (Yoshida et.al., 2002) 
 
4 CONCLUSION 
 
Site-specific ground response analysis is becoming to be 
widely used in projects under soft-soil conditions. The 
embedded procedures and methodologies are detailed in 
this paper. A random vibration theory is used for 
generating uniform response spectrum for the project site. 
The response spectrum is then compared with the code-
based target spectrum. Time history ground motions are 
then selected and scaled based on the generated hazard 
spectrum.  
Site-specific ground response analysis is performed with 
the selected and scaled time histories. The calculations 
are performed using both one-dimensional and two-
dimensional analysis, therefore comparing the equivalent 
linear and nonlinear material models and different solution 
strategies. It is seen that, one of the important issues in 
specifying site-specific input design motion is to account 
for nonlinearity in site response, which is dependent on 
expected earthquake source and existing site 
characteristics. The effect of nonlinearity is to reduce the 

amount of amplification. This phenomenon is due to the 
increase in hysteretic damping and degradation and 
softening in soils with strain level and accumulation.  
It is believed that as strain increases, an increasingly 
hysteretic character of the stress-strain relationship in 
soils causes this phenomenon.  At low strains, that is for 
the weak ground motion accompanying small 
earthquakes, the relationship is essentially linear and the 
amplification due to sediments is well understood in terms 
of linear elasticity, but for strong ground motions such as 
large earthquakes there has been always a debate on the 
associated amplification. 
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