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Abstract  Recent earthquake damage distributions 
have demonstrated that the influence of local geology on 
ground shaking is a significant factor in engineering seis-
mology. So, calculating the site effect is a priority to get 
a trustworthy assessment of the seismic risk for a loca-
tion, in addition to studying the local seismic sources. 
The signal amplitude can be amplified by this effect 
throughout a range of periods. The site effect has been 
calculated using a variety of computational and experi-
mental techniques, such as seismic noise measurements. 
In this study, to calculate the site effect, the analysis of 
accelerograms recorded by Iran’s strong motion network 
of the Road, Housing, and Urban Development Research 
Center was used. Here, 294 records from 63 stations 
were used to calculate the H/V (horizontal to vertical 
spectral ratio) curve as well as the near-surface high-
frequency attenuation parameter (κ0). The classification 
method is based on determining the peak period at each 
station. To examine site effect consideration, we use the 
hybrid method composed of the finite difference method 

for low frequencies (< 1 Hz) and a stochastic finite fault 
method for high-frequency radiation (> 1 Hz) to simulate 
an earthquake scenario on the Niavaran fault, which is 
located north of Tehran, Iran. According to the findings, 
different site classes cause spectral amplitude variations 
ranging from 11 to 28% at different periods (T = 0.2, 0.5, 
1.0, and 4.0 s).

Keywords  Site effect · Accelerogram · Inelastic 
attenuation factor · Near-surface attenuation · Tehran

1  Introduction

Recent earthquake damage distributions have demon-
strated that the influence of local geology on ground 
shaking is a significant factor in engineering seismol-
ogy. Different factors may influence how the Earth’s 
structure beneath the site affects ground motion (e.g., 
Safak 2001). The impedance contrast between the 
bedrock and the soft sedimentary cover is, in general, 
the main factor. The strength of the multi-reflection of 
waves at particular frequencies within the soft layer, 
which traps the wave energy within the layer, depends 
on the impedance contrast. Hence, calculating site 
effects is a priority to get a trustworthy assessment of 
the seismic hazard risk for a location, in addition to 
studying the local seismic source. The signal ampli-
tude can be amplified or de-amplified by site effects 
throughout a range of periods. To categorize the 
type of site in building codes like the Iranian seismic 
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design code (Standard No. 2800), surface geology, or 
time-averaged shear wave velocity in the first 30  m 
( Vs30 ) are frequently used (Table  1). But the ampli-
tude of the incoming seismic waves can be affected 
by much deeper layers than 30 m (up to 100 to 200 m, 
e.g., Lee et al. 1995).

Depending on the geometry and impedance con-
trast of the ground structure, site effects can vary 
from simple one-dimensional effects to complex 
three-dimensional effects. Only a few selected areas, 
such as the Los Angeles Basin and the Ashigara Val-
leys, where 3D geo-structural data has been collected, 
allow for the calculation of such effects (e.g., Olsen 
and Archuleta 1996; Pitarka et  al. 1994). However, 
even at these places, the predicted basin response 
has a maximum frequency of around 5 Hz, which is 
related to how well the geological structure is under-
stood over wavelengths of a few hundred meters 
(Fukushima et  al. 2007; Zhifeng 2022). In some 
cases, one-dimensional multiple reflection theory cal-
culations can be used to approximate the theoretical 
site amplification. But at every location, the expense 
of a deep borehole that reaches the bedrock could be 
significant. In the United States, an alternate metric 
for classifying soil conditions is the time-averaged 
shear wave velocity in the first 30 m (Table 2). VS30 
can offer more information than surficial geology 
data as the impedance effects up to a depth of 30 m 

are implicitly taken into account by VS30. However, 
to properly estimate the site response for a given site 
at different periods, a velocity profile that goes well 
beyond 30  m to the bedrock level should be devel-
oped and used to estimate the transfer function.

An alternate site classification system based 
on the site dominant period was first proposed by 
Kanai and Tanaka, (1961). The seismic design code 
for highway bridges in Japan uses this method, 
which is also described in Table 2. This classifica-
tion uses a mix of Vs30 and the depth of the soil lay-
ers rather than precisely following the Vs30 method. 
In this way, deep geological profiles and high shear 
wave velocities are mapped to the resonance fre-
quency, which is one benefit of this classification. 
A study using data from Japan (Zhao et  al. 2006) 
recommended four kinds of sites using this method. 
Since deep soil layers overlying hard rock amplify 
long-period motions, these authors chose this site 
classification over the conventional description 
based on VS30. In contrast, short periods are ampli-
fied by thin, soft soil layers. As Vs30 only reflects the 
shallowest portion of the geological profile, it may 
not necessarily indicate the natural period of the 
site. There are two benefits using a classification 
system based on the dominant period. The first is 
that the predicted ground motion amplitudes would 
include both deep geological effects as well as the 

Table 1   Site categories in the Iranian code of practice for the standard seismic resistant design of buildings, Standard No. 2800 
(Building and Housing Research Center 2014)

Group Constituent materials V
s30

I Igneous rocks, hard and stiff sedimentary rocks, and massive metamorphic rocks
Conglomerate beds, stiff soil with over 30 m in thickness

Vs30> 750

II Loose igneous rocks, friable sedimentary rocks, foliated metamorphic rocks, and Stiff soil with a thick-
ness of less than 30 m

375 < Vs30  < 750

III Rocks disintegrated by weathering, medium compaction soils, beds of gravel, and sand with medium 
intragranular cementation bonds

175 < Vs30  < 375

IV Soft and wet deposits resulted from high levels of water table, any kind of soil containing a 6-m high clay 
layer less than 175 with a cementation index over 20

Vs30< 175

Table 2   Site classification 
based on JRA, 1980 and its 
approximate equivalent in 
NEHRP site classification 
(BSSC 2000)

Site classes Site natural period (s) Vs30 NEHRP class

SC-I T < 0.2 s Vs30 > 600m∕s A + B
SC-II 0.2 s ≤ T < 0.4 s 300m∕s≤ Vs30 < 600m∕s C
SC-III 0.4 s ≤ T < 0.6 s 200m∕s≤ Vs30 < 300m∕s D
SC-IV T ≥ 0.6 s Vs30 < 200m∕s E
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site’s whole frequency content. In addition, meas-
urements of ambient noise or H/V spectral ratios 
on earthquake data can be used at several loca-
tions to determine the site’s dominant period (e.g., 
Bonnefoy-Claudet et  al. 2006). Additionally, Lus-
sou et  al. (2001) demonstrated that site classifica-
tion using a combination of the dominant period 
Vs30 and H/V decreased the standard deviation of 
the predicted motions when constructing empirical 
ground-motion prediction relationships for K-net 
data. Using average H/V response spectral ratios to 
categorize K-net sites, Zhao et al. (2006) accurately 
predicted local site effects while simultaneously 
lowering the model uncertainty. This method may 
be used with data categorized into generic catego-
ries like rock or soil. The H/V approach has grown 
in popularity despite being dependent on several 
assumptions because of how straightforward it is. 
This approach was used by Lermo and Chavez-Gar-
cia (1993) to analyze earthquake shear wave record-
ings. Then, Yamazaki and Ansary (1997) expanded 
this strategy to employ strong seismic acceleration 
data for various purposes, such as to assess contrib-
uting factors to site effects or site categorization. 
H/V has garnered a lot of interest since it is afford-
able, does not require a ground velocity model, and 
can be used for both minor and major earthquakes 
with only one seismograph. In the current investi-
gation, the seismographic stations were categorized 
based on the dominant period using the H/V ratio 
(Yamazaki and Ansary 1997).

According to the technical literature (Beresnev 
and Atkinson 1997 and its references), site effect 
estimates must take into account near-surface high-
frequency attenuation effects. Also, the characteri-
zation of high-frequency attenuation of acceleration 
ground motion has become an important compo-
nent of site-specific seismic hazard studies in recent 
years (e.g., Rodriguez-Marek et  al. 2014; Bard 
et  al. 2019). The ground acceleration spectrum at 
high frequencies diminishes exponentially with fre-
quency, according to the approach of Anderson and 
Hough (1984) (AH84):

Here, κ is estimated from the high-frequency part 
of the S-wave spectral acceleration domain above a 

(1)A(f , t) = A
0
e−�f�

certain corner frequency where the spectrum begins 
to decay rapidly ( fmax ) to the noise floor.

The AH84 technique uses this parameter as an arbi-
trary function of distance and proposes a linear relation-
ship between kappa and epicentral distance (Re):

in such a way that the distribution of κ tends towards 
limited values ( �

0
 , near-surface high-frequency atten-

uation parameter) as Re approaches zero, which is 
commonly considered as site effects.

2 � Tehran basin

Each of the numerous tectonic regions that make up 
the Iranian plateau has unique seismic, structural, 
and geodynamic properties. As a result, determin-
ing region-specific ground-motion attenuation is cru-
cial for understanding seismic hazards in Iran. For 
instance, Motaghi and Ghods (2012) investigated 
how attenuation parameters varied throughout the 
central Alborz Mountains. Zafarani et al. (2012) used 
generalized inversion of the S-wave amplitude spec-
tra to estimate simultaneously source parameters, 
site response, and S-wave attenuation in northern 
Iran. Alborz region is a seismotectonic province in 
northern Iran (Berberian 1976) that is very important 
from the seismological aspect due to the occurrence 
of large historical earthquakes and also for its geo-
graphical location hosting important cities of Iran, 
including Tehran as one of the world’s largest cities. 
The majority of the nation’s economic, social, indus-
trial, and political infrastructure has congregated 
in Tehran as a result of the city’s growth by several 
million residents and its growing importance as the 
nation’s capital.

Tehran covering an area of 1274 km2 at the south-
ern foot of the central Alborz Mountains (Fig. 1), had 
a population of about 8.7 million in the 2016 census 
(Statistical Center of Iran [SCI], 2016). The megac-
ity has historical earthquakes of large magnitude (pre-
1900) and is surrounded by several active faults in the 
north, south, east, southeast, and northwest, including 
faults in the inner city. The seismic risk has signifi-
cantly increased due to Tehran’s rapid urban growth 
since the 1980s. The likelihood of large-magnitude 
earthquakes in the city causing significant loss of 

(2)� = �
0
+ �RRe
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life, property destruction, and economic damage is 
very high (Berberian and Yeats 1999, 2001; JICA 
2000; Jackson 2006; Zarrineghbal et al. 2021). Since 
the strong motion data is sparse in Tehran, simula-
tion methods are the preferred approach for seismic 
hazard evaluation. In the following sections, we will 
examine the role of the site effect in the simulation 
results.

3 � Strong ground motion records and data 
processing

The acceleration data was collected by the Iran 
strong motion network of the Road, Housing, and 
Urban Development Research Center. This network 
started its activities since 1973 and at present it con-
sists of 1160 digital strong motion accelerographs. 
Most of the accelerograph units are concentrated in 
seismically active or densely populated and indus-
trialized areas. Here, 294 records from 63 stations 
in and around Tehran city were used to calculate the 
H/V curve as well as the near-surface high-frequency 
attenuation parameter (kappa). The majority of the 

accelerometers are SSA-2, which have a frequency 
response range of zero to 50 Hz and can be used for a 
wide range of applications. The sampling frequency 
of the records is 200  Hz. Figure  2 shows the loca-
tion of BHRC stations and Fig. 3 shows the studied 
earthquakes around Tehran and also stations with 
two records or more. The selected dataset consists 
of earthquakes in the magnitude range M2.5–6.5 
recorded at distances up to 200 km (Fig. 4).

Regarding the data processing, the steps are as 
follows: (1) baseline correction, (2) selection of the 
shear wave window, (3) applying a 5% cosine filter 
on each end of the signal, (4) using zero-padding to 
increase the number of signal samples to the next 
power of 2, (5) calculating the Fourier spectrum of 
the signal using the FFT algorithm, (6) band-pass fil-
tering based on signal to noise ratio, (7) Fourier spec-
trum smoothing with the Konno-Ohmachi method 
(be = 40). Note that, in step (6) to reduce the disper-
sion of the results and to improve the accuracy of 
the analysis results, we eliminate the records with an 
SNR of less than 5 dB in the 0.05–20 Hz frequency.

To isolate the S-wave window, we used the tech-
nique described in Sadeghi-Bagherabadi et al. (2020). 

Fig. 1   Topographic map of the central Alborz Mountains (north of Tehran) and northern Central Iran (south of Tehran). The border 
of the city, the historical seismicity (red stars), and the instrumental seismicity around Tehran (colored circles) are also shown
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The acceleration envelope is computed using the 
Hilbert transform of the records’ horizontal compo-
nents. As seen in Fig.  5, the envelope often grows 
as the S-wave arrives, and it begins to decay at the 
end of the direct S-wave window. To eliminate the 

coda wave, we selected the end of the S-wave win-
dow where the cumulative envelope function starts to 
decrease.

To determine the horizontal to the vertical ratio 
(H/V ratio), the signal Fourier amplitude spectrum 

Fig. 2   Tehran’s borders 
and locations of the BHRC 
stations. The thick red line 
shows Niavaran fault top 
border

Fig. 3   Distribution of the 
study earthquakes around 
Tehran (colored circles) and 
the BHRC stations with two 
records or more (colored 
triangles)
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of horizontal components was divided into the corre-
sponding vertical component, and its geometric mean 
was obtained for each record. Then, the H/V ratio for 
each station was calculated using the geometric mean, 
in accordance with the records kept at that station. 
The results of mean average H/V ratios and standard 
deviations at different stations are shown in Appendix 
Figure 18B. It is common to replace the site ampli-
fication by the H/V ratio (see Motazedian (2006) for 
details). So, the meaning of amplification here is the 
H/V ratio. Figure 6 shows the distribution of the max-
imum H/V (amplification) at each site and for four 
frequency ranges.

According to Japan Road Association (1980), the 
dominant period is less than 0.2  s for rock and stiff 
soil sites (SC-I), 0.2–0.4  s for hard soil sites (SC-
II), 0.4–0.6  s for medium soil sites (SC-III) and 
greater than or equal to 0.6 s for soft soil sites (SC-
IV) (Table  2). On the other hand, Zare et  al. 1999, 
Sinaeian 2006 and Ghasemi et  al. 2009, recom-
mended different ranges of fundamental periods at 
different site classes in Iran (Table 3). The identifica-
tion method suggested by Zhao et  al. (2004), which 
was based on a quadratic function fit to the H/V spec-
tral ratios at three samples around the peak, was used 
to ascertain the dominant period. As can be seen in 

Fig. 4   Magnitude-distance 
distribution of records

Fig. 5   Example accelerom-
eter data for three compo-
nents and the Cumulative 
Envelope Function (CEF) 
that was used to choose 
the direct S-wave window 
(Kinoshita 1994). P and 
S. wave arrival timings 
are indicated by solid and 
dashed green lines, respec-
tively. The red dashed line 
indicates where the S-wave 
window ends
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Fig. 7, the main periods in the various site types are 
within the limits provided by the Japan Road Associ-
ation (Japan Road Association 1980). So, the stations 
were divided into four categories based on the domi-
nant period. Figure  8 shows the average horizontal-
to-vertical Fourier amplitude ratio and standard devi-
ation at different periods for each site class.

According to Motazedian (2006), although the 
amount of amplification of the vertical component 
of the wave might be insignificant compared to 
the horizontal component, due to the presence of 
near-surface attenuation with a different amount 
of kappa in the two components, it is necessary to 
multiply the factor exp(−�v�f ) in the H /V ratio to 

Fig. 6   Amplification maps (H/V ratio) from BHRC stations showing the level of amplification at Tehran basin at four frequency 
ranges ([0.1 0.5], [0.5 1.0], [1.0 2.0], [2.0 5.0] Hz)

Table 3   Criteria defined 
by different studies for site 
classification in Iran

Zare et al. 1999 Sinaeian 2006 Ghasemi et al. 2009

Site classes Fundamental period (s) Fundamental period (s) Fundamental period (s)
SC-I T ≤ 0.06 T ≤ 0.12 T ≤ 0. 2
SC-II 0.06 < T ≤ 0.2 0.12 < T ≤ 0.2 0. 2 < T ≤ 0.25
SC-III 0.2 < T ≤ 0.5 0.2 < T ≤ 0.5 0.25 < T ≤ 0.5
SC-IV T > 0.5 T > 0.5



436	 J Seismol (2023) 27:429–453

1 3
Vol:. (1234567890)

derive an estimate of horizontal site effects. The 
slope of the smoothed acceleration Fourier spec-
trum amplitude plot on a logarithmic scale based 
on frequency on a linear scale at high frequencies, 
more than 5  Hz, was used in this work to calcu-
late the kappa coefficient for each record (Fig. 9). 
The slope was determined using the least squares 
approach. Figures  10 and 11 display the distribu-
tion of kappa factors estimated for the horizon-
tal and vertical components of all records against 

epicentral distance. As might be predicted, kappa 
is a distance-dependent characteristic since inelas-
tic attenuation depends on frequency.

The best fits for horizontal and vertical kappa are 
as follows:

where values in parentheses are standard errors of 
coefficients. Site effects amplitudes for the four afore-
mentioned categories are shown in Fig. 12. The com-
ponents of �

0
 and �r are listed in Table 4. The vertical 

�
0
 (~ 0.034) is substantially less than the horizontal 

one (~ 0.047), indicating that the near-site S-wave 
velocity structure has a far lower impact on the ver-
tical motion. Our findings marginally deviate from 
the values found in Motazedian (2006), but they are 
nevertheless consistent. A similar analysis was per-
formed by Motazedian (2006) for the Alborz Moun-
tains of northern Iran, where he determined vertical 
and horizontal �

0
 values of 0.029 and 0.05, respec-

tively. Zafarani et  al., (2012) estimated �
0
 values of 

0.02 and 0.05, for vertical and horizontal compo-
nents respectively, for the same area. Also, Davatgari 
Tafreshi et  al. (2022) estimated a value of 0.044 for 
horizontal kappa in Northern Iran.

(3)�h(s) = 0.000025(0.000061)r + 0.047(0.0042)

�v(s) = 0.000085(0.000056)r + 0.034(0.0038)

Fig. 7   Histogram of peak period from 294 records from 63 
stations

Fig. 8   (left) Average horizontal to vertical Fourier amplitude ratio (right) and corresponding standard deviations at different periods 
for each site class
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Fig. 9   Fourier amplitude spectrum of the longitudinal com-
ponent of strong ground acceleration recorded at Garm-
dareh station during the Baladeh earthquake of 28 May 2004 
(Mw = 6.3). Accelerograph was a digital SSA-2 recorder with 
a sampling rate of 200/s. (up) Log–log axes. (down) Linear-log 
axes. Here the kappa is estimated as 0.051 s

Fig. 10   Kappa distribution against epicentral distance for hor-
izontal component and its residuals

Fig. 11   Kappa distribution against epicentral distance for ver-
tical component and its residuals

Fig. 12   Average horizontal to vertical Fourier amplitude ratio 
with applied near-surface vertical attenuation
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4 � Taking site effect into account when simulating 
an earthquake

The signal amplitude can be amplified or de-
amplified by near-surface site effects at different 
periods, as was previously described. We simu-
lated an earthquake scenario on the Niavaran 
fault in the north of Tehran here to examine this 
effect. According to Abbassi and Farbod (2009), 
the Niavaran fault is a 45-km-long high-angle 
left-lateral strike-slip fault that dips to the north. 
The cutting of the Qt1 deposit on the detailed geo-
logical map seen on the fault’s western terminal 
is another indicator of its activity. In the present 
study, numerical simulations of a Mw = 7.0 earth-
quake rupture of the Niavaran fault are carried out 
through the finite difference method (f < 1.0  Hz). 
Then the stochastic finite fault method is used for 
quantifying ground motion values at higher fre-
quencies (1.0–20.0  Hz). Finally, the broadband 
simulation results are obtained by the approach of 
Mai and Beroza (2003).

4.1 � Synthesizing seismograms at low frequency 
(f < 1.0 Hz)

Three-dimensional wave propagation can be used 
to effectively represent the wave propagation due to 
the fault rupture process. Here, a horizontally lay-
ered crustal model (Table  5, Donner et  al. 2013) is 
assumed and a finite difference (FD) method imple-
mented in the FDSim3D code (Kristek and Moczo 
2014) is used (with no advantages relative to some 
other codes like Axitra) to simulate ground motion 
at low frequencies. Program FDSim3D is designed 
for the finite-difference (FD) simulation of seismic 
wave propagation and earthquake ground motion in 
3D local surface heterogeneous viscoelastic struc-
tures with a planar-free surface. The computational 
algorithm is based on the explicit heterogeneous FD 
scheme solving equations of motion for the heteroge-
neous viscoelastic medium with material interfaces. 
The velocity-stress FD scheme is 4th-order accurate in 
space and 2nd-order accurate in time. The scheme is 
constructed on a staggered finite-difference grid.

Table 4   Near-surface 
attenuation parameters �

0
 

and �R estimated from the 
high-frequency content 
of horizontal and vertical 
accelerograms and their 
comparison with previously 
published results

� = �
0
+ �

R
� Component Reference Region

�
0

�R

0.047 0.000025 Horizontal This study Tehran
0.034 0.000085 Vertical
0.044 0.000137 Davatgari Tafreshi et al. 2022 Northern Iran
0.05 0.0001 Horizontal Zafarani et al. 2012
0.02 0.0002 Vertical
0.05 - Horizontal Motazedian 2006
0.029 0.0002 Vertical

Table 5   The adopted 
velocity-density structure 
used in our simulation 
(Donner et al. 2013)

Top of layer 
(km)

vp(km∕s) vs(km∕s)
vp

vs
 Ratio

Density 

(

gr

cm3

)

Qp Qs

0 4.60 2.69 1.71 2.41 580 300
3 5.40 3.16 1.71 2.58 580 300
8 5.94 3.29 1.81 2.69 580 300
14 6.33 3.49 1.81 2.80 580 300
18 6.53 3.57 1.83 2.86 580 300
48 8.07 4.16 1.94 3.33 973 404
80 8.10 4.18 1.94 3.40 973 404
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The rupture velocity on the fault has been assumed 
equal to 2800 m/s, or about 80% of the VS value of 
the fourth crustal layer, where the hypocenters are 
likely to be located. The overall model dimensions 
are 75 km × 94 km × 50 km. The final mesh consists 
of grids with a size of about 500  m and can propa-
gate waves with frequencies up to 1.25  Hz. To take 
into account the fault’s finiteness and heterogeneity, 
the fault is divided into a number of subfaults with 
uniform slip distribution on them. Also, the isosceles 
triangle with a base of duration Tr is used as the slip 
velocity function. The following empirical relation-
ship has been proposed by Somerville et  al. (1999) 
between the value of Tr and the seismic moment of 
the target earthquake, M0:

which yields a rise time of 1.43  s for an M7.0 
earthquake.

4.2 � Synthesizing seismograms at high‑frequency 
(f > 1.0 Hz)

For synthesizing a high-frequency seismogram, we 
use the EXSIM program. This program is an open-
source stochastic extended finite-source simulation 
algorithm, written in FORTRAN, that generates time 
series of ground motion for earthquakes (Motazedian 

(4)Tr = 2.0 × 10
−9 ×M

1∕3

0

and Atkinson 2005; Boore 2009; Assatourians and 
Atkinson 2012). The earthquake’s fault surface is 
divided up into a grid of subsources by EXSIM 
so that the ground-motion modeling can take into 
account the finite-fault effects (such as faulting geom-
etry, distributed rupture, and rupture inhomogene-
ity). Time series from the sub-sources are modelled 
using the point-source stochastic model developed by 
Boore (19832003) and popularized by the Stochastic-
Method SIMulation (SMSIM) computer code (Boore 
2003, 2005). The stochastic point-source model 
makes the assumption that the source process is 
focused at a point and that the acceleration time series 
that are radiated to a site contain both random and 
deterministic components of ground motion shak-
ing. The average Fourier spectrum, which is given 
as a function of distance and magnitude, defines 
the deterministic aspects. The stochastic aspects are 
handled by modeling the motions as Gaussian noise 
with the chosen underlying spectrum. The source 
term (defined by the Fourier spectrum at the source 
by seismic moment and stress parameter) is mul-
tiplied by the path term (defined by elastic attenua-
tion and geometrical spreading) and the site term 
(crustal amplification and near-surface attenuation) 
to produce the underlying deterministic spectrum. In 
addition, EXSIM makes use of the dynamic corner 
frequency concept (Motazedian and Atkinson 2005), 
which describes how a rupture starts out with a high 

Table 6   Summary of 
important model parameters 
for the Niavaran fault 
stochastic seismic scenario

Parameter Value Reference

Strike, dip 265°, 70° Abbassi and Farbod (2009)
Magnitude 7.0 (Mw) -
Fault plane length and width 45, 20 (Km) Abbassi and Farbod (2009)
Stress drop ( Δ�) 50 (bar) Zafarani et al. 2009
Subfault size 2 × 2 (Km) -
Shear wave velocity ( �) 3.5 (Km/s) Zafarani et al. 2009
Density ( �) 2.8 (kg/m3) Zafarani et al. 2009
kv 0.034 This study
Quality factor Q(f ) = 101f 0.8 Zafarani et al. 2012
Geometric spreading R−1(R ≤ 70)

R0.2(75 ≤ R ≤ 150)

R−0.1(R > 150)

Motazedian 2006

Pulsing area percentage 50% Motazedian and Atkinson 2005
Rupture velocity 0.8 Shear wave velocity Motazedian and Atkinson 2005
Window function Saragoni-Hart -
Path duration 0.1R -
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corner frequency and gradually decreases as the rup-
tured area expands. Because of this, the simulation 
results are relatively insensitive to sub-source size. 
The sum of the source duration and the path dura-
tion determines the duration of motion for each sub-
source. The time series from the sub-sources are then 
added in the time domain with a normalization factor 
and suitable time delays for rupture front propagation. 
This would produce a complete seismic signal at a 
site of interest.

Proper plane modeling, fault dimension, and 
source parameters are crucial elements in stochastic 
finite fault simulation. In Table 6, a summary of the 
significant model parameters is provided. Accord-
ing to previous studies (Abbassi and Farbod 2009; 
Arian et al. 2012), the fault’s strike and dip are 265° 
and 70°, respectively. The Niavaran Fault lacks large 
instrumentally recorded earthquakes, which makes 
it difficult to estimate stress drop accurately. In this 
investigation, the value of stress drop is taken to be 
50 bars. This matches the value suggested by Zafarani 
et al. (2009). The quality factor used in this study was 
derived from Zafarani et  al., (2012). They proposed 
the form of Q(f ) = 101f 0.8 for the earthquakes in the 
northern part of Iran. Based on data from the Kojour 
earthquake, Motazedian 2006, developed a trilinear 
geometric spreading function. Here, the same model 
is used. The percentage of pulsing area is considered 
50%; this means that during the rupture of subfaults, 
at most 50% of all subfaults are active and the remain-
ing are passive. This parameter is proposed by Mot-
azedian and Atkinson (2005), based on the concept of 
self-healing pulses given in Heaton (1990). Based on 
the given parameters, scenario time histories are sim-
ulated within a square grid cell with 2 × 2 km sizes for 
the whole of Tehran.

4.3 � Combination of low‑ and high‑frequency 
components

To obtain a broadband seismogram in the time 
domain, the low and high frequencies are combined 
to obtain recordings that cover the full range of fre-
quencies of interest (i.e., 0.1–20  Hz) (e.g., Mai and 
Beroza 2003). Using the scheme given in Eq.  5, 
the time traces computed by the two techniques are 
adapted at intermediate frequencies where their 
domain of validity overlaps:

where BB is the broadband signal in the time domain 
and LF and HF are the low- and high-frequency spec-
tra, respectively. F−1 indicates the inverse Fourier 
transform, and wl and wh are smoothed frequency-
dependent weighting functions. Both signals are 
weighted in the transition band so that, at each fre-
quency, the weighting functions are summed to be 
equal to unity. Using 1  Hz as a transition between 
high- and low-frequency components is well estab-
lished (see, e.g., Bielak et al. 2010; Ameri et al. 2012; 
Olsen et al. 2006.). This is generally attributed to the 
maximum resolved frequency of coherent motions 
around this value. This constraint is due to the low 
resolution of velocity and crustal models.

4.4 � Simulation result

Figures  13, 14, 15, and 16 show PSA maps from 
broadband simulation of scenario earthquakes on the 
Niavaran fault for different site classes at different 
periods: T = 0.2, 0.5, 1.0, and 4.0 s, respectively. Also, 
the maximum values of PSA are shown in Table 7. As 
can be seen in this table, different site classes cause 
between 11 and s%28 variability in response spec-
tra. Figure 17 shows the comparison of acceleration 
response spectra at four near-field sample receivers 
based on assumed model parameters of the Niavaran 
fault seismic scenario and one of the NGA-West2 
ground motion prediction equation (Boore et al. 2014, 
BSSA) for different site classes. This ground-motion 
prediction equation (GMPE) provides the computa-
tion of median peak ground motions and response 
spectra for shallow crustal earthquakes in active tec-
tonic regions. Note that the VS30 values for each site 
class are chosen by Shafiee and Azadi (2007).

5 � Discussion and conclusions

Recent earthquake damage distributions have demon-
strated that the influence of local geology on ground 
shaking is a significant factor in engineering seismol-
ogy. Surface geology and VS30 are the two site charac-
terization parameters that have been suggested by the 
Iranian seismic code (i.e., Standard No. 2800) for site 
classification. The Japan Road Association (1980) 

(5)BB(t) = F−1
[

wlLF(f )
]

+ F−1
[

wlHF(f )
]
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Fig. 13   Distribution of PSA (T = 0.2 s) based on assumed model parameters of the Niavaran fault seismic scenario for different site 
classes

Fig. 14   Distribution of PSA (T = 0.5 s) based on assumed model parameters of the Niavaran fault seismic scenario for different site 
classes
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Fig. 15   Distribution of PSA (T = 1.0 s) based on assumed model parameters of the Niavaran fault seismic scenario for different site 
classes

Fig. 16   Distribution of PSA (T = 4.0 s) based on assumed model parameters of the Niavaran fault seismic scenario for different site 
classes
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offered the site parameter of the natural period of the 
site as an alternative parameter, which was examined 
in this study using strong motion data in the Tehran 

basin. In the Tehran region, it seems a site classifi-
cation based on a mix of VS30 and the depth of the 
soil layers rather than precisely following the VS30 
method is a more efficient tool for taking into account 
the deep basin effects. In this way, deep geological 
profiles and high shear wave velocities are mapped to 
the resonance frequency, which is one benefit of this 
classification.

Another goal of this study is to show the spa-
tial distribution of the maximum site amplification 
for different spectral ordinates and its impact on 
simulation results. To replace the site amplifica-
tion with H/V, we need to calculate the kappa fac-
tor (for both horizontal and vertical components) 
in order to remove considerable near-surface 

Table 7   Maximum values of PSA at different periods: T = 0.2, 
0.5, 1.0, and 4.0 s

PSA (cm2)

Class 1 Class 2 Class 3 Class 4

Period (sec) Change (%)
0.2 443 470 473 425 11
0.5 552 639 692 595 25
1.0 310 347 392 399 28
4.0 087 093 099 105 20

Fig. 17   Comparison of acceleration response spectra at four 
near-field sample receivers based on assumed model param-
eters of the Niavaran fault seismic scenario and Boore et  al. 

(2014) GMPE for different site classes. The VS30 values for 
each site class are chosen from Shafiee and Azadi (2007)
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high-frequency attenuation of vertical components 
(Motazedian 2006). So, 294 processed accelero-
grams obtained from the 63 BHRC stations are 
used to estimate the corresponding site effects at 
the recording stations. The H/V ratio was obtained 
by calculating the signal Fourier amplitude spec-
trum and the kappa factors for the horizontal and 
vertical components from the slope of the high-
frequency part of the smoothed Fourier accelera-
tion amplitude spectrum. The value of �

0
 for hori-

zontal and vertical components are 0.047  s and 
0.034 s, respectively.

The findings demonstrate that the mean H/V 
curves for various site classes considerably differ 
from one another and take the form of the asso-
ciated mean H/V ratios. The resulting H/V peak 
periods for various site types in the Tehran region 
are within the limits provided by the Japan Road 
Association (Japan Road Association 1980).

Considering the fact that there is little informa-
tion on the deep basin layers in Tehran, this strat-
egy is excellent for classifying seismic site effects. 
However, the site categorization results are still in 
the early stages and additional research utilizing 

more geological and geotechnical data is required 
(e.g., surface geology, crosshole, and downhole 
shear wave velocities).

Moreover, because the outcomes of such 
approaches are closely tied to the number of strong 
motions recorded in the desired location, the 
method used in this paper should be utilized with 
caution. Moreover, taking to account the fact that 
the database is dominated by small to moderate 
events and most stations are located at a distance 
more than 20  km from the epicenter (see Fig.  4), 
we expect a low level of soil-nonlinearity effects 
(see also Mousavi et al. 2007).

For the purpose of exploring site effect consid-
eration, we use the hybrid method composed of 
the finite difference method for low frequencies 
(< 1  Hz) and a stochastic finite fault method for 
high-frequency radiation (> 1  Hz) to simulate an 
earthquake scenario on the Niavaran fault, which 
is located in the north of Tehran. As a result, dif-
ferent site classes cause between 11 and 28% vari-
ability in response spectral amplitudes at different 
periods (T = 0.2, 0.5, 1.0, and 4.0 s).
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Fig. 18   Mean average H/V ratios (black curves) and standard deviations (green area) at 63 stations
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Fig. 18   (continued)
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Fig. 18   (continued)
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Fig. 18   (continued)
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Fig. 18   (continued)
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