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Abstract This paper presents a simulation of three components of near-field ground
shaking recorded during the main shock at three stations of the September 16, 1978, Tabas
(M, = 7.4), Iran, earthquake, close to the causative fault. A hybrid method composed of a
discrete wavenumber method developed by Bouchon (Bouchon in Bull Seismol Soc Am
71:959-971, 1981; Cotton and Coutant in Geophys J Int 128:676-688, 1997) and a
stochastic finite-fault modeling based on a dynamic corner frequency proposed by
Motazedian and Atkinson (Bull Seismol Soc Am 95:995-1010, 2005), modified by
Assatourians and Atkinson (Bull Seismol Soc Am 97:935-1949, 2007), is used for gen-
erating the seismograms at low (0.1-1.0 Hz) and high frequencies (1.0-20.0 Hz),
respectively. The results are validated by comparing the simulated peak acceleration, peak
velocity, peak displacement, Arias intensity, the integral of velocity squared, Fourier
spectrum and acceleration response spectrum on a frequency-by-frequency basis, the shape
of the normalized integrals of acceleration and velocity squared, and the cross-correlation
with the observed time-series data. Each characteristic is compared on a scale from 0 to 10,
with 10 being perfect agreement. Also, the results are validated by comparing the simu-
lated ground motions with the modified Mercalli intensity observations reported by
reconnaissance teams and showed reasonable agreement. The results of the present study
imply that the damage distribution pattern of the 1978 Tabas earthquake can be explained
by the source directivity effect.
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1 Introduction

The Iranian plateau is composed of various seismotectonic regions that can be separated
according to their specific characteristics. Tabas is located in the Khorasan part of the
Central Iranian seismotectonic province. This zone is bounded to the southwest and
northeast by the two “Marginal Active Folded Belts” of “Zagros” and “Koppeh Dagh.”
Unlike the two areas, central Iran is not a linear seismic zone. It is characterized by
scattered seismic activity with large magnitudes and long recurrence periods, together with
seismic gaps, along several recent Quaternary faults. The shocks in central Iran are gen-
erally shallow and usually involve associated surface breakage (Berberian 1976; Berberian
et al. 1979).

A comprehensive seismic hazard and seismicity assessment for Tabas is difficult due to
lack of historical data (data recorded before the nineteenth century) in this region. In fact,
no evidence accounts for observing seismic damage in or around Tabas over the past 11
centuries (Berberian 1979a). Lack of destructive earthquakes or observing no significant
seismic damage in Tabas or its vicinity since the seventh century can be attributed to three
factors including poor communication with the rest of the country, lack of sufficient
historical seismic data or the essence of earthquakes in Iran’s central seismic zone that are
generally large magnitude events with long return periods (Berberian 1976).

As another indication of observing no seismic damage in Tabas, Berberian (1979a)
refers to historical monuments that were built in this city in the eleventh century which
have remained undamaged until the devastating earthquake of 1978. Approximately a year
prior to this catastrophic event, the earthquake of September 26, 1977, struck the city of
Tabas. Berberian (1979a) believes that in addition to two other earthquakes, this earth-
quake may represent the long-term seismic precursor of the catastrophic event of 1978.
Figure 1 illustrates some information about the three seismic events that occurred prior to
the Tabas major earthquake. These events caused seismic damages to local areas close to
Tabas city (Berberian 1976).

The earthquake of September 16, 1978, occurred at 15:35:56 UT, in the Khorasan
province of east-central Iran with an estimated moment magnitude of about 7.4. The
earthquake occurred due to a unilaterally propagating complex rupture process on a thrust
fault system. Using a kinematically consistent deformation model, which weight geologic
and geodetic data in a rigorous manner to estimate fault slip rates, Khodaverdian et al.
(2015) have proposed a low slip rate of ~1.1 mm for the Tabas fault. At the obtained
value, the empirical relationships linking the average displacements with earthquake
magnitude (Wells and Coppersmith 1994) results that the recurrence time of large earth-
quakes is around more than 2000 years (no aseismic deformation). The imprints of rupture
of four (and possibly five) asperities (sub-faults) have been identified on the recorded
accelerograms (Sarkar et al. 2005). This earthquake devastated the town of Tabas with
more than 80 percent loss of its population, and severely damaged over 90 outlying
villages with distances up to 80 km from Tabas city (Shoja-Taheri and Anderson 1988).
The total death toll has been estimated to exceed 15,000 (Berberian 1979a; Mohajer-Ashjai
and Nowroozi 1979).
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Fig. 1 Geographical scope of the simulation. The color scheme reflects topography, with the color green
denoting low elevation and the color brown denoting mountains. The red triangles represent the three near-
fault stations at which the simulations are realized. The surface projection of the Tabas model is also shown,
as well as the approximate location of the fault traces. The fault plane is divided into 351 sub-faults. The
magenta squares demonstrate a few twentieth-century earthquakes which caused some local damage in the
vicinity of Tabas before the earthquake of September 16, 1978, Tabas (Berberian 1979a, b) and the
background seismicity of the region (4 <M < 6.5). The three red asterisks illustrate various estimates of the
Tabas hypocentral locations, based on regional networks and teleseismic recordings

The Tabas earthquake is significant, not only because of its great destruction, but also
because of the unique collection of strong-motion records produced by this earthquake.
These strong-motion records represent one of the most complete set of accelerograms for a
shallow, intraplate, thrust earthquake with magnitude greater than 7 (Hartzell and Mendoza
1991).

In addition, some of the ground-motion records (GMRs) from Tabas earthquake can be
classified as near-field records. The near-fault effects can be considerably different from
far-field effects. The first earthquake with a near-fault effect that was of interest to engi-
neers and seismologists was the 1971 San Fernando California earthquake. The issue of
near-field earthquakes gained more attention among scientists after the Northridge earth-
quake of 1994 (Beresnev and Atkinson 1998b) and Hyogo-Ken Nanbu earthquake of 1995
(Furumura and Koketsu 1998) since these earthquakes provided valuable information
about structural performance of engineered structures in the near-fault zone.

As a reasonable deduction, earthquakes with characteristics akin to the Tabas earth-
quake are rare. However, for studying the structural behavior of buildings during the Tabas
earthquake, we need a set of GMRs to perform linear/nonlinear dynamic analyses.
Unfortunately, like many other regions in the world, Iran’s central seismic zone faces the
problem of lack of sufficient GMRs. To overcome this issue and make up the required
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number of GMRs, seismic building codes such as ASCE, 7-2005, allow implementing
appropriate simulated GMRs.

The main objective of the present study is to provide appropriate simulated GMRs from
the Tabas earthquake to make the way forward for retrofitting existing structures and
development of empirical fragility functions.

According to Hartzell and Mendoza (1991), “eleven SMA-1 strong-motion instruments
were triggered by the Tabas earthquake in the distance range of 3-350 km from the surface
rupture, their peak accelerations ranging from nearly 0.01-0.95 g. Of these sites, three are
close enough to have sufficient amplitude to make them usable in a waveform inversion
study. These three stations are Tabas, Dayhook, and Boshrooyeh.” Therefore, we simu-
lated Tabas earthquake at the Tabas, Dayhook and Boshrooyeh stations using the hybrid
approach. Their locations are indicated in Fig. 1.

For this purpose, the grid search method is applied to increase similarity between the
three simulated components (L, T and V) of ground shaking and observed data. The
computer software AXITRA and EXSIM12 are used for synthesizing seismograms at low
and high frequencies, respectively. Zafarani et al. (2012, 2013) used this method to sim-
ulate ground-motions from possible earthquake scenarios in the greater Tehran region. In
the simulation procedure, the accepted criterion of the goodness-of-fit of synthetic seis-
mograms is Anderson’s criteria (Anderson 2004).

2 Simulation method
2.1 Synthesizing seismograms at low and high frequencies

In order to simulate broadband ground-motion time histories in the near field, one should
synthetize both low- and high-frequency components of ground motions. It is a common
procedure to synthetize low frequencies (0.1-1.0 Hz) with the deterministic approach.
Nonetheless, random features of high-frequency ranges (1.0-20.0 Hz) cannot be modeled
within a deterministic framework. Hartzell et al. (1999) have emphasized the applicability
of the hybrid approach as the most suitable method for calculating ground motions in the
near field of a finite fault over a wide frequency range from 0.1 to 20 Hz. Therefore, we
used a hybrid method to combine the deterministic simulation of the low frequencies with a
stochastic simulation of the high frequencies to synthetize broadband ground-motion time
histories. In this study, the transition frequency between high- and low-frequency portions
is set at 1.0 Hz. Moreover, detailed information regarding simulation of low- and high-
frequency components of ground motions is provided in the next few sections.

2.2 Low-frequency components (f < 1.0 Hz)

The three-dimensional (3-D) wave propagation may be considered to realistically model
the process of rupture propagation. However, by assuming a 3-D model, we cannot
accurately apply this approach for the Tabas region since sufficient information on the soil
structure mechanical characteristics and the active dynamic fault systems in the study
region is not available. Therefore, we assumed a one-dimensional (1-D) layer for the
earth’s crust. This assumption makes the problem of wave propagation much easier to be
dealt with. In this study, a discrete wavenumber/finite-element method implemented in the
AXITRA code (Bouchon 2003) is used to simulate ground motions at low frequencies. The
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discrete wavenumber method is one of the most useful methods to verify the accuracy of
other methods like finite-difference, finite-element, and ray methods, mode summation or
pseudo-spectral techniques.

2.3 High-frequency components (f > 1.0 Hz)

Many seismologists and engineers worldwide have already used the stochastic finite-fault
method in their scientific endeavors. This method is a generalization and extension of the
simple stochastic method of Boore (1983). The simple stochastic method has been widely
used for simulating and predicting earthquake ground motions for engineering purposes. In
the stochastic finite-fault method, a large fault can be divided into small sub-faults so as to
consider each unit as a point source. Further information related to the basic idea behind
this method could be found in Hartzell (1978) and Kanamori and Stewart (1978). Beresnev
and Atkinson (1997) and Silva et al. (1990) used the stochastic finite-fault method, with the
use of stochastic Green’s functions for generating high-frequency components of ground
motion. The stochastic finite-fault method was first implemented in the computer code
FINSIM in 1998 (Beresnev and Atkinson 1998a), and since then, it has been modified
several times and widely used in different regions (e.g. Chopra et al. 2012a, b; Yalcinkaya
et al. 2012; Zafarani et al. 2009, 2015). The computer code EXSIM presented by
Motazedian and Atkinson (2005) has significantly improved FINSIM by eliminating the
conceptual deficiency of the FINSIM. EXSIM is a FORTRAN-based open-source program
that generates time series of earthquake GMRs using the stochastic finite-source simulation
algorithm. The newer version of EXSIM, i.e., STRESSSIM, was then developed by
Assatourians and Atkinson (2007) to consider the effect of non-uniform stress distribution
on the fault by combining the stochastic finite-fault method with an inversion algorithm.
STRESSSIM has been successfully applied for deriving the stress-drop distribution of
three California earthquakes (Assatourians and Atkinson 2010). EXSIM was eventually
upgraded by Karen Assatourians and Gail Atkinson, in May 2012 to incorporate the
improvements suggested by Boore (2009). The latest version of EXSIM is known as
EXSIM12. EXSIMI12 is a stochastic finite-fault algorithm to generate acceleration time
histories for specified earthquake fault rupture scenarios, where the ruptures are specified
by a few simple metrics such as earthquake magnitude and distance. This program provides
users with options to include more detailed information on fault geometry and slip, or net
propagation effects. In EXSIM12, by defining the hypocenter as well as rupture velocity on
the fault, and supposing radial propagation from the hypocenter and appropriate triggering
time for each sub-event, it is possible to construct the total motion at each point as the sum
of the contribution from all sub-events.

2.4 Combination of low- and high-frequency components

In the time domain, low frequencies are combined with high frequencies, resulting in the
broadband seismogram that spans the entire frequency range of interest (e.g., Mai and Beroza
2003). Using the scheme defined in Eq. 1, the time traces calculated by the two techniques are
reconciled at intermediate frequencies where their domain of validity overlaps:

BB(1) = F~'[WLE(f)] + F~' [waHF(f)] (1)

where BB is the broadband spectrum and LF and HF are the low- and high-frequency
spectra, respectively. F~! indicates the inverse Fourier transform; and wy and wy, are two
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smoothed frequency-dependent weighting functions. The two signals are weighted in the
transition band such that at each frequency the weighting functions add up to unity. Using
1 Hz as a transition between high- and low-frequency components is well established, see,
e.g., (Bielak et al. 2010; Ameri et al. 2012; Olsen et al. 2006). This is generally
attributable to the maximum resolved frequency of coherent motions around this value.
This constraint is to a large extent due to the low resolution of velocity and crustal models.
The complexity and inconsistency of high-frequency wavefields generated by the rupture
propagation process also has an effect on the fault plane.

3 Source geometry of the Tabas fault
3.1 Hypocenter

The Tabas active fault was a thrust at the base of a series of low foothills made up to
Neogene clay deposits which separate the Shotori fold-thrust mountain belt (in the east)
from the Tabas compressional depression (in the west) (Fig. 1) (Berberian 1982)
Various estimates of the Tabas hypocentral locations, based on regional networks [e.g.,
Atomic Energy Organization of Iran (AEOI) and Bulletin of the Seismographic Network of
Mashhad University (BSNMU)] and teleseismic recordings [e.g., National Earthquake
Information Center (NEIC) and International Seismological Centre (ISC)], are available
(Berberian 1982; Engdahl et al. 1998; Hartzell and Mendoza 1991) (see Fig. 1).

3.2 Strike, dip and rake and fault dimensions

To this date, various strike, dip and rake values have been reported for the Tabas earth-
quake using several methods listed in Table 1. All the studies except Walker et al. (2003)
propose relatively the same values for the mentioned parameters. The result given by
Hartzell and Mendoza (1991) based on forward modeling of WWSSN P waves was used in
this study, and accordingly, the strike, dip and initial rake angle are assumed to have values
of 330°, 25° and 110°, respectively.

The length and width of the Tabas fault plane were estimated as 85 and 25 km
respectively, based on the empirical relationship developed by Wells and Coppersmith
(1994). These values are consistent with the findings of Berberian (1979a) and Berberian
et al. (1979) (length = 85 km; width =23 km) and Walker et al. (2003)
(Iength = 90 km). Here, following Hartzell and Mendoza (1991), the fault length and fault
width are assumed equal to 95 and 45 km in turn. Hartzell and Mendoza (1991) have
selected these values for dimensions of the Tabas fault based on three main factors, namely
observed ruptured area, geometrical spreading of aftershocks and forward modeling of
WWSSN P waves.

4 Simulation parameters
Fourier spectral amplitudes of high-frequency components of strong earthquake ground

acceleration are a function of source, path and site effects which can be expressed as
follows:
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Y(Mo, R, f) = E(My, f) - P(R, f) - G(f) - I(f) (2)

where Y (M, r, f) is the total spectrum of the motion at a site; E(My, f), P(R, f), G(f) and
I(f) are source, path, site and type of motion, respectively, and M is the seismic moment
(Boore 2003). Important parameters for simulation of high- and low-frequency components
are described below.

4.1 Site and path effects

Path effect in Boore (2003) is expressed as follows:

—nfR
PR,f):ZR)exp( ) (3

( ( O(f)co )
Z(R) is a geometrical spreading function used for path effect attenuation. This factor is
adopted from Hassani et al. (2011) who have proposed the following equation to describe
geometrical spreading based on the average depth of the Moho in the east-central region of
Iran:

R! for R<60 km

Z(R) = = R is the h 1di 4
(R) {(R.60) 05 for R>60 km (R is the hypocentral distance) (4)

O(f) = 15197 is a S-wave attenuation which is also adopted from Hassani et al. (2011).
In order to obtain the Q function, Hassani et al. (2011) utilized the generalized inversions
of S-wave amplitude spectra and verified the results with similar studies. Meanwhile, ¢y is
the seismic velocity used in the determination of Q(f).

Site effect has been calculated based on the H/V method [see Motazedian (2006) for
details]. Figure 2 shows the calculated values for east-central Iran in comparison with the

Site effect

m— Present Model (Rock)
== Present Model (Soil) '\_
—%— ZS12(Rock) A
® 7S12(Soil) v
—¥— Scal2 (Rock) M
------- Seal2 (Soil)

10° 10'
Frequency (Hz)

Fig. 2 Results of the present study for the site effect of central Iran in comparison with the results of other
models. Zafarani and Soghrat (2012), ZS12; Soghrat et al. (2012), Seal2
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previous studies for Zagros and northern Iran (Zafarani and Soghrat 2012; Soghrat et al.
2012).

4.2 Velocity and density model

One of the parameters for low-frequency component simulation is a 1-D crustal velocity
model. This model is adopted from Berberian (1982). Berberian (1982) has selected
velocity structure based on existing geologic data and a process of minimizing aftershock
location residual errors. The P-wave and S-wave velocity profiles according to Berberian
(1982) are listed in Table 2.

After determination of the velocity profile, we defined the density model based on the
empirical rule proposed by Brocher (2005) as follows:

p = 1.6612 Vp — 0.4721 V3 + 0.0671 V3 — 0.0043 Vg + 0.000106 V3 (5)

In Eq. 4, p is density in g/cm3 and Vp is the P-wave velocity in km/s. Then, the P-wave
velocity can be substituted into Eq. 4 to calculate the density and construct a 1-D layered
model. In this research, slip distribution (Fig. 3) and stress drop, the other two important
parameters are optimized by grid search methods.

4.3 Source parameters

Source effect based on Boore (2003) can be expressed as follows:
E(M07f) :C'S(M07f)'D(fvfmax) (6)

where C is a constant, S is the displacement source spectrum and D(f,fmax) = [l +

(f/ fmax)zs]_l/ % is the rapid decay of acceleration spectral levels beyond a frequency finax,
while a number of researchers presented this parameter in another form. In the current
research, we considered the relation proposed by Anderson and Hough (1984):

D(f,k) = exp(—nfxo) (7)

where K is the diminution parameter or zero-distance kappa factor. Already, generalized
inversion of the S-wave amplitude spectra from the strong-motion data in the East-Central
Iran has been used (Hassani et al. 2011) to estimate simultaneously source parameters, site
response and the S-wave attenuation factor. They estimated a stress drop of 45 bars for the
Tabas earthquake. According to previous studies performed in the Iranian plateau, kappa
for horizontal and vertical components is considered to be equal to 0.05 and 0.02 in turn
(Hassani et al. 2011).

Table 2 S- and P-wave velocity

a a o b 3
in addition to estimated densities Depth (km) vp (km/s) vs (km/s) Density” (g/em’)
for different values of depth

3 1.7 2.23

2 53 2.8 2.59

24 6 3.6 2.72

43 6.8 3.9 2.92

» Based on Berbeti 108 44 8 4.7 3.30
ased on Berberian ( ) 50 3 48 3.30

® Based on Brocher (2005)
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Fig. 3 Spatial distribution of the slip on the Tabas fault (slip distribution contoured in meters)

4.4 Sub-faults

In this paper, the fault plane is divided up into 351 sub-faults. These dimensions are a result
of fitting 27 sub-faults along the strike of the fault and 13 sub-faults down the dip. Figure 1
illustrates that sub-faults have squared shapes with sides of about 3.5 km.

4.5 Rise time

To estimate rise time from empirical relations, we need to know the value of the seismic
moment. Hartzell and Mendoza (1991) have determined the seismic moment for five slip
models that are all based on triangular and Kostrov source time functions [see Table 1 in
Saikia (1994) for more details]. In this paper, we calculated seismic moment from the
Box car source time function since this function presents better results than other functions.

The seismic moment (M) is needed to calculate the amount of Rise time (7,) (Hanks
and Kanamori 1979):

log Mo = 1.5My, + 16.1""=* My = 1.58 x 107 (8)

Between T, and M,, there are two empirical relationships (Silva et al. 1997; Somerville
et al. 1999):

3 Mo=1.58x10%
—

T, =2.03 x 107° x MY/ T,=237s (9)

— 27
log (T;) = 0.33 log (Mo) — 8.54" 251" 1 — 2735 (10)

As the above equations are empirical, several rise times have been imported in the
simulation and results were compared with recorded strong-motion data of the Tabas
earthquake. The resulted 7, from simulation (7, = 3.2s) which has a better compliance
with recorded strong motion was selected (Table 3).

Finally, important modeling parameters are summarized and listed in Table 4.
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Table 3 Average of Anderson criteria for several rise times that have been imported in the simulation

T. (s) Average of Anderson’s criteria Average

Tabas FN Tabas FP  Boshrooyeh FN  Boshrooyeh FP  Dayhook FN  Dayhook FP

1 2.8 1.6 1.9 1.4 2.6 1.9 2.0
2 4.9 2.8 5.7 4.7 6.9 5.1 5.0
3 6.2 59 6.3 5.4 7.6 73 6.4
4 7.0 7.5 5.6 5.4 6.9 72 6.6
35 6.8 6.7 52 5.6 72 75 6.5
32 7.9 8.2 73 6.3 8.2 7.1 75

FN fault normal, FP fault parallel

Table 4 Input modelling parameters for the Tabas earthquake simulation

Parameters/items Values and references

Length of fault 95 km (Hartzell and Mendoza 1991)

Width of fault 45 km (Hartzell and Mendoza 1991)

M, 7.4 (Sarkar et al. 2005)

Fault orientation (strike, dip, rake angle) 330°, 25°, 125° (Hartzell and Mendoza 1991 and
this study)

Near-surface attenuation: xy , Ky 0.05, 0.02 s (Hassani et al. 2011)

Anelastic attenuation O(f) = 151f%75 (Hassani et al. 2011)

Site effects Hy e~ (this study)

T, 3.2 s (this study)

Number of sub-faults 27 x 13 = 351 (this study)

Slip distribution Grid search method (this study) (see Fig. 3)

Stress drop Grid search method (this study) (Ae = 150 bar)

Stress_ref 70 bar

Vi 0.8 V

Source time function Ramp function

Type of window Saragoni—Hart

5 Strong-motion data and validation criteria
5.1 Correction of the recorded ground motions

The three components of the acceleration, velocity and displacement ground motion of the
Tabas earthquake time histories recorded by the Tabas, Dayhook and Boshrooyeh stations
are shown in Fig. 4. An interesting point about the Tabas station record is the location of
the velocity pulse. The pulse in this time history occurs closer to the middle, while this
pulse typically occurs at the beginning of the record. In addition, acceleration pulse in this
record is not highlighted (Yaghmaei-Sabegh and Tsang 2011). The strong-motion data
have been recorded on the Kinemetrics SMA-1 Analogue Strong-Motion Accelerographs
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Fig. 4 Acceleration, velocity and displacement time histories of 1978 Tabas earthquake recorded at the
Tabas station (L, V, T components)
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Fig. 5 Acceleration, velocity and displacement time histories of 1978 Tabas earthquake recorded at the
Dayhook station (L, V, T components)

of the Iranian Strong-Motion Network (ISMN) of the Building and Housing Research
Center (BHRC).

As shown in Figs. 4, 5 and 6, similar to the 24 major earthquakes of Iran examined by
Zafarani et al. (2008), ground shakings of the Tabas earthquake are contaminated by
ambient or instrumental noise. All acceleration time histories of the 24 major earthquakes
of Iran with M, > 7.0 were obtained by analog instruments of the Road, Housing & Urban
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Fig. 6 Acceleration, velocity and displacement time histories of 1978 Tabas earthquake recorded at the
Boshrooyeh station (L, V, T components)

Development Research Center of Iran (BHRC). Using the conventional filtering method,
only three out of 27 records of Tabas (Hartzell and Mendoza 1991) and 15 out of 68
records of Manjil (1990, M,, = 7.1) (Niazi and Bozorgnia 1992) earthquakes have been
corrected and other important records of these events remained useless, due to the math-
ematical limitations of the method (Ansari et al. 2010). To fix this problem, the useful
nonlinear and adaptive de-noising method (i.e., wavelet de-noising method) have been
used here.

In this paper, we used the modified wavelet de-noising method proposed by Ansari et al.
(2007) to remove non-stationary and high-energy noise from time histories of the Tabas
earthquake. The modified wavelet de-noising method is a two-step method that initially
applies the correction to acceleration time histories and then removes the noise of mod-
erate- and low-frequency components by applying the correction to velocity time histories.
Figures 7, 8 and 9 show corrected time histories recorded at the Tabas, Dayhook and
Boshrooyeh stations.

In addition, for a comparison between recorded and simulated time histories of Tabas
earthquake, the recorded time histories were rotated by a simple vector rotation method, as
introduced by Somerville et al. (1997), to the fault-normal and fault-parallel directions, as

shown in Figs. 7, 8 and 9.
5.2 Validation criteria

The results of simulation were validated by comparing the simulated shape of the nor-
malized integrals of acceleration (C1) and velocity (C2) squared, the Arias intensity (C3),
the integral of velocity squared (C4), the peak acceleration (C5), peak velocity (C6), peak
displacement (C7), acceleration response spectrum (C8) on a frequency-by-frequency
basis, the Fourier spectrum (C9) and the cross-correlation (C10) with the observed time-
series data (Anderson 2004).
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Fig. 7 Acceleration, velocity and displacement time histories of the 1978 Tabas earthquake corrected by
the modified wavelet de-noising method proposed by Ansari et al. and rotated using a simple vector rotation
method, as introduced by Somerville et al. (1997) at the Tabas station (fault-normal, fault-parallel and
Z-direction components) (large velocity pulses in the fault-normal component of Tabas station are clearly
obvious)

Anderson (2004) has compared each characteristic on a scale from 0 to 10, where a
score of 10 means a perfect agreement. He has averaged scores for each parameter to yield
an overall quality of fit. Scores in ranges of 0—4, 4-6, 6-8 and 8-10 represent poor, fair,
good and excellent fit, respectively.

As mentione above, here slip distribution (Fig. 3) and stress drop, the other two
important parameters are optimized by grid search methods.

6 Results
6.1 Simulated ground motions in the Tabas earthquake

In this study, a hybrid method is used to combine the deterministic simulation of the low
frequencies with a stochastic simulation of the high frequencies for synthetizing broadband
ground-motion time histories.

In Table 5, near-field accelerograph station data of the Tabas earthquake are represented
(Shoja-Taheri and Anderson 1988). Also, the location of these stations is illustrated in
Fig. 1.

The performance of the hybrid method is demonstrated in Figs. 10, 11 and 12, where it
is compared the broadband simulated and recorded acceleration and velocity time histories
in the Tabas, Dayhook and Boshrooyeh stations, respectively. Meanwhile, the right part of
these figures demonstrated the Anderson’s coefficient (CMEAN). CMEAN is the mean of
C1-C9. C10 was dismissed because of the most difficult of all of the parameters to achieve
a high score (Anderson 2004). The results of the Anderson’s coefficient in the Tabas,
Dayhook and Boshrooyeh stations indicated an excellent and good fit. In most cases, the
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«Fig. 8 Acceleration, velocity and displacement time histories of the 1978 Tabas earthquake corrected by
the modified wavelet de-noising method proposed by Ansari et al. and rotated using the simple vector
rotation method, as introduced by Somerville et al. (1997) at the Dayhook station (fault-normal, fault-
parallel and Z-direction components)
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Fig. 9 Acceleration, velocity and displacement time histories of the 1978 Tabas earthquake corrected by
the modified wavelet de-noising method proposed by Ansari et al. and rotated using simple vector rotation
method, as introduced by Somerville et al. (1997) at the Boshrooyeh station (fault-normal, fault-parallel and

Z-direction components)

Table 5 Near-field accelerograph station data from the Tabas earthquake (Shoja-Taheri and Anderson

1988)
No. Station name Latitude (°N) Component orientation PGA (cm/s?) PGV (cm/s)
Longitude (°E)
1 Tabas 33.60 N74E (L) 867.0 100.0
56.92 UP (V) 732.0 375
N16W (T) 911.0 111.6
2 Dayhook 33.30 N8OW (L) 366.0 20.6
57.52 UP (V) 185.0 11.7
S10W (T) 393.0 24.7
3 Boshrooyeh 33.88 N79E (L) 104.0 134
57.43 UP (V) 76.0 13.8
N11IW (T) 84.0 15.6

peak values of acceleration, velocity and displacement are well matched. The average
Anderson’s coefficient for each site is listed in Table 6.

The corresponding 5% damped response spectra are also compared. The three com-
ponents of near-field ground shaking recorded and simulated at the Tabas, Dayhook and
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Fig. 10 Tllustration of the broadband simulated acceleration and velocity time histories with those of the
observed data and Anderson’s coefficient at the Tabas station (fault-normal, fault-parallel and Z-direction
components)
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Fig. 11 TIllustration of the broadband simulated acceleration and velocity time histories with those of the
observed data and Anderson’s coefficient at the Dayhook station (fault-normal, fault-parallel and Z-direction
components)

Boshrooyeh stations are plotted in Figs. 13, 14 and 15. In Fig. 13, pseudo-acceleration
response spectra are plotted. It is shown that the simulation results are broadly compatible
with the observed time histories. Also, pseudo-velocity and displacement response spectra
are illustrated in Figs. 14 and 15.
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Fig. 12 Illustration of the broadband simulated acceleration and velocity time histories with those of the
observed data and Anderson’s coefficient at the Boshrooyeh station (fault-normal, fault-parallel and
Z-direction components)

Table 6 Anderson’s coefficient of the three stations of the Tabas earthquake time histories for our model
and the Hartzell and Mendoza (1991) model

No. Station Components Anderson’s Quality Average of Anderson’s  Overall
name coefficient of fit coefficient quality of fit
1 Tabas Fault 7.89 Good 8.04 & 6.67° Excellent
normal
Fault 8.16 Excellent
parallel
Z-direction  8.06 Excellent
2 Dayhook Fault 8.25 Excellent 7.63 & 6.1.6" Good
normal
Fault 7.10 Good
parallel
Z-direction  7.54 Good
3 Boshrooyeh Fault 7.27 Excellent 6.73 & 2.63" Good
normal
Fault 6.36 Good
parallel
Z-direction  6.56 Good

? Average of Anderson’s coefficient for the Hartzell and Mendoza (1991) model

@ Springer



Nat Hazards

Tabas Station

Dayhook Station

Boshrooyeh Station

s, (@

0.8

0.6

0.4

0.2

0 2 4 6 8 10

0
6 8 10

4

3

C
© 2

®

1

2
15
1
0.5
0

0.8

0.6

0.4

0.2

o

2
15
1
0.5
0
0
0

o

3

c
© 2
(]

1

2
1.5
1
0.5
0

DA&C&\
0
0.8
0.6
0.4
0.2
0

o

0 2 4
0 2 4 6 8 10
Period (s)

2 4
2 4 6 8 10
0 2 4 6 8 10

Period (s)

2 4
2 4 6

0 2 4 6

Period (s)

Fig. 13 Tllustration of the broadband recorded and simulated pseudo-acceleration response spectra (5%
damped) based on a hybrid low-frequency/high-frequency approach for three components of the Tabas,
Dayhook and Boshrooyeh stations (fault-normal, fault-parallel and Z-direction components)
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Fig. 14 Illustration of the broadband recorded and simulated pseudo-velocity response spectra (5%
damped) based on a hybrid low-frequency/high-frequency approach for three components of the Tabas,
Dayhook and Boshrooyeh stations (fault-normal, fault-parallel and Z-direction components)
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Boshrooyeh stations (fault-normal, fault-parallel and Z-direction components)

6.2 Validation by comparing the simulated ground motions with the Modified
Merecalli Intensity (MMI)

After finding optimal parameters, especially slip distribution and stress drop, for the
simulation of the Tabas earthquake and verification of these parameters, the simulated
ground motions are compared with the Modified Mercalli Intensity observations.

By using parameters obtained from the hybrid method, simulation was performed for 17
towns and villages. To compare the simulated motions for these villages, the correlation
equation of seismic intensity scales with the PGAs and PGVs (Egs. 11, 12) proposed by
Wald et al. (1999) is employed.

Inm = 3.66 1og(PGA) — 1.66 (11)
Im = 3.47 10g(PGV) +2.35 (12)

It should be considered that the equations proposed by Wald et al. (1999) have been
used in different seismotectonic regions, e.g., India (Hough et al. 2002), that is, an
intraplate region and China (Wang and Zhou 2006). There is some doubt regarding the
application of these equations (Wald et al. 1999) to an intraplate region as was mentioned
by Hough et al. (2002):

“One must also consider the possibility that a PGA-MMI relationship determined for
earthquakes in California is not appropriate for an intraplate region. In particular, it has
been suggested that, by virtue of having a higher average stress drop, intraplate ground
motions might be characterized by a higher level of high-frequency energy and therefore
be more damaging (to some types of structures especially) than those from comparable
earthquakes in interplate regions.”
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However, since both the California and Iranian plateaus have similar interplate regimes,
the uncertainty is low. This is due to the fact that the PGA—MMI relationships have greater
dependency on earthquake type than on construction type.

Berberian (1979b) reported the level of intensity on the Modified Mercalli Intensity
Scale by presenting an intensity map (see figure 1 in Berberian 1979b) based on earth
effects and observed effects on the towns and villages around the epicenter of Tabas
earthquake. Table 7 illustrates the observed intensity of some stations near the epicenter
based on the Berberian (1979b) report. The simulated seismic intensity associated with the
simulated PGAs and PGVs for the 17 towns and villages around the epicenter of Tabas
earthquake is also listed in Table 7. The comparison shows generally good agreement
between simulated and observed intensity at most of the stations.

Table 7 Seismic intensity for 17 towns and villages around the epicenter of the Tabas earthquake, asso-
ciated with the observed damages and simulated PGAs and PGVs according to Berberian (1979a, b)
observation and hybrid simulation method, respectively

No. Station Latitude Longitude I, (Eq. 11) Ium (Eq. 12) Intensity in MMI
name (°N) (°E) (Wald et al. (Wald et al. (Berberian 1979b)
1999) 1999)
Nastanj 33.98 56.63 VII- VII- VI-
2 Shirgesht 34.00 56.83 VI VIII VI-
3 Deh 34.00 56.98 viI VII VI-
mohamad
4 Robat-e 33.95 56.80 VII VIII VI+
Dahaneh
5 Boshrooyeh  33.87 57.43 VI VI VI-
Bisheh 33.81 56.54 VI+ VII+ VI+
7 Khaneh 33.65 56.66 VII VII- VII-
Rokni
Tabas 33.60 56.93 IX- IX- IX-X
Robat-e 33.50 57.64 VI+ VI VI-
Chah
Gonbad
10 Mardonshah 33.46 56.63 VII- VII- VII-
11 Dayhook 33.29 57.51 VII+ viI VII-
12 Howz-e 33.30 56.66 VII- VI+ VII-
Surji
13 Chah-e Ali  33.16 56.56 V+ VI VI+
Asghar
14 H.Haji 33.08 57.23 VIII+ VII+ VII+
15  Dehno 33.01 57.68 VI+ VI VI-
Fakhrabad
16  Righabad 33.02 56.99 VII- VII- VII-
17  Chesmeh 33.02 56.93 VII- VI+ VII-
Rostam
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7 Summary and conclusion

This paper was allocated to simulating three components of near-field ground shaking
recorded during the main shock at Tabas, Dayhook and Boshrooyeh stations of the
September 16, 1978, Tabas (M,, = 7.4), Iran, earthquake, close to the causative fault. The
Tabas earthquake is significant, not only because of the great destruction it caused, but also
because of the unique collection of strong-motion records it produced. A 1-D crustal
velocity model for the region has been employed, and broadband strong motions for such
scenarios from a hybrid method composed of the discrete wavenumber method developed
by Bouchon (Bouchon 1981; Cotton and Coutant 1997) and a stochastic modeling tech-
nique proposed by Beresnev and Atkinson (1997, 1998a, b) for finite faults, modified by
Assatourians and Atkinson (2007) are used for generating seismograms at low
(0.1-1.0 Hz) and high frequencies (1.0-20.0 Hz), respectively. Computations are linear
and performed at bedrock level, thereby not taking any effect of local geological conditions
into account. An additional uncertainty that has not been considered is potential basin
effects. The results of the simulations performed in the present study indicate that the
estimated rise time of 3.2 s and rupture velocity of 0.8 V, are more reasonable values.

To calculate the slip distribution and stress drop, a grid search method is employed as a
tool for inversion solution of the problem aimed at minimizing the differences between the
recorded and simulated data in terms of the Anderson’s (2004) goodness-of-fit criteria. The
broadband simulated and recorded acceleration and velocity time histories have been
compared in three stations. The average Anderson coefficient for Tabas, Dayhook and
Boshrooyeh is 8.04, 7.63 and 6.73, respectively. The results of the Anderson’s coefficient
in the Tabas station indicate an excellent fit while in the Dayhook and Boshrooyeh sta-
tions they represent a good fit.

For removing the noise from the three stations of the Tabas earthquake time histories, a
modified two-step method proposed by Ansari et al. (2007) has been used. In addition, for
comparison between recorded and simulated time histories of Tabas, the recorded time
histories were rotated by a simple vector rotation method, as introduced by Somerville
et al. (1997), to the fault-normal and fault-parallel directions, as shown in Figs. 7, 8§ and 9.

Figures 13, 14 and 15 illustrate the recorded and simulated pseudo-acceleration,
pseudo-velocity and displacement response spectra (5% damped) of the parallel, normal
and Z-direction component of motions recorded at the Tabas, Dayhook and Boshrooyeh
stations that could accurately model near-field ground motion at both high- and low-
frequency ranges.

Finally, by using parameters obtained from the hybrid method, the simulation was
performed for 17 towns and villages around the epicenter of the Tabas earthquake. The
comparison between observed intensity of some stations near the epicenter based on the
Berberian (1979b) report and the simulated seismic intensity associated with the simulated
PGAs and PGVs for the 17 towns and villages around the epicenter of Tabas earthquake
shows generally good agreement at most of the stations.
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