Bulletin of the Seismological Society of America, Vol. 109, No. 2, pp. 732-744, April 2019, doi: 10.1785/0120180139

A New Empirical Ground-Motion Model for Iran
by Z. Farajpour,” S. Pezeshk, and M. Zare

Abstract In this study, we developed a new ground-motion model (GMM) for
the 5% damped horizontal spectral accelerations using a newly developed database
of strong-motion records for Iran. The newly developed GMM includes peak ground
acceleration and 5% damped elastic pseudospectral acceleration ordinates of
0.01 s<T <4.0s. We used a database containing 1356 records from 208 events
up to 2013, with the moment magnitude range of 4.8 <M < 7.5, and the rupture dis-
tances or closest distance to the rupture plane Ryyp up to 400 km. The selected database
includes a variety of fault mechanisms, for example, strike slip, normal, and reverse. We
used Akaike and Bayesian information to determine the validity of the chosen regres-
sion model. We introduced random-effect coefficients in our mixed-effect regression
model to capture the regional variations among Zagros, Alborz—Azarbaijan, Kope
Dagh, and central east Iran and found no statistical variations among these regions.
As part of the developed GMMs, we included the nonlinear site effect using V g3 (aver-
age shear-wave velocity in the upper 30 m of soil profile). Distribution of residuals
obtained considering between-event, site-to-site, and event-station showed no discern-
able trends for the developed GMM. Furthermore, our proposed model is compared
with Kale et al. (2015), which has been a recent and well-established new generation
model for Iran and Turkey.

Electronic Supplement: Plots of site amplification factors versus peak ground
acceleration on rock (PGAg,.), variation of the between-event standard deviation 7,
site-to-site standard deviation ¢g,g, within-event single-site standard deviation ¢y,
total aleatory standard deviation as a function of period, variation of site amplification
factors with PGARg,y within Vg3, bins, and event-to-site, site-to-site, and between-
event residual versus distance as a function of Vg3, and M for PGA and 1 s spectral
accelerations, respectively.

Introduction

This study summarizes the development of a new
ground-motion model (GMM) for Iran. The Iranian plateau
is a region that has continuously experienced moderate-to-
large magnitude shallow earthquakes with focal depths less
than 35 km and has undeniable importance for earthquake
engineering studies. Furthermore, the Iranian plateau is
located within the Alpine—Himalayan belt, which is one of
the notable tectonically active regions in the world with
strike-slip and reverse faults of frequent moderate-to-large
earthquakes, with the northward Arabian plate moving
toward Eurasia.

In areas of high seismicity such as the Iranian plateau,
mathematical models are used to relate given ground-motion
intensity measures (GMIMs) such as peak ground acceleration
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(PGA) and 5% damped pseudospectral accelerations (PSAs),
to several seismological parameters of an earthquake such as
earthquake magnitude, source-to-site distance, style of fault-
ing (SOF), and local site conditions. The near-source GMMs
are of great importance in performing engineering applica-
tions. Ground motions in Iran are characterized by active
strike-slip and reverse faults, and various researchers have
divided the Iranian plateau into several tectonic regions based
on seismicity and geophysical characteristics. Currently, there
is no consensus among researchers on how to split the Iranian
plateau into various tectonic regions. Some authors proposed
simplified provinces (e.g., Stoklin, 1968; Takin, 1972;
Berberian, 1979; Chandra et al., 1979). Interestingly, a few
other researchers such as Nowroozi (1976) and Tavakoli and
Ghafory-Ashtiany (1999) divided Iran into more detailed tec-
tonic regions. Each region frequently has moderate-to-large
earthquakes, and in some cases, researchers prefer to present



A New Empirical Ground-Motion Model for Iran

the attenuation relationships or ground-motion prediction
equations (GMPEs) for each region separately.

In this study, we considered five major seismotectonic
regions based on all geophysical, geological, tectonic, and
earthquake data as proposed by Mirzaei et al (1998):
(1) Zagros is a continental—-continental collision zone of the
Arabian plate and central Iranian microcontinent; (2) Alborz—
Azarbaijan lies through north and northwest Iran and is part of
the Alpine—Himalayan seismic belt; (3) Kope Dagh is also a
segment of the Alpine—Himalayan seismic belt; (4) central-east
Iranisan intraplate subjected to the foregoing convergent zones;
and (5) anything not included in the above four identified
regions. Zare et al. (1999), Nowroozi (2005), Zare and
Sabzali (2006), and Ghasemi et al. (2009) considered a different
approach and grouped the tectonic regions and developed mod-
els individually for each subset. The final attenuation curves
presented by Zare et al. (1999) were similar for each region,
and the differences appear negligible given the estimated stan-
dard deviations of the relationships. Several researchers, such as
Zafarani et al. (2008), Soghrat et al. (2012), Zafarani and
Soghrat (2012), and Sedaghati and Pezeshk (2017) present a
GMM for specific regions with a homogenous tectonic regime.
Ghasemi et al. (2009) and Kotha et al. (2016) used the analysis
of the variance technique and determined that ground motions
from Alborz of central Iran and the Zagros regions can be com-
bined into one set. In this study, we introduced random-effect
coefficients in our functional form to investigate the effect of the
regional differences on our GMM.

In the last decade, most of the scholars have developed
regional GMMs using databases that are similar to regional
tectonic characterizations. Kale et al. (2015) present a GMM
for Turkey and Iran to investigate the possible regional
effects on ground-motion amplitudes in shallow active-
crustal earthquakes. They used a total of 670 Turkish and
528 Iranian accelerograms with depths down to 35 km to
estimate PGA, peak ground velocity, and 5% damped
PSA for a period range of 0.01 s < T <4 s. They considered
the moment magnitude domain between 4 and 8 and used
Joyner—Boore distances up to 200 km. Kale et al. (2015)
state that the ground-motion amplitudes of Turkey and Iran
have different characteristics than the ground-motion esti-
mates of GMMs developed from the strong-motion databases
of shallow active-crustal earthquakes from other countries.
Therefore, the focus of the present study is to develop a
new ground-motion prediction model using a recent compre-
hensive database compiled for Iran by Farajpour et al. (2018).

Historical Development of GMMs for Iran

There are few GMMs developed for the Iranian plateau
considering various databases, magnitude and distance type
and ranges, and various regions within the plateau. Ramazi
and Schenk (1994) developed the first empirical predictive
model for Iran to estimate PGA. They used two site conditions
for which they derived two separate equations, considering
events with focal depths between 10 and 69 km. Ramazi
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and Schenk (1994) used the hypocentral metric as a mean for
representing distance, which resulted in a poor fit for the
M 7.7 Rudbar (Manjil) earthquake (Douglas, 2004). This
model was followed by Zare ef al. (1999) to estimate PGA
considering 468 three-component well-recorded data (analog
and digital) using moment magnitudes M, hypocentral distan-
ces, and the SOF. Nowroozi (2005) developed GMPEs using a
database containing 279 entries from about 30 seismogenic
areas across Iran, and he estimated PGA for both horizontal
and vertical components. Nowroozi (2005) considered four
site categories, focal depths between 9 and 73 km, moment
magnitudes M, and epicentral distances Rgp;, from 2 km to
nearly 250 km. The Zare and Sabzali (2006) predictive model
was developed for the entire country. They used four site
classes based on the fundamental frequency and separated
records into four mechanisms (reverse, reverse/strike-slip,
strike-slip, and unknown). Their model is based on M and the
hypocentral distance Ryyp. The limitation of their equations is
the lack of near-field data. Ghasemi et al. (2009) proposed a
GMM to estimate PSA for Iran and west Eurasia from a large
dataset. Ghasemi et al. (2009) analyzed 716 three-component
accelerograms recorded during 200 earthquakes of M > 5. In
addition to the Iranian data, 177 three-component strong
ground motion records from west Eurasia and the Kobe earth-
quake data were analyzed to augment the Iranian dataset. This
study is followed by Sadeghi er al. (2010) and Saffari et al.
(2012) who proposed ground-motion predictive models for all
of Iran and Hamzehloo and Mahood (2012) for a specific zone
in Iran. The Saffari e al. (2012) model is applicable for differ-
ent faulting mechanisms, and its site functional form is in
terms of the shear-wave velocity of the top 30 m of soil Vg3.
The most recent common Iranian and Turkish GMMs were
developed by Kale er al. (2015), Sedaghati and Pezeshk
(2017), and Zafarani et al. (2017). Zafarani et al. (2017) devel-
oped empirical equations for the prediction of GMIMs using a
database of 1551 Iranian earthquakes. Sedaghati and Pezeshk
(2017) developed a set of GMPEs for Iran using the Iranian
Strong Motion Network (ISMN) data recorded by the
Building and Housing Research Center of Iran, and they used
a linear term to model site response using the top 30 m of soil
Vs30- A comprehensive list of historical GMMs developed for
the Iranian region and their specific descriptions and limita-
tions can be found in Sedaghati and Pezeshk (2017).

Selected Iranian Strong-Motion Databases and
Characteristics

The database used in this study is an integrated dataset of
shallow earthquake ground motions that occurred in Iran
(Farajpour et al., 2018). A total of 1356 three-component
strong-motion records are processed from 204 events in
Iran and 4 events in Turkey and Greece for moment magni-
tades M >4.8 and rupture distances Ryyp <400 km.
Unprocessed strong-motion records were obtained from the
ISMN. We processed 1288 three-component records obtained
from ISMN. The strong-motion data from Iran were collected
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from 1976 to 2013. The causative earthquake fault seismologi-
cal information is applied to gain engineering parameters
required for developing and employing a GMM. The strong-
motion database includes site geological characterization,
causative earthquake properties, fault geometry, focal mecha-
nism, and more than one type of the distance metrics, such as
the Rgpr, Ryyp, Rrup, and the Joyner—Boore distance R;g. For
each seismic source, the source characterization and relevant
earthquake scenarios (magnitude, dimension, and location) are
computed. Source characterization, such as down-dip rupture
width (W) and rupture area, are assumed to be rectangular, and
to describe the rupture dimension requires the rupture width
and length. To determine the fault geometry, the Wells and
Coppersmith (1994) and the Kaklamanos et al. (2011) proce-
dures were used for estimating the source characteristics
describing the fault-rupture plane: the fault dip (6), W, and
the depth-to-top of the rupture (Ztog).

The majority of stations in the ISMN, similar to other
networks, limited geotechnical information. Commonly, site
conditions are determined using the shear-wave velocity of
the topmost 30 m Vg3, as a variable in evaluation of empiri-
cal relationships to predict nonlinear (i.e., amplitude-depen-
dent) amplification factors for 5% damped response spectral
acceleration (SA). The Iranian sites measured Vg3, for 500
stations out of 1047 ISMN stations. The Wald et al. (2004)
and Wald and Allen (2007) approaches were used to classify
sites using the topographic slope as a proxy to V g3, where we
did not have measured data. A similar approach was used by
the Pacific Earthquake Engineering Research Center (PEER)
Next Generation Attenuation Phase 2 (NGA-West2;
Bozorgnia et al, 2014) and NGA-East to estimate Vg3
for sites where there are no measured data.

For this study, we used the Farajpour er al. (2018) data-
set. Farajpour er al. (2018) provide detailed information
regarding the data processing and features of the database
used in this study:

* 1356 three-component acceleration records are included;

* records are processed with the standard processing tech-

niques and checked to be of high quality;

500 stations in Iran measured Vg3;

records that do not have measured V g3 are given estimated

values using an inferred approach;

all records that are mainshocks and aftershock records are

excluded from the dataset;

only records with rupture distances less than 400 km are

included in the final 1356 dataset; and

* we considered 19 spectral periods: PGA, 0.04, 0.042,
0.044, 0.05, 0.075, 0.1, 0.15, 0.2, 0.26, 0.3, 0.4, 0.5,
0.75, 1, 1.5, 2, 3, and 4 s.

Functional Form of the GMM

Selecting an appropriate functional form is the important
step in developing and calibrating GMMs. The present study
concentrates on empirical predictive equations that were
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developed as part of the NGA-West2 project (Bozorgnia
et al., 2014) conducted by PEER. In particular, we started
a trial functional form similar to Campbell and Bozorgnia
(2013) that showed reasonable characterization of GMMs
for the Iranian plateau. We used the nonlinear mixed-effect
algorithm developed by Lindstrom and Bates (1990) and
employed in MATLAB (MathWorks Inc., 2017) with the
functions of “nlmefit” and “fitimematrix” (MathWorks Inc.,
2017), a main approach to calibrate coefficients. This study
also considered regional variations in the random-effect part
of the mixed-effect regressions as well. We compared Akaike
and Bayesian information criteria (AIC and BIC, respec-
tively) values and the logarithms of their likelihoods to find
an appropriate functional form that can best fit the data.
Al Atik et al. (2010) proposed the following nonlinear
regression model to represent a mixed-based GMPE:

In(Y) = f(Xe.0) + AB + AW, (1)

in which In(Y) is the natural logarithm of the observed
ground-motion parameter, f (X, 0) is the GMM, X, is a vec-
tor of independent variables including the earthquake magni-
tude and the source-to-site distance, and e and s subscripts
stand for an observation for earthquake e recorded at station
s, respectively. The parameter @ is a vector of fixed effects for
regression coefficients. AB is the between-event (interevents)
variability, which represents the difference between the aver-
age level of ground motion for an event and the expected level
for that event, and AW is the within-event (intraevents) vari-
ability, which represents the difference between the observed
ground motion and the median ground motion for a given
event (Abrahamson et al., 2014). The random effects and
the random error are normally distributed with zero means.
Based on the considerations discussed, we propose the follow-
ing functional form for this study:

ll’l(Y) = fsource + fpath + fsite + 5Be + 55525 + &, (2)

in which In(Y) is the natural logarithm of the GMIM of inter-
est (PGA and 5% damped PSAs in g). Following the Al Atik
et al. (2010) notation, 6B, and dg,¢ are random effects to
describe the between-event and site-to-site residuals. 6B, has
anormal distribution with zero mean and standard deviation of
7. o5 has a normal distribution with zero mean and standard
deviation of ¢gr5 (Al Atik et al., 2010). € is the event-site-
corrected residual having normal distribution with zero mean
and standard deviation of @g. fources Spa» and fie are the
source, the path, and the site functions, respectively. In the
following, we discuss each term in detail.
The source function is given by

Ssource = fmagnitude + fsor + fdip + fhypv (3)

in which the median GMM is based on the geometric mean
of the horizontal ground motions as a function of scaling
of ground motion with respect to earthquake magnitude
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S magnitude- Style of faulting fso, dip angle f4;,, and hypocen-
tral depth f1,,. In this study, we did not consider the hang-
ing-wall geometry. Each of these terms is discussed next.

Magnitude

The magnitude-scaling term includes a bilinear model
and a quadratic term. The magnitude term is defined as

71+ 2M-M,) +zz(M=M)*; M<M,
2+ 2M=M,) + (M -My)*; M>M,’

4)

in which M is the moment magnitude and M, is the hinge
magnitude fixed at 6.5, and z;—z4 are fixed-effect coeffi-
cients. In this study, magnitude domain in our database is
4.8 <M < 7.5. Abrahamson et al. (2014) had a similar func-
tional form, and they estimated the bilinear coefficients (z,
and z) for the PGA and then constrained them to be inde-
pendent of period to develop a smooth model as a function of
spectral period. We obtained all fixed-effect coefficients as a
function of period. Furthermore, a key feature of magnitude
scaling is the degree of saturation with magnitude at short
distances (Abrahamson et al., 2014). Magnitude saturation
represents the decreasing of ground motion with increasing
magnitude. We did not constrain the coefficient z, to be non-
negative to allow capturing the oversaturation effect with
magnitude if it exists in the dataset.

f magnitude = {

Geometric Attenuation

The path term is separated into two components, com-
monly referred to as geometric attenuation and anelastic
attenuation. However, the behaviors of both in distance
Rrup <80 km are the same. In this study, we separate the
effects of geometric attenuation to avoid a trade-off with ane-
lastic attenuation. Geometric attenuation models the ampli-
tude decay due to the expanding surface area of the
wavefront as it propagates away from the source. The geo-
metric attenuation term is defined as

fgeometric = (ZS + ZGM) ln( RZRUP + Z%) (5)

Ryup is the rupture distance, and zs, z¢, and z7 (fictitious
depth) are fixed-effect coefficients.

Style of Faulting

Kotha er al. (2016) and Sedaghati and Pezeshk (2017)
did not identify significant differences between strike-slip
and reverse mechanisms (p-values revealed that they are sta-
tistically insignificant). However, in this study, we included
an fgop term in the functional form as the following:

fsor = ¢csfrv + cofxm- (6)

fry is an indicator variable representing reverse and reverse-
oblique faulting, in which fry = 1 for 30° < A < 150° and
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frv = 0, otherwise. fyy is an indicator variable represent-
ing normal and normal-oblique faulting, in which fy = 1
for —150° < A < =30° and fyyv = O; otherwise. A similar
form was used by Campbell and Bozorgnia (2013).

Hypocentral Depth

We used a hypocentral depth term similar to the one pro-
posed by Campbell and Bozorgnia (2013). We used a hinge
magnitude point of 6.5 as shown by the data. Moreover, the
following form represents the hypocentral depth term:

fhyp = fhyp.Hfhyp,M

0, ZHYP <7
Shypr = {ZHYP =7, 7T <Zyyp <20
13, ZHYP > 20
Z10 + (Z11 - ZIO)(M - 6.5); M<65
fhyp,M = { ’ (7)
2115 M > 6.5

in which Zyyp (km) is the hypocentral depth of the
earthquake.

Rupture Dip

Commonly, the recordings from small magnitude earth-
quakes show a strong dependence on the dip of the rupture
plane (Campbell and Bozorgnia, 2013). The effect is cap-
tured by a rupture dip term and model coefficient z;,. We
defined the rupture dip term as

ZIZ(S; M < Mhl
fap =4 225.5-M)6; My <M<M;,., (8)
0; M > M,

in which M; = 4.0 and M;,, = 8.5 are hinge magnitude
points, and § (°) is the average dip of the rupture plane.

Anelastic Attenuation

As mentioned earlier, the path attenuation is separated
into two components, commonly referred to as geometric
attenuation and anelastic attenuation. The anelastic attenua-
tion models the amplitude decay due to the conversion of
elastic wave energy to heat and usually is found to be fre-
quency dependent. The ground-motion behavior beyond
80 km is strongly controlled by regional attenuation. The
anelastic attenuation term is defined as

For = {(213 — Az;3)(Rrup — 80);  Rryp > 80 (9)

atn 0; RRUP S 80 .

As there is a trade-off between the geometric spreading and
the anelastic attenuation terms because of the scatter of data,
we constrained the coefficient z;5 to be negative or zero. To
consider the regional differences, we used a random effect
represented by Az;s in our mixed-effect regression model.
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Table 1
Regression Coefficients z;—z9

T (s) 2 2 2 2 s 26 27 28 29
PGARoek 1.3532 0.5437 —0.1489 1.147 —0.739 —0.0582  11.8246  0.0965 0.0136

PGA 0.6755 0.362 —0.1889  1.0966 —-0.8165 —0.0189 6.1175  0.0829 0.0008
0.0400 0.9298 0.1165 —0.1944 1.0609 —1.0658 0.0052 6.9438  0.1049 0.0297
0.0420 0.9749 0.0967 —0.1905 1.0305 —1.1055 0.0103 7.0195 0.1063 0.02
0.0440 1.0408 0.1188 —0.1782 1.0308 —1.1043 0.0085 6.999 0.1131 0.0127
0.0500 1.2242 0.1259 -0.1679 1.0342 —-1.1286 0.0088 6.9802 0.1092 —0.0176
0.0750 1.66 0.0212  —0.192 0.9548 —1.181 0.0076 79789 0.14 -0.0747
0.1000 2.0911 0.0992 -0.2315 1.053 —0.9284  —0.0408 9.6673  0.1452  —0.0817
0.1500 2.0353 0.3265 —-0.2677 1.2345 -0.5399 —-0.0953 9.9547 0.1376  —-0.0854
0.2000 1.8916 0.6147 —-0.2189 1.2388 —-0.3386 —0.1172 99145 0.0752 -0.1339
0.2600 1.6678 0.5766  —0.2461 1.1239 -0.4767 —0.0882 9.3351 0.0653  -0.099
0.3000 1.528 0.5608 —0.2253 09742 -0.6159 -0.0625 8.5564  0.0598  —0.0667
0.4000 0.9768 04991 —-0.3047 1.0477 —-0.5605 —0.0564 7.2139  0.0329  -0.1425
0.5000 0.6189 0.2368 —0.4144 1.0003 -0.7503 —-0.0186 6.2354  0.006 -0.124
0.7500 —0.0155 0.0406 —0.5258 1.0279 -0.9273 0.0181 4.891 0.0135  —0.0489
1.0000 —-0.5112 -0.0313 -0.591 1.0189  —1.0528 0.0444 3.7002  0.0571  —0.0505
1.5000 —1.0965 0.0807 —0.5343 09274 -1.1721 0.0648 2.5564  0.1053  —-0.0635
2.0000 —-1.5241 -0.0773  -0.597 0.8714  —1.2985 0.0861 24747 0.1032 -0.101
3.0000 —1.9509 -0.033 —0.689 0.974 —1.1284 0.0588 2.5339 0.0619  -0.2605
4.0000 —2.1397 0.2709 —-0.6354 1.1372  -0.9529 0.0266 44598 0.0573  —0.4473

PGA, peak ground acceleration.

The random effect represents the differences among the five
regions discussed earlier. We analyzed residuals considering
random-effect regression to see if we obtain statistically sig-
nificant differences in the random-effect coefficient for the
five regions discussed earlier. The statistical analysis indi-
cated that there are no statistically significant differences
in a typical anelastic attenuation or Q with various regions.
Similar conclusions were made by Ghasemi e al. (2009),
Kotha et al. (2016), and Sedaghati and Pezeshk (2017).

Shallow Site Response

We followed the parametric model of the nonlinear
amplification factors that are functions of PGA on rock and
Vo proposed by Walling er al. (2008). Campbell and
Bozorgnia (2013) evaluated the model developed by
Kamai et al. (2013) that is a revised version of Walling et al.
(2008) using the Silva (2005) 1D simulations supplemented
by additional simulations for soft sites. Campbell and
Bozorgnia (2013) determined that Walling et al. (2008) fitted
their empirical data better. They used the Walling er al
(2008) approach to handle linear and nonlinear site responses
due to available data. Following Walling e al. (2008) and
Campbell and Bozorgnia (2013), we used the following
functional form for the site term:

fsile =
(214 + kon) ln(Vkao);
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in which PGARg,. (g) is the median predicted value of PGA
on rock, k; are period-dependent, theoretically constrained
model coefficients, ¢ = 1.88 and n = 1.18 are period-inde-
pendent, theoretically constrained model coefficients, and
714 1s a fixed-effect coefficient. The nonlinear site-term non-
linear model coefficients k;, k,, n, and ¢ by Silva (2005)
were used to constrain the functional form.

To determine PGARg,y, we first separated the database
and selected events that were recorded on stations with Vg3,
of 760 m/s and higher. We used a mixed-effect regression
and determined all regression coefficients and ignored the
site term. The regression coefficients for the PGAg, are
provided in Table 1, which provides coefficients z;—z3.
These coefficients and equations (1)—(7) are used to deter-
mine the PGARg, for the next phase of the regression to find
71—z14 for all site conditions for PGA and spectral values.
Figure 1 shows the decay of PGAg, amplitude as a function
of rupture distance for moment magnitudes 4, 5, 6, 7, and 8.

Previous GMMs developed for Iran all used the linear
part of the functional form and did not include the nonlinear
site amplification effects, citing the deficient number of
records with high moment magnitude and short distances.
In this study, we considered both the linear and nonlinear
terms. There are differences between the linear and nonlinear
site-response predictions based on soil type, especially for
large magnitude and close distances, which are important

: (10)

Vizo > ki
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Figure 1. Attenuation of peak ground acceleration (PGAg)

as a function of rupture distance for reference rock
(V30 = 760 m/s). The color version of this figure is available only
in the electronic edition.

for soft soils sites. The inclusion of the linear and nonlinear
component of the ground motion in site-response analysis
can significantly influence the acceleration response.
Based on mixed-effect analyses, and based on our data, we
have a slightly different regression coefficient than Campbell
and Bozorgnia (2013). If the linear term is considered, the
amplification for large rock PGA will be 1.

® Figures S1 and S2 (available in the electronic supple-
ment to this article) display a comparison between the non-
linear site amplification factors and the linear site
amplification factors. ® Figure S1 shows a comparison of
the linear site amplification, the nonlinear site amplification
based on this study, as well as the nonlinear site amplification
factor proposed by Campbell and Bozorgnia (2013) for Vg
of 560 for a spectral period of 0.2 s. This figure clearly shows
that there are major differences between the linear and the
nonlinear site-response amplifications. ® Figure S2 shows
the differences among the linear term versus the full nonlin-
ear site term for two Vg3, values of 270 and 560 m/s as a
function of PGAg, for a period of 0.2 s.

To show that the data have been collected and used to
show a nonlinear response, we generated two figures. ®
Figure S3 shows the variation of the between-event standard
deviation 7, the site-to-site standard deviation ¢g,g, the
within-event single-site standard deviation ¢gg, and total
aleatory standard deviation as a function of period for both
linear and nonlinear amplification models. This figure shows
that variability is less when a nonlinear is used. ® Figure S4
was generated similar to Seyhan and Stewart (2014), which
shows the within-event residuals plotted according to the pre-
dicted PGA,,. for several site classes and for PGA, 0.2, 1.0,
and 2.0 s SAs. These two figures show that the data constrain
the nonlinear part of the model.
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Figure 2. Distribution of recording stations and earthquakes
used. Stations with determined site velocity are shown by triangle
symbols. Earthquake epicentral locations are shown by circles. The
color version of this figure is available only in the electronic edition.

Summary and Results

We used the nonlinear mixed-effect algorithm devel-
oped by Lindstrom and Bates (1990) and employed in
MATLAB with the functions of “nlmefit” and “fitlmematrix”
(MathWorks Inc., 2017), a main approach to calibration of
coefficients and regional variations that are considered in the
random-effect part as well. We compared AIC and BIC val-
ues and the logarithms of their likelihoods to find an appro-
priate functional form to best fit the data. The functional form
regression coefficients obtained using a mixed-effect pro-
cedure are provided in Tables 1 and 2. Coefficients k
and k, (similar to Campbell and Bozorgnia, 2013) are also
tabulated in Table 2 for completeness.

The GMIM predictions from the GMM developed in the
present are compared with the PGA and PSA values from a
database developed by Farajpour et al. (2018) for recordings
with M > 4.8 and Riyp < 400 km. Figure 2 displays a map
of the recording stations and earthquake events within Iran
that were used for this study. Figure 3 illustrates the distri-
bution of moment magnitudes versus the rupture distances of
the selected data. Figure 3 also illustrates the distribution of
datasets in terms of soil conditions (distribution of V g3). All
records are plotted as magnitude versus distance. We used
the National Earthquake Hazards Reduction Program
(NEHRP; Building Seismic Safety Council [BSSC], 2009)
site classification. The Standard 2800 is the Iranian design
code, and it does not have similar site classification schemes.
The database is dispersed throughout all NEHRP classes.
The vast majority of sites in the database are NEHRP site
classes B (760 m/s < Vg3 < 1500 m/s) and C (360 m/s <
Vo < 760 m/s), as presented.

Figures 4 and 5 display the magnitude-scaling character-
istics of the PSA predicted by our central and eastern North
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natural physical process. Epistemic uncertainty results from
- R . L, Mamee a lack of knowledge about earthquakes and their effects.
N x . S . . . . .
L e e Bt g wm Aleatory uncertainties are implemented directly into probabi-
kg gl xE A 4 * KB [ .. . . . . ..
7t A X kAN A xxex 1 listic seismic-hazard assessment, and epistemic uncertainties
e . | IR are typically considered by incorporating several models in a
z | Mok A | .
563 R o Sy T a7 logic tree.
A A K ;S e A
= ’ * hm i m— ey Following the Al Atik et al. (2010) notation, the ergodi
= *x * A A bk BNOAMBININ <EAHEEN Al ¢ g . 5 20d1c
o 6F | | HAEAA K bk BA EN CEEEEsE < x W a | . . .
g B EEA ok Ak BCE B sigma of the GMM:s is typically defined as
= ssh [ | VSSOS 1500 A A.%* mﬁ@flf;ﬁ*“u‘i i‘* ]
) e 760<V_ <1500 * A SodDeANIMSIE B x o8
530 A K E A A AR EESANERAR WA X 2 2
A 360V <760 A whkdeicd bR 4 Oergodic = \/ T + ¢, (1 1)
S[ w1802 V(<360 A A ]
V. <180 kM Rk Kk ok . . . o
is 530 | . in which 7 is the between-event standard deviation and ¢
100 10! 102 is the within-event standard deviation. The within-event

Rupture Distance (km)

Figure 3. Magnitude versus distance of selected events consid-
ered in this study. Various markers represent the Vg3, of each event.
The color version of this figure is available only in the electronic
edition.

residual can be decomposed into the site-to-site residual
(6525) and the site- and event-corrected residual (6WS,). The
standard deviations of the WS, and ds,¢ are represented by
¢SS and ¢525, such that

¢ = d’%s + ¢§2s- (12)
America GMM for Rryp = 10, 75, and 120 km, and V g3, of Equation (11) can be rewritten as
760 and 360 m/s, respectively. These figures show that
the developed GMM does not exhibit much oversaturation /
P Ocrgodic — ™+ ¢§S + ¢§ZS' (13)

at large magnitudes, short distances, and short periods.
Because the consensus among engineering seismologists is
to preclude oversaturation in GMMs (e.g., see Campbell and
Bozorgnia, 2013; Abrahamson et al., 2014), our approach
seems reasonable. Similar behavior can be observed consid-
ering Vg3, of 760 and 360 m/s.

There are two types of uncertainties considered when
performing seismic-hazard studies: epistemic and aleatory.
Aleatory uncertainty is the variability that results from the

A mixed-effect model variance-component technique was
used to decompose the prediction error of the GMIMs into
three components that using the terminology of Al Atik et al.
(2010), are (1) the between-event standard deviation =,
(2) the site-to-site standard deviation ¢gg, and (3) the
within-event single-site standard deviation ¢gs. Figure 6 dis-
plays these residuals as a function of period. As can be seen
in Figure 6, the total residual errors are significantly reduced

Table 2
Regression Coefficients z;0—z14, Az;3, k1, and k,
T (s) 210 2 i 213 214 ki (m/s) ky Az
PGAgR,«  —0.0355 —-0.0676  —0.0031 0

PGA —0.0291 —0.061 —0.0025 0 1.4323 865 —1.186 0
0.0400 -0.0245 -0.0661 —0.0034 0 1.5027 865 —1.186 0
0.0420 —0.0251 -0.0665 —0.0034 0 1.5463 865 -1.219 0
0.0440 —0.0252 -0.0666 —0.0034 0 1.6095 908 —1.273 0
0.0500 -0.0268 —-0.0656  —0.0031 0 1.7041 1054 —1.346 0
0.0750 —0.0329  -0.0687 —0.0035 0 1.8662 1086 —1.471 0
0.1000 —0.0448 —-0.0754 -0.0041 —0.0013 2.0431 1032 —1.624 0
0.1500 -0.0389 —-0.0775 -0.0042 —0.0011 2.3308 878 -1.931 0
0.2000 —0.0325 -0.0728 -0.0035 —0.0006 2.6048 748 —2.188 0
0.2600 —0.0278 —0.0555 —-0.0023  —0.0009 2.7557 654 —2.381 0
0.3000 -0.027  -0.0431 —0.0014 -0.0015 2.8993 587 -2.518 0
0.4000 —0.0296 -0.0392 -0.0013 —-0.0014 2.9942 503 —2.657 0
0.5000 —0.0384 —0.0343 —-0.0009 —0.0013 2.9821 457 —2.669 0
0.7500 —0.0384 —-0.0246  —0.0009 0 2.6478 410 -2.401 0
1.0000 —0.0298 —0.007 —0.0005 0 2.1147 400 —1.955 0
1.5000 —0.0442 -0.0157 —-0.0021 0 0.9805 400 —1.025 0
2.0000 -0.0677 -0.0311 -0.0038 0 0.1017 400 -0.299 0
3.0000 —0.0843  -0.0349 —0.005 0 —0.2572 400 0 0
4.0000 —0.0837 —0.0359 —0.005 0 —0.2505 400 0 0

PGA, peak ground acceleration.
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once they are corrected for the between-event and the site-to-
site components of variability up to 4 s. The standard devia-
tions in this figure are given in natural log units so that they
can be compared more easily with the standard deviations
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Response spectra predicted by the empirical ground-motion prediction equation (GMPE) developed in this study showing its
dependence on magnitude at rupture distances (Rgryp) of 10, 75, and 120 km, considering Vg3 = 760 m/s. SA, spectral acceleration. The
color version of this figure is available only in the electronic edition.
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Response spectra predicted by the empirical GMPE developed in this study showing its dependence on magnitude at rupture
distances (Rgyp) of 10, 75, and 120 km considering V37 = 360 m/s. The color version of this figure is available only in the electronic

listed in the literature.

The distribution of between-event, site-to-site, and
event-site-corrected residuals, describes the suitability of
the source magnitude-scaling, site V3, scaling, and path
rupture distance-scaling terms of the functional form, respec-

tively. Figure 7 displays between-event, site-to-site, and
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Figure 6. Variation of the between-event standard deviation 7,
the site-to-site standard deviation ¢yg,g, the within-event single-site
standard deviation ¢y, and total aleatory standard deviation as a
function of period. The color version of this figure is available only
in the electronic edition.

event-site-corrected residuals against predictor variables to
explore the validity of our median GMM for PGA and
PSA at a period of 1.0 s as a function of the rupture distance,
respectively. Error bars represent the mean of binned resid-
uals, along with their 95% confidence intervals. Similarly, ®
Figures S5 and S6 represent residuals as a function of Vs
and moment magnitude. The evaluation of these figures
shows random distributions of residuals, indicating that there
are no obvious biases, and no significant trends and models
fit the observations well.

Table 3
Variation of Uncertainties as a Function of Period
T (s T bs2s Pss Oioul
0.0000 0.3510 0.3482 0.5680 0.7530
0.0400 0.4256 0.3881 0.6366 0.8585
0.0420 0.4328 0.3889 0.6399 0.8649
0.0440 0.4399 0.3913 0.6409 0.8703
0.0500 0.4471 0.4018 0.6401 0.8781
0.0750 0.4436 0.4027 0.6502 0.8841
0.1000 0.4187 0.4258 0.6422 0.8769
0.1500 0.3836 0.4196 0.6422 0.8577
0.2000 0.3691 0.4190 0.6355 0.8460
0.2600 0.3525 0.3946 0.6480 0.8366
0.3000 0.3410 0.3870 0.6443 0.8253
0.4000 0.3433 0.3956 0.6377 0.8252
0.5000 0.3329 0.3974 0.6407 0.8242
0.7500 0.3359 0.4694 0.6201 0.8472
1.0000 0.3318 0.4957 0.6296 0.8673
1.5000 0.3465 0.5206 0.6270 0.8856
2.0000 0.3612 0.5163 0.6120 0.8784
3.0000 0.5145 0.4871 0.5637 0.9054
4.0000 0.6447 0.4604 0.5400 0.9588
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As shown in Figure 7, ® Figures S5 and S6, and sum-
marized in Table 3, the values of ¢ from the observations are
generally higher, likely because of the additional dispersion
that results from the large site adjustment. It is also interest-
ing to note that the within-event and single-site standard
deviations of the observations are similar to those reported
by Rodriguez-Marek et al. (2013) for California.

Comparison with Previous Models

Figures 8—10 compare the median predicted values of
PSA from the GMM based on this study versus the observed
PGA and PSA at periods of 7 = 0.2 and 1.0 s, three mag-
nitude bins centered at M = 5, 6, and 7. In general, there is
relatively good agreement between the PSA predictions and
the observations, although there are some magnitudes and
distances when the comparison is better than others. In these
figures, we also plot the distance-scaling (attenuation) char-
acteristics of the GMM developed by Kale er al. (2015). The
Kale et al. (2015) model is developed for the R;g distance
metric, and for our GMM we used the closest distance to the
fault-rupture surface, represented by the Ryyp distance met-
ric. Because the proposed model in the present study is based
on Rpyp, we converted Rjg to Rryp for evaluating the Kale
et al. (2015) model using the relationships developed by
Scherbaum et al. (2004).

As shown in Figure 8-10, this study and Kale er al.
(2015) show relatively similar shapes. For magnitude 5, we
do not have data below 10 km, and our model looks different
from Kale et al. (2015). For magnitude 6, both models
exhibit similar shapes with Kale ef al. (2015) slightly smaller
than our model for long distances. For magnitude 7, both
models show similar behavior as well. Overall, both the
present study and Kale et al. (2015) show similar behavior
and match the observed data well.

Conclusion

The current empirical GMM is developed for Iran based
on a recent strong-motion database (Farajpour et al., 2018).
We used a subset of the database containing 1356 records
from 208 events, for which the moment magnitude range of
the model is 4.8 <M < 7.5, and the rupture distance Ryyp is
the closest distance to the rupture plane 400 km. The data-
base includes the variety of fault mechanisms (e.g., strike-
slip, normal, and reverse). However, we determined no stat-
istical differences among the variety of fault mechanisms.
The predictive model is proposed for PGA, with 5% damped
horizontal SA for periods up to 4.0 s for Iran. The equations
are developed based on Rpyp and M. In the developed
GMM, five different regions’ earthquakes were considered,
but statistical analysis of random effects using a mixed-effect
regression procedure showed that the regional differences in
the variations estimated in terms of magnitude, distance scal-
ing, and spectral shapes are negligible. A nonlinear site
response was implemented in the proposed predictive model.
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Plots showing the event-to-site, site-to-site, and between-event residual versus distance as a function of rupture distance (Rgyp)

for PGA and 1 s spectral acceleration. Squares represent the mean of the binned residuals, and the error bar represents 1 standard deviation.
Size of circles represents the size of the magnitude. The color version of this figure is available only in the electronic edition.

Distribution residuals obtained considering between-
event, site-to-site, and event station showed no discernable
trends for the proposed GMM. Based on the analyses of
residuals, the newly developed set of GMMs is well suited
to the database. Our model showed similar characteristics as
the Kale et al. (2015) model for some distance ranges and
some periods and can be used along with Kale ef al. (2015)

Downloaded from https://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/4667314/bssa-2018139.1.pdf
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and other recent published models to capture the necessary
epistemic uncertainties.
Data and Resources

All of the data and models used in this study are avail-
able from the cited references.
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