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Abstract: This paper presents the results of a study carried out to assess probable seismic loss
in terms of damage to the residential buildings and the number of fatalities in the case of the
Mosha Fault seismic scenario in Tehran, Iran. Accordingly, seismic risk components (including
seismic hazards, exposure models, and fragility curves) are evaluated. The stochastic finite-
fault method with dynamic corner frequency is applied for quantifying ground motion values.
The results show that PGA on the soil surface could range between 0.1 g and 0.45 g. Then, a
reliable model of building exposure by analyzing census data from Tehran is compiled. This
model included 19 different classes of buildings and is used to evaluate the potential damage
to buildings from seismic scenarios. The results indicate that the median damage ratio from
100,000 iterations for the whole of the city is about 6% + 1.54%. The study found that the
central and eastern parts of Tehran are the most vulnerable areas, with an estimated 15,952
residents at risk of losing their lives in this scenario. This is equivalent to 0.2 percent of the
total population of Tehran. The findings from this study can be used by local authorities to
provide appropriate emergency response and preparedness plans in the case of the Mosha Fault
seismic scenario.
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1. Introduction

The Iranian plateau is a wide zone of compressional deformation along the active
Alpine-Himalayan seismic belt, resulting from the convergence of the Eurasian and
Arabian plates [1,2]. This region is considered one of the most seismically prone
regions in the world. Buin-Zahra (7.1 Mw, 1962), Tabas (7.4 Mw, 1978), Manjil-
Roudbar (7.4 Mw, 1990), Bam (6.6 Mw, 2003), and Sarpole-Zahab (7.3 Mw, 2017)
are among the most catastrophic seismic events that have occurred in Iran during the
last few decades. According to the global catalog of UTSU, more than 92,000
individuals lost their lives in these earthquakes. This demonstrates the country’s high
seismic risk and highlights the importance of implementing appropriate seismic risk
reduction plans in major cities of the country.

Tehran, the capital of Iran, as the most populated city in Iran, is also exposed to
high seismic risk. Based on the latest data from the Statistical Center of Iran (SCI), the
population of the city was around 8,737,510 in 2016. Tehran also contributes more
than 30% to the gross domestic product of the country [3]. In addition, the majority of
economic, social, and political centers are located in Tehran. Consequently, its safety
and security against natural and man-made hazards are crucial for the government.

Tectonically, Tehran is located on the southern edge of the central Alborz
Mountain belt. This region is characterized by discontinuities, with many active faults
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in or around the city [4]. The major active faults in or around Tehran are Mosha, North
Tehran Fault (NTF), Ray, and Taleghan (Figure 1). These are the sources of several
devastating historical earthquakes, as listed in Table 1. The Mosha fault, with an
approximate length of 220 km, is the causative fault for most of the historical
earthquakes in this region. By considering the time intervals of historical earthquakes
that occurred along the Mosha fault, it can be inferred that the return period of major
earthquakes is approximately 165 years. The last devastating earthquake in the Tehran
region caused by Mosha fault occurred in 1830; thus, more than 190 years have passed
since that event. Accordingly, the possibility of a similar strong earthquake occurring
in the near future is quite high [5,6]. Such a strong earthquake is likely to cause
numerous casualties and severe damage to buildings and infrastructure in Tehran.
These issues have also been addressed in the studies of Berberian et al. [7], Firuzi et
al. [8], Kalantari et al. [9], and Firuzi et al. [10].
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Figure 1. The location of Tehran with respect to the major active faults.

Table 1. List of devastating historical events occurred around Tehran.

Date Ms Longitude Latitude Causative fault Reference
855/5/22 7.1 51.5 35.6 Kahrizak [11]
958/2//23 7.7 51.1 36.0 Taleghan/Mosha [12]
1177/5/- 7.2 50.7 35.7 North Tehran Fault [13]
1665/6/15 6.5 52.1 35.7 Mosha [14]
1815/6/- 7.1 522 359 Mosha [14]
1830/3/27 7.1 52.5 35.7 Mosha [15]

The above explanations show the importance of conducting detailed seismic
hazards and risk assessments to address the impact of the Mosha fault scenario on the
region. Such studies can play a fundamental role in developing appropriate risk
reduction and emergency response plans to deal with the consequences of a potential
earthquake.

In order to assess seismic risk, the seismic hazard must first be characterized.
Then, an exposure model needs to be developed, and appropriate
fragility/vulnerability curves should be employed. For seismic hazard assessment,
most studies use Ground Motion Prediction Equations (GMPEs), which generally do
not address parameters such as directivity or pulse waves. To the authors’ knowledge,
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no work in the literature assesses the seismic loss of Tehran for the Mosha fault seismic
scenario using the finite-fault method. However, this is an appropriate approach for
modeling the source, path, and near-surface effects properly. The finite-fault method
is especially applicable in regions like Tehran, where the last destructive earthquake
dates back to the pre-instrumental period, and there is a lack of recorded strong ground
motions from earthquakes on the faults to develop empirical GMPEs. Some of the
most recent seismic risk studies in Tehran are introduced as follows.

JICA [16] assessed the seismic risk of Tehran in terms of the number of casualties
and economic losses by considering three seismic scenarios, including the rupture of
Ray, Mosha, and North-Tehran faults. In that study, GMPEs were used to provide the
ground motion shaking map. Their findings showed that the most and least destructive
seismic scenarios are the Ray and Mosha fault events, respectively. Based on this
study, the rupture of the Mosha fault may cause a damage ratio equal to 13% of total
buildings with 20,000 deaths, which is equivalent to 0.3% of the total population. By
using the stochastic approach proposed by Beresnev [17], Zafarani et al. [ 18] assessed
the seismic hazard of Tehran based on the seismic scenarios of Ray, North Tehran,
and Mosha faults. That study showed that the rupture of the Mosha fault will generate
the highest PGAs, between 0.1 and 0.3 g. However, Zafarani et al. [ 18] did not perform
the seismic risk analysis to identify the most destructive seismic scenarios. Saffari et
al. [19] also evaluated the potential seismic hazard of Tehran by considering the
rupture of Mosha fault using the stochastic finite-fault model. They performed their
analysis using the EXSIM program. Their results depict that the PGA in Tehran may
vary from 0.13 g to 0.55 g in the Mosha fault seismic scenario.

As discussed above, there is no comprehensive study in the literature that has
employed the stochastic method for conducting a full seismic risk assessment in
Tehran for the Mosha seismic scenario. Therefore, this study attempts to estimate
seismic loss (in terms of the number of fatalities and damage to residential buildings)
using the stochastic finite-fault method for the Mosha fault seismic scenario, which is
widely regarded as the most likely seismic scenario in Tehran. In following, first, a
description of the stochastic finite-fault approach is presented. Then the seismic hazard
map of Tehran, developed based on the stochastic finite-fault method, is introduced,
and the results are compared with GMPEs. Next, the exposure model is described, and
employed fragility and vulnerability curves are introduced. Finally, an estimation of
the possible losses in terms of building damages and fatalities is presented and
discussed.

2. Stochastic finite-fault method

Estimating potential ground motion values of earthquakes in terms of engineering
parameters (such as PGA, PGV, seismic intensity, or spectral acceleration) is a key
step for seismic risk assessment. In practice, the common approach for seismic hazard
analysis is GMPE; however, it has some deficiencies, including its dependence on the
availability of data on ground motions. In fact, these equations are developed based
on the regression of observed ground motions in past earthquakes. Clearly, the lack of
sufficient data at different distance or magnitude ranges will affect their accuracy [20].
This is the case in many cities in Iran, such as Tehran, where an adequate number of



Building Engineering 2024, 2(1), 470.

records (particularly near-source data) is not available. In addition, there are
uncertainties in selecting appropriate functional forms of GMPEs. Moreover, GMPEs
only provide strong ground motion parameters rather than the time history waveform
required for dynamic analysis of important structures. To address these issues, using
simulating tools attracts the attention of seismologists and earthquake engineers.
Several simulating methodologies have been proposed in the literature, which
vary from simple approaches that replicate certain characteristics of ground motion
records to sophisticated physic-based methods that mathematically model the
earthquake phenomenon [21]. In the present study, an improved stochastic finite-fault
approach developed by Motazedian [22] is employed. An open-source FORTRAN
program named EXSIM with high calculation capabilities is also used. EXSIM is an
extended version of stochastic point source simulation (stochastic method simulation,
SMSIM), developed by Boore [23,24], and the finite-fault simulation (FINSIM)
approach introduced by Beresnev [17]. The basic premise of EXSIM is dividing the
rupture plane into an array of sub-faults treated as point sources, like FINSIM, by
introducing the dynamic corner frequency. These improvements overcome two main
shortcomings of the aforementioned approaches. The idea of dividing the rupture area
into sub-faults provides the capability of EXSIM to simulate large earthquakes and
eliminates the limitation to small or moderate magnitude events as SMSIM. In
addition, introducing the dynamic corner frequency eliminates the dependence of the
results on the sub-fault size as FINSIM. Based on the above explanations, EXSIM, by
superimposing the motion from each sub-fault (as given in Equation (1)), provides the

ground motion by considering the rupture and propagation delay.
nl nw

a(t) =zzaij(t+Aij) (1)
i=1j=1
In the above equation, nl and nw are the number sub-faults along the strike and
dip of the fault, respectively. A;; is the relative delay time from ijth subfaults to the
observed point and a(t) represents the simulated ground motion values of the entire
fault. The Fourier amplitude of each sub-fault is estimated using the w? shape, where
w is angular frequency [25].
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In the above equation, My;; (dyn.cm) denotes the seismic moment of sub-fault

Ajj(f) = CH;jMy;;

(by considering identical sub-fault, this is equal to M,; i =M, /N), foi j depicts the
dynamic corner frequency of sub-fault, H;; is a scaling factor to be applied to conserve
the high frequency spectral level of sub-fault, term e /o is a high cut filter that take
into account the near surface attenuation effect, where kj, is the fast spectral decay at
high frequency, Q(f) (with general form of Q(f) = Qof™) is a quality factor
represents anelastic and scattering attenuation, p (kg/m®) is density, 8 (Km/s) is the
shear-wave velocity in vicinity of the source, R;; (Km) is the distance of the sub-fault
from the observed point, G (R;;) denotes the geometric spreading function, and C is a

constant defined as:
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- —Re‘i’zF (3)
(4mpBRo)
where Rg .. 0.55 is the radiation pattern (typically 0.55 for shear waves), F = 2 is the
free surface amplification, V = 1/+/2 is the partition of total shear-wave energy into
two horizontal components, and Ry = 1 km is the reference distance.
As mentioned, EXSIM uses dynamic frequency (fo;;) as given in Equation (4) to

remove the dependence of results to sub-fault size [22].

Ao
foij = Np(£)"*/34.9E + 6,8(M

)13 (4)

Oave
In the above equation, Ag is the stress drop in bar, My, is the average seismic

moment of subfaults (My;; = M/N), and Ng(t) is the cumulative number of ruptured
sub-fault at time t. According to Equation (4), as the rupture area expands, Ny (t)
gradually increases; consequently, the corner frequency reaches the minimum value
when the entire fault is ruptured. Thus, the radiated energy at high frequency will
decrease (A;;(h) £ foij & fozl- j). To overcome this issue, [22] proposed a scaling factor
(Hjj) as given in Equation (5) to conserve the energy radiated from a sub-fault at high
frequency. In this equation, f; is the static corner frequency is calculated by the

seismic moment alongside the stress drop for the entire fault fy = f;,;;(end) =

N~YV349E + 68(-——)/3.
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wsr/m+ (L))
= it )
L2+ ()

0ij

i

It should be mentioned that the aforementioned explanations and formulation
provide the Fourier spectrum (a;;) of sub-fault, to take the stochastic characteristics
into account, the Fourier spectrum multiplied into a windowed Gaussian white noise
signal in the frequency domain. In the following section, a detailed application of this
procedure for Mosha fault is described.

3. Application of finite-fault model for Mosha fault seismic scenario

Figure 2 shows the location of the Mosha fault with respect to the Tehran
metropolitan area. As depicted, this fault has three main segments with slightly
different orientations [26]. The western segment is located in the north of Tehran,
parallel to the Taleghan fault. The relation between these two faults is not clear [27].
The central segment is a left-lateral strike-slip fault with an approximate length of 80
km, which intersects with the NTF. The eastern segment is located along the Mosha
valley. Seismological evidence shows that the central part, which is the closest
segment to Tehran, has the highest seismicity. Thus, this part has been considered the
worst-case scenario in this study.
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Figure 2. Tectonic map of the Mosha fault in relation to the Tehran Metropolitan;
blue triangles are important locations in Tehran which their time history waveforms
are depicted as sample (faults are from Solaymani Azad et al. [28]).

In stochastic finite-fault simulation, proper modelling of the plane, dimension of
fault, and source parameters are important factors. A summary of the most important
model parameters is listed in Table 2. According to historical data and the empirical
relation of Wells and Coppersmith [29], the potential magnitude of the Mosha fault
seismic scenario is estimated to be 7.4 (Mw). This moment magnitude is equivalent to
a rupture plane with a length of 75 km and a width of 27 km along the strike and dip
of the fault, respectively. The strike and dip of the fault are 283° and 75°, respectively,
based on the study by Zafarani et al. [18]. Due to a lack of instrumental strong
earthquake records on the Mosha Fault, providing an accurate estimation of stress drop
is associated with uncertainties. In this study, a stress drop value of 50 bar is
considered, which corresponds to the value proposed by Zafarani et al. [18]. The
quality factor in the present study is also taken from the study of Zafarani et al., who
proposed the value for earthquakes in the northern part of Iran. This value is extracted
from the Manjil-Roudbar earthquake (7.4 Mw, 1990). Similarly, Motazedian [30],
based on data from the Manjil-Roudbar earthquake, developed a trilinear geometric
spreading function that is used in this study. The percentage of pulsing area is
considered to be 50%, which means that during the rupture of sub-faults, at most 50%
of all sub-faults could be active while the remaining are passive. This value is proposed
by Motazedian [22] based on the concept of self-healing provided by Heaton [31]. It
should be noted that due to a lack of information regarding slip distribution, a random
normal distribution is considered for analysis.

Table 2. Summary of important model parameters for Mosh fault seismic scenario.

Parameter Value Reference
Strike, dip 283°, 75° [18]
Magnitude 7.4 (Mw) [18]

Fault dimension along strike and dip 75,27 (Km) [29]

Stress drop (Ao) 50 (bar) [18]
Sub-fault size 2 x 2 (Km) -

Shear wave velocity () 3.5 (Km/s) [18]
Density (p) 2.8 (kg/m?) [18]
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Table 2. (Continued).
Parameter Value Reference
Kappa 0.05 [18]
Quality factor Q(f) =87f147 [18]
Geometric spreading R (R<70) [30]

R%2 (75 <R < 150)

ROt (R > 150)
Pulsing area percentage 50% [30]
Rupture velocity 0.8 Shear wave velocity [30]

Window function

Path duration

Saragoni-hart

0.1R

Based on the aforementioned parameters, the time history waveform is simulated
within a square grid cell with a 1 x 1 km dimension for the entire city of Tehran. The
distribution of PGA on engineering bedrock within the 22 municipal districts of
Tehran is shown in Figure 3. As depicted, the PGA values vary between 0.05 and 0.40
g, with maximum values in the northeast of Tehran, which has the closest distance to
the Mosha fault. The result has good agreement with the study of Zafarani et al. [18],
which used the stochastic approach proposed by Beresnev [17]. It should be noted that
for seismic risk assessment, ground motion values on the soil surface are required. For
this purpose, the amplification factor provided in the study by JICA [16] is used. In
that study, based on information from 450 boreholes, the amplification factor for the
entire city of Tehran is derived. Figure 3 also shows the distribution of PGA on the
soil surface. As shown, by employing the amplification factor, the ground motion
values increase, especially in the southern regions of Tehran.

Acceleration ()
oasg

0 s
00sg — )

(b)
Figure 3. Distribution of PGA within a grid cell of 1 x 1 km in Tehran based on assumed model parameters of Mosha
fault seismic scenario. (a) on engineering bedrock; (b) on soil surface.

Since no strong earthquake has been instrumentally recorded on the Mosha fault,
we compared our results with GMPEs. Figure 4 shows the distribution of PGA
derived from the stochastic finite-fault model and the NGA-west2 relations. The
circles represent simulation results, while the black thick-dash line represents the fitted
curve to simulated data. As depicted, there is appropriate consistency between the
values of the stochastic finite-fault model and GMPEs, especially at short distances. It
should be noted that there is some inter-event variability in the simulated data that
should be considered in the analysis. This is discussed in detail in Section 5.
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Figure 4. Comparison the PGA values derived from stochastic finite fault model
(black circle) and NGA-west2 relations (black thick line is the mean of all GMPEs).

In Figure 5, the simulated time history waveform for the eight important
locations in Tehran (represented by blue triangles in Figure 2) is presented. As shown,
the time history waveform of points in the east of Tehran has a short duration with
greater amplitude, while the time history waveform of points in the west of Tehran
(which are far from the Mosha fault) has a longer duration with weaker amplitude.
This is in accordance with our expectations. The pseudo-response acceleration for the
same locations is also provided in Figure 6.
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Figure 5. The time history waveform of 8 selected sites in Tehran.
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Figure 6. Pseudo response acceleration of the 8 selected sites in Tehran.

4. Compiling exposure model and selecting appropriate fragility
curves

To assess the impact of earthquakes, it is necessary to compile a reliable database
containing information about the building stock and population distribution in the area.
In large-scale seismic risk assessment, buildings are generally categorized into
different classes according to their likelihood of sustaining damage at different
intensities. In the last few decades, several building taxonomies have been proposed,
including ATC-13 [32], the European Macroseismic Scale (EMS-98) [33], HAZUS
[34], PAGER-STR [35], Syner-G [36], and GEM [37] taxonomies. A comprehensive
review of these classification methods can be found by Crowley et al. [36]. However,
the application of these methods in regions like Iran is associated with uncertainties
due to a lack of information about building characteristics. For instance, the HAZUS
building classification focuses on the structural aspects of a building, while such
detailed information about the seismic load resistance of buildings is not available in
Iran. Therefore, in seismic loss assessment studies in Iran, most researchers consider
a limited number of building taxonomies, considering available data such as
construction material, age, and height of buildings. Certainly, considering such generic
factors in building classification imposes uncertainties on results. On the other hand,
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employing a set of unrealistic assumptions for building classification imposes greater
uncertainty on the outcomes.

In the present study, information provided by the Statistical Center of Iran (SCI)
is used to compile building taxonomies. SCI is the official authority for data collection
on population and buildings in Iran. The latest data from SCI [3] is used, which is the
most reliable and available information. SCI provides information on construction
material and the age of buildings. Regarding construction material, SCI’s information
is limited to three groups: concrete (RC), steel (ST), and masonry (M). In this
classification, adobe, masonry, rubble stone, and other types of structures are
considered as masonry. By using the year of construction, the quality of buildings or
the level of implementation of seismic regulations and codes can be estimated. The
Iranian Code of Practice for Seismic Resistant Design of Buildings (Standard No.
2800) is the primary reference for seismic design of structures. To date, four versions
of this standard have been developed and published by the Building and Housing
Research Center (BHRC). The first edition was released in 1987, and buildings
constructed based on this version are considered low-code. The second edition was
published in 1996, and buildings designed according to this version are considered
mid-code. The third and fourth versions were presented in 2005 and 2015,
respectively. Buildings designed based on these versions are considered high-code.

Figure 7 shows the distribution of buildings in Tehran based on the quality and
material of construction. As depicted, the majority of buildings are mid-quality steel
and low-quality masonry, making them vulnerable to strong earthquakes. To improve
the accuracy of building classification, the height of the building was also considered
in this study. This factor was extracted from an additional database provided by Tehran
Municipality. Based on the number of stories, buildings are classified into three
groups: low-rise (less than 4 stories), mid-rise (between 4 and 6 stories), and high-rise
(more than 7 stories). By considering the aforementioned factors (i.e., construction
material, quality of construction, and height of the building), buildings are classified
into 19 classes in this study. The number of different building categories within 22
municipal districts of Tehran is presented in Table 3.

,
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Figure 7. Distribution of buildings in Tehran based on the quality and construction
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Figure 8 shows the spatial distribution of buildings within a grid cell of 1 X 1 km
in Tehran. As illustrated, many buildings are located in the eastern and central parts of
the city, which are closer to the Mosha fault. Thus, there is a higher seismic risk in
these regions in the case of a Mosha fault seismic scenario.
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Figure 8. Distribution of buildings in a grid cell of 1 x 1 km within Tehran.

For seismic risk assessment, a set of fragility curves corresponding to the pre-
defined building classes is required. Several fragility curves for typical residential
buildings in Iran have been proposed by different scholars. In a study performed by
the Japan International Cooperation Agency (JICA) [16], nine fragility curves were
developed for seismic risk assessment in Tehran. JICA [16] classified the buildings
according to their construction material and age. Omidvar et al. [38] developed
empirical fragility curves for steel and concrete structures based on data from past
earthquakes in Iran, mainly the 1990 Manjil-Roudbar (Mw: 7.4) and 2003 Bam (Mw:
6.6) earthquakes. Sadeghi et al. [39] developed vulnerability curves for 42 building
types in Iran by compiling a set of local and global fragility/vulnerability curves and
combining them based on engineering judgment. In that study, factors such as
construction material, load resistance system, height, and quality of construction were
considered in building classification. Motamed et al. [40] developed fragility curves
for 23 building classes based on construction material, building height, lateral load
resisting system, and year of construction for residential buildings in Iran. Fallah Tafti
et al. [41] developed fragility curves for 19 building classes in Iran by compiling a set
of existing fragility curves and merging them based on the Analytic Hierarchy
Approach (AHP). They also validated their model based on records of some past
carthquakes in Iran. Bastami et al. [42] provided a set of 26 vulnerability curves for
residential buildings in Iran by considering construction material, age, and building
height. In the present study, the fragility curves proposed by Fallah Tafti et al. [41] are
used due to the compatibility of the building classes in the present study. These
fragility curves provide the probability of damages at four levels, including slight,
moderate, extensive, and collapse.

11
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Table 3. Distribution of different building types in 22 municipal districts of Tehran (abbreviations are as follow: ST: steel, RC: concrete, MA: masonry, LR: low-
rise, MR: mid-rise, HR: high-rise, LQ: low-quality, MQ: mid-quality, and HQ: high-quality).

s ¢ g g 2 ¢ g ¢ g g3 g g g £ g g 2¢g7

g ¢« £ £ g £ g £ 4 = =z =z =z F§ & £ g g g I
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1 3393 6288 1628 8733 26405 8866 3003 9717 3328 2165 5144 1165 5850 22920 6616 1980 8928 2584 19069 147783
2 5702 9299 2289 14769 38052 11912 3265 9468 2817 3296 10421 1939 7939 40085 12931 2644 13483 3265 18945 212521
3 4323 6280 1271 11061 22820 5574 4072 8221 1959 1730 2736 708 4816 11457 3489 2005 4513 1321 10997 109350
4 10634 22505 6917 27179 77391 25716 2972 10160 3004 2036 5555 1987 5422 20283 9001 960 3779 1262 59311 296074
5 1070 9249 2262 3935 46641 14237 478 6830 2413 4791 16124 5161 9295 74915 30714 3905 11263 4743 7897 255922
6 5611 4113 1026 11928 12073 3346 3711 3251 812 1973 1671 432 4275 5156 1548 1368 1572 449 13254 77570

7 7992 9426 2531 16382 23030 6233 2303 2208 527 1161 1646 510 2542 4545 1596 316 439 260 40050 123695
8 8713 9259 4481 20495 28000 12735 1917 3042 1177 845 1180 528 2198 4009 1831 202 438 167 42860 144078
9 3727 1798 1119 6803 4305 2461 450 180 129 2250 929 758 3829 2157 1671 357 89 80 31113 64206

10 5820 9261 3787 11605 20000 7964 332 418 156 2038 3569 1687 3880 7735 3534 107 157 78 37302 119431
11 4661 8270 2744 11008 21126 7055 840 1165 376 1632 3542 1536 3915 9302 3941 245 454 225 27570 109606
12 4312 5451 2281 9479 15290 6472 927 1476 578 784 1164 796 1712 3016 2025 128 236 131 30101 86359

13 4692 9462 3519 12019 27190 10472 1077 2304 934 393 301 92 925 1126 412 82 99 26 23927 99053

14 12062 15610 6085 24259 39705 14904 2296 2526 834 293 708 175 592 1890 477 75 115 16 52317 174938
15 14821 19716 6180 25744 41606 12840 968 1331 554 1323 957 430 2607 3619 1211 21 385 45 103034 237389
16 7501 6062 2394 12800 12979 4825 670 600 199 1111 1349 359 1926 3455 834 92 39 21 57937 115151
17 5354 2877 2783 9783 6242 5959 508 220 252 2045 1122 1587 3179 2332 3073 176 105 158 49154 96908

18 4162 6850 3401 8754 15821 7973 281 388 187 2607 5277 4092 4997 11774 9039 141 333 238 47812 134127
19 3830 8342 2778 9452 21109 7504 452 878 305 356 805 543 753 1945 1447 77 63 34 16071 76747

20 6247 8144 3012 13865 21939 8706 754 1388 475 1077 2784 958 2293 6701 2545 61 262 65 37691 118966
21 1451 4489 843 2651 12385 2898 675 1394 242 685 2676 811 1145 6665 2640 178 866 183 13269 56149

22 768 2019 197 1434 8675 1590 214 1656 336 335 1397 440 535 7441 5179 158 1518 1320 3841 39053

Sum 126846 184770 63529 274137 542783 190243 32163 68823 21591 34924 71057 26695 74624 252531 105755 15278 49136 16670 743521 2895076
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5. Estimating seismic loss based on Mosha fault seismic scenario

This section provides probable seismic losses in the case of the Mosha fault
seismic scenario in terms of residential building damages and the number of fatalities.
To provide a realistic estimation of damages in a distributed exposure model, spatial
correlation due to coherent contributions from source, path, and site should be
considered [43]. The impact of this factor on seismic loss assessment has been
assessed in several studies. For example, Weatherill et al. [44] showed that
disregarding spatial correlation in seismic risk assessment may underestimate the loss,
especially in long return periods. In the present study, to consider spatial correlation
in the analysis, random sampling from variability of ground motion values was
performed, as shown in Figure 4. In general, variability from ground values can be
categorized into two groups: inter-event variability and intra-event variability. The
former represents variability from one earthquake to another, while the latter shows
variability from one location to another [45,46]. While the variability of inter-event is
sampled once for each synthetic event, intra-event uncertainty is sampled at each
location. In the present study, we considered only one seismic scenario; thus, all
variability in Figure 4 can be considered as intra-event variability. Accordingly, the
ground motion value at each location is determined based on Equation (6).

Ln(GMV;;) = Ln(GMV;)) + €504 (6)

In the above equation, GMV; j is the median ground motion value estimated by
stochastic finite-fault model, o;; is intra-event variability, and € is a random
coefficient from a spatial correlation model. Several spatial correlation models have
been proposed by now [47,48]. Here, the model proposed by Zafarani et al. [49] is
used. By compiling a reliable database of three components records from 461 of Iran’s
carthquakes, they developed a spatial correlation for PGA and spectral acceleration.
Figure 9 shows the spatial correlation proposed by Zafarani et al. [49] in different
spectral periods. As depicted, by increasing the separation distance, the spatial
correlation is decreased, while the reduction in higher periods is lower than short
periods.
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Figure 9. The spatial correlation proposed by Zafarani et al. [49] in different spectral
periods.
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The most important issue in the random sampling method is the number of
iterations required to reach stable results. According to the law of large numbers, as
the number of independent events increases, the distribution tends towards the normal
distribution [50]. To this end, a sensitivity analysis was performed, and the results
indicated that producing 100,000 iterations shows less than 5% variation in the median
values of ground motion values. Thus, in the present study, the same number of
repetitions was performed. The distribution of the mean damage ratio for Tehran (in a
grid cell of 1 x 1 km) is shown in Figure 10. As depicted, the majority of damages
occurred in the eastern and southern parts of Tehran, which experienced the highest
acceleration. The high value of damages in the southern part of the city, which has a
far distance from Mosha fault, is interesting. However, this could be mainly related to
the concentration of many weak masonry structures in that region. The median mean
damage ratio from 100,000 iterations for the whole of Tehran is 6% + 1.54%. This
value is significantly lower than the estimated damage in the study of JICA [16], which
assessed the damage ratio of Tehran for the Mosha fault seismic scenario. This
discrepancy can also be related to the years of studies and calculation methods. During
recent years, many engineered structures have been constructed in Tehran based on
the new seismic regulations. Thus, it is expected that the potential seismic loss in our
study should be much lower than in the older one. In addition, JICA [16] used a
deterministic approach based on the GMPEs for hazard estimation; however, in our
study, the stochastic finite-fault method was employed for hazard evaluation.
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Figure 10. Distribution of mean damage ratio in Tehran.

Estimating the probable number of fatalities in the Mosha fault seismic scenario
is another goal of this study. There are several approaches to estimate fatalities, which
can be classified into two main groups: non-damage-based and damage-based
approaches. In the non-damage-based approach, earthquake fatalities are directly
correlated with ground shaking intensity and population. However, this method is
based on several assumptions and eliminates many explanatory variables [51-53]. In
the damage-based approach, an estimation of damages in different classes of buildings
is derived, and then, based on fatality rates of different building classes, the number
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of fatalities can be determined [35]. This approach allows for the effects of different
types of buildings on fatalities to be taken into account.

In the present study, the damage-based approach is employed. The main
challenging issue regarding the damage-based approach is providing a reliable fatality
rate in different building classes. At present, there is no global agreement on applicable
fatality rates to be used in loss estimation models, and there is certainly a lack of
comprehensive data collection in the field following actual events [54]. Thus, in the
present study, we used a judgment-based fatality rate for different building classes by
considering information provided in peer-reviewed papers or guidelines (such as
HAZUS). The fatality rate at different damage levels for the predefined building
classes is presented in Table 4. As shown, it is assumed that there are no fatalities in
the slight mode of damage in all building classes. In addition, due to a lack of data
corresponding to different qualities of construction and heights of steel and concrete
structures in past earthquakes, just one value of fatality rate was considered in this
analysis. The highest fatality rate is also assigned to the masonry building classes.
These buildings generally have no resistance to ground shaking and will completely
collapse in strong earthquakes. Based on the aforementioned parameters, the total
number of fatalities in the case of the Mosha fault seismic scenario for Tehran is
estimated to be around 15,952. This is equivalent to 0.2 percent of the total population
of the city. This is lower than the estimated value in the study of JICA [16], which
proposed a value of 0.3 percent as the fatality ratio for Tehran. This is in accordance
with our expectation because the damage ratio in the present study is lower than JICA
[16]; consequently, it is expected that the fatality rate is also lower than JICA [16].
Figure 11 shows the distribution of fatalities within grid cells. As depicted, again, the
majority of victims are distributed in the eastern and central parts of the city, where
they experience the highest damage (Figure 10).

Table 4. Fatality rate in different damage levels of pre-defined building classes.

Building classes Fatality rate in different damages level
Slight Moderate Extensive Collapse

ST-LR-LQ - - 5 15
ST-LR-MQ - - 5 15
ST-LR-HQ - - 5 15
ST-MR-LQ - - 5 15
ST-MR-MQ - - 5 15
ST-MR-HQ - - 5 15
ST-HR-LQ - - 5 15
ST-HR-MQ - - 5 15
ST-HR-HQ - - 5 15
RC-LR-LQ - - 5 15
RC-LR-MQ - - 5 15
RC-LR-HQ - - 5 15
RC-MR-LQ - - 5 15
RC-MR-MQ - - 5 15
RC-MR-HQ - - 5 15
RC-HR-LQ - - 5 15
RC-HR-MQ - - 5 15
RC-HR-HQ - - 5 15
MA-LR-LQ - 5 10 35

15



Building Engineering 2024, 2(1), 470.

51.60

35.80 35.80

No. Fatalities

W 0-01
0.1-1
1-3

35.60 3-6
6-12
12-23

W 23-44

W 44-241

35.60

0 5 10 km

5110 5120 5130 5140 5150 51.60

Figure 11. Distribution of fatalities in Tehran, in the case of Mosh seismic scenario.

It should be mentioned that due to contributing several factors in estimating the
building damage and fatalities of an earthquake, the outcomes of this study are
undoubtedly associated with uncertainties. However, these results can provide
appropriate insight for emergency response authorities to develop appropriate action
plans for the case of Mosha fault seismic scenario.

6. Conclusion

This paper presents an assessment of the probable seismic losses in Tehran, in
terms of building damage and fatalities, that may result from a seismic event along the
Mosha fault. To this end, the paper performs a comprehensive review of seismic risk
components, which includes evaluating the seismic hazard, compiling an exposure
model, and selecting appropriate fragility curves. The seismic hazard assessment
employs the stochastic finite-fault method, an approach proposed by Motazedian [22],
which is a robust tool considering source, path, and near-source effects. This method,
treating earthquakes as a summation of point sources over a finite-fault plane, is well-
suited for simulating time-history waveforms and estimating engineering parameters.

Given the absence of a recorded strong earthquake on the Mosha fault, model
parameters such as stress drop, fault plane characteristics, and slip rate are inferred
from geological, geotechnical, or data from similar historical earthquakes in Iran, like
the Manjil-Roudbar earthquake in 1990. Although assumptions regarding model
parameters introduce uncertainties into the results, this remains the only viable
approach in the absence of real data from a significant seismic event in Tehran.

The study indicates that the Peak Ground Acceleration (PGA) in Tehran for a
Mosha fault seismic scenario ranges from 0.05 g to 0.4 g. The highest accelerations
are likely to be experienced in the eastern and central parts of the city, attributed to
their proximity to the Mosha fault and the presence of soft soil in these areas. For
validation, the simulated PGA values were compared with those from NGA-West2
Ground Motion Prediction Equations (GMPEs), showing reasonable agreement.

Building exposure models were compiled using data provided by the Statistical
Center of Iran [3], which currently stands as the most comprehensive source of
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information on building characteristics in Iran. In this research, buildings are
categorized into 19 groups based on construction material, age, and height. Moreover,
a set of fragility curves suggested by Fallah Tafti et al. [41] were employed to assess
building damages. To account for intra-event variability in the analysis, a random
sampling involving 100,000 iterations was conducted, each iteration generating a
ground motion shaking map along with a randomly chosen value of intra-event
uncertainty derived from a spatial correlation model. The median mean damage ratio
derived from these iterations for Tehran is 6% =+ 1.54%, with the highest damages
predicted for the eastern and central parts of the city, which are also the areas most
vulnerable to acceleration.

Fatality estimations were computed using a damage-based approach, wherein a
judgment-based fatality rate was applied to different building classes to determine the
likely number of victims from the Mosha fault seismic scenario. The estimations
suggest that there could be 15,952 fatalities, which is approximately 0.2 percent of
Tehran’s total population. Furthermore, the distribution of fatalities across Tehran
indicates that the most critical areas are the central and eastern parts, where many low-
income residents live. It is imperative for local authorities to develop effective seismic
risk mitigation strategies for these areas.

It is important to note that the study’s conclusions, including both fatality and
damage estimates, involve several explanatory parameters, which means they are
subject to some degree of uncertainty. Despite this, the findings offer significant
insights that can aid local disaster management authorities in devising necessary
emergency response and preparedness plans.
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