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Abstract
This study provides the results of a study conducted to evaluate the seismic loss of residential buildings
in Karaj, Iran, caused by the rupture of North Tehran Fault (7.1 Mw). One of the main concerns of seismic
risk assessment in Karaj is proper considering the near-source effects of the NTF fault, which passes
through the city. In the present study, the finite-fault approach with dynamic corner frequency was first
employed to simulate the acceleration time histories. This is an appropriate approach to take into
account the source, path effects, directivity and site condition on seismic waves. The results of seismic
hazard showed that the PGA values vary between 0.15 to 0.55g, with maximum values nearby the NTF
fault. Afterwards, a high-quality database of residential buildings consists of 26 building types was
compiled. A set of compatible vulnerability curves were also employed. The results indicated that the loss
ratio, defined as the ratio of the loss to the total exposed economic value, for the whole of Karaj is about
18.2%±5.3. The northern parts of the city, which are close to the NTF fault, are the most vulnerable. A
disaggregation analysis was also performed to identify the most vulnerable building types. The results
showed that the adobe and low-quality masonry buildings contribute the most to loss. The findings from
this study can be used by local authorities and managers to provide appropriate emergency and risk
reduction plans in Karaj in the case of the NTF fault seismic scenario.

1. Introduction
Karaj is the capital of Alborz province, which is located in north of Iran. According to the most recent
Statistical Center of Iran (SCI) data from 2016, total population of Karaj is about 1.97 million people. This
metropolis, which is the fourth most populous city, has the highest population density of any Iranian city
(SCI, 2016). Karaj also contributes more than 3% of the country's GDP (Gross Domestic Product) and is
ranked 10th among Iran's provinces. In addition, Karaj is the most important city in close proximity to
Tehran, Iran's capital, and can play a crucial role in responding to a natural disaster in Tehran. As a result,
the safety of Karaj against natural hazards is of great importance to the government.

One of the most serious potential natural disaster threats in Karaj is earthquake. Tectonically, the city lies
at the southern side of the Alborz Mountain, which is characterized by shallow large earthquakes
(Berberian and Yeats, 1999). The North-Tehran Fault (NTF), Mosha, Eshtehard, and Taleghan are major
active faults in this region (Ashtari et al., 2005). Figure 1 depicts Karaj border in relation to active faults.
The NTF fault with the length of 110 Km is the closest fault to Karaj which crossing the northern parts of
the city. Thus, it is considered as the most vulnerable seismic scenario in Karaj. This issue is also
reflected in the study done by Jarahi (2016). He conducted a disaggregation analysis in Karaj, and the
results indicated that the NTF, particularly in short periods, contributes the most to the seismic hazard of
Karaj in return periods of 475 and 50 years. Ritz et al. (2012) indicated, based on past seismicity in the
region, that the NTF might be the source of major earthquakes in Karaj. The occurrence of a strong
earthquake is likely to result in numerous casualties, severe structural damages, and significant economic
losses. This issue highlights the importance of conducting detailed risk assessments to address the
impact of the NTF fault seismic scenario on the region. Such studies can play a crucial role in developing



Page 3/26

appropriate risk reduction and emergency response plans to deal with the consequences of a major
earthquake.

While the seismic hazard of Karaj has been assessed in a few studies, there is no study in the literature
that evaluates the seismic risk in Karaj. Jarahi (2016) conducted a classical PSHA in Karaj to determine
dominant earthquakes at the design-basis earthquake level, which corresponded to a 10% likelihood of
occurrence in 50 years. He used the EZ-FRISK tool to perform the analysis, which consists of a logic tree
with 120 branches. Jarahi (2016) reported a Peak Ground Acceleration (PGA) range of 0.45-0.60g on bed-
rock in Karaj, which is significantly higher than the suggested value by the national Iranian building code,
0.35g (Standard 2800). According to Jarahi (2016) disaggregation analysis, the NTF has the highest
contribution at the design-basis earthquake level. Jalalalhosseini et al (2018) carried out a time-
dependent seismic hazard analysis for Tehran and surrounding area. They employed a model of smooth
seismicity. They reported that the PGA value in Karaj is between 0.35 and 0.42g in return period of 475-
years. In their study for evaluating risk adjusted maps for Karaj, Zaman and Ghayamghamian (2021)
performed a classical PSHA. They used eight Ground Motion Prediction Equations (GMPEs) and one
seismic source model. Their results showed a range of 0.3-0.45g for PGA on bed-rock in return period of
475-years.

Although the above studies provide information regarding seismic hazard in Karaj, they do not address
the consequences of a vulnerable seismic scenario in Karaj. In addition, the near-source effects such as
pulse waves and directivity, which are important issues in Karaj are not considered in their analysis. In
fact, previous studies used GMPEs for quantifying the ground motion values. However, due to the lack of
near-source strong ground motion data the empirical GMPEs are associated with uncertainties (Yu et al,
2022). GMPEs generally perform well in intermediate distance range (i.e., 10–100 Km) (Sorensen and
Lang, 2015). The near-source ground motion values are substantially varied by factors like slip
distribution, rupture directivity, and fault characteristics. To address the aforementioned technological
gap, this study applied the stochastic finite-fault approach to provide ground motion shaking map in
Karaj for the NTF seismic scenario. This is an appropriate approach for modeling the entire ground
motion propagation process by considering the source, path and site condition. The outcome of seismic
hazard analysis is also used to assess the possible losses to Karaj's residential buildings.

The primary purpose of this study is to quantify the seismic risk of Karaj in terms of losses of residential
buildings using an approach that properly accounts for near-source effects. To do so, the ground motion
shaking map of Karaj from the rupture of the NTF is first derived using the stochastic finite-fault
approach. Then, the procedure of compiling the building exposure model and selecting appropriate
fragility/vulnerability curves are introduced. Next, the results of losses to the residential buildings is
presented. Finally, a comprehensive discussion regarding the results and uncertainties are provided.

2. The Ground Motion Shaking Map Of Karaj From The Rupture Of Ntf
Fault
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There are a number of approaches in literature for simulating the ground motion time histories from a
near seismic source, which are categorized into three main groups: 1) Physics-based approaches, 2)
Stochastic methods, and 3) Hybrid approaches. A summary review of them with their main features can
be found in the study of Douglas and Aochi (2008). In the present study, the stochastic finite-fault
approach with dynamic corner frequency developed by Motazedian and Atkinson (2005) is employed.
This approach integrates the characteristics of the earthquake source, path, directivity and site effects
through a statistical approach. This method has an appropriate computation efficiency and widely used
in simulating the ground motion waveforms in areas where past earthquake data is scarce. Figure 2
shows a general analytical framework of the stochastic finite-fault method. As depicted, in the first step,
the rupture area is divided into sub-faults which are considered as point sources. In the second step, the
ground motion waveform of sub-faults is derived. Finally, the ground motion from the rupture of the
whole of fault is obtained by superimposing the waveform of sub-faults with an appropriate time delay.
Equation (1) is a mathematical representation of above explanations.

In the above equation, nl and nw represent the number of sub-faults along the strike and dip of the fault,
respectively. The acceleration time history from each element is denoted by  aij and △ij  is the delay time
which is a function of the distance between the source and observation point.   

The waveform of sub-faults   are derived from the approach proposed by Motazedian and Atkinson
(2005). The middle box of Figure 2 shows a schematic analytical flow of this approach. As depicted, a
Gaussian white noise signal is first generated. This is multiplied by a time window function. Generally, the
time window function proposed by Saragoni-Hart is used in the simulation due to its appropriate
representation of the average envelope of the squared acceleration time series. It is not, however, the ideal
shape for earthquakes with two or more consecutive ruptures (Zhou and Chang, 2019). Then, the
normalized Fourier spectrum of the time window signal is multiplied by the source amplitude in frequency
domain. The source spectrum amplitude comes from the integration of source, path and site response.
Finally, the simulated ground motion waveform is obtained by converting the signal to the time domain.

The mathematical form of Fourier amplitude of sub-fault is presented in equation (2). A detailed
description of parameters in the following equation is presented in Table 1.
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Proper calibration of influencing factors such as source, rupture area, path and site parameters is an
important step in stochastic finite-fault approach. Due to the absent of instrumentally records on the NTF,
parameters are taken from literature. As illustrated in Figure 3, the NTF seismic scenario has an
approximate length of 110 Km with two main segments (Berberian et al, 1983). Here, the western
segment, which is closer to Karaj, is considered as worst-case seismic scenario. Based on the empirical
relation of Wells and Coppersmith (1994), the western segment with an approximate length of 57 Km has
the potential of producing an earthquake with magnitude of 7.1 (Mw). This moment magnitude
corresponds to a rupture plane with length of 46 and 26 Km along the fault's strike and dip, respectively.
The fault plane is schematically depicted in Figure 3. According to Samaie et al (2012) the strike and dip
of the NTF fault are 305o and 35o, respectively. Because there are no instrumental strong earthquake data
on the NTF, providing an accurate estimation of stress drop is associated with uncertainties. In this study,
the value of stress drop is fixed to 50 bar, as proposed by Zafarani et al (2009). The quality factor in the
present study is also taken from the study of Zafarani et al (2009). They proposed the form of   for
earthquakes in the north of Iran. This value is derived from the Manjil-Roudbar earthquake (7.4 Mw,
1990). Similarly, Motazedian (2006) developed a trilinear geometric spreading function based on data
from the Manjil-Roudbar earthquake. Here, the same model is used. The proportion of pulsing area is
assumed to be 50%, implying that during sub-fault rupture, no more than 50% of all sub-faults can be
active, while the remainder are passive. Matazedina and Atkinson (2005) proposed this value based on
the concept of self-healing provided by Heaton (1990). As there is no information on the slip distribution,
a random normally slip distribution is employed for analysis.

In the present study, the analysis is carried out using the EXSIM code written in FORTRAN (Motazedian
and Atkinson, 2005). The analysis is performed in a 0.5x0.5 Km grid cell. Figure 4 shows the results
based on the above parameters on the bed-rock within Karaj's 12 municipal districts. As shown, the PGA
values range from 0.1 to 0.42g, with the highest values in the north of Karaj nearby the NTF fault. Figure
5 presents the simulated time history waveform in 5 locations of Karaj (yellow triangle in Figure 4). As
shown, time history waveform of points in the north of Karaj has greater amplitude; while, time history
waveform of points in the south of Karaj (which are far from NTF fault) has a weaker amplitude. This is
in accordance with our expectations. Figure 5 also shows the pseudo response acceleration for the same
points. Similarly, points located in north of Karaj has higher pseudo response acceleration.

To obtained the soil surface acceleration the VS30 map of region is required. The VS30 map is extracted
from a microzonation study done by International Institute of Earthquake Engineering and Seismology
(IIEES, 2013). Figure 6 shows the VS30 map of Karaj. As depicted, the northern part of the city, near the
foothill of Alborz Mountains, has higher VS30; while, the southern part of the city has lower VS30. Figure
7 shows distribution of PGA values on the soil. As depicted, by employing the local site condition, the
acceleration in the southern and central parts of the city is increased (i.e., district number 1, 2, 4 and 7).
The existence of soft soil in these regions is the primary cause of such amplification.

To compare the results with GMPEs, a deterministic analysis is performed using the open-source
OpenQuake program (Pagani et al, 2014). The epistemic uncertainty of GMPEs is considered in analysis
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using logic tree. To do so, five NGA-west2 relations with equal weights are applied (Bozorgnia et al, 2014).
Figure 8 shows distribution of PGA on the soil surface for the same seismic scenario. As depicted, there is
appropriate consistency between the values of stochastic finite-fault model and GMPEs. Figure 9 shows
a grid-by-grid comparison of results from GMPEs and simulation. As depicted, the PGA values from the
stochastic finite-fault are slightly higher in short distances; while, in far distances the finite-fault approach
shows lower acceleration in relation to GMPEs.

3. Compiling Exposure Model And Selecting Appropriate Vulnerability
Curves
Compiling a reliable database of building stock and exposed population is an important component in
seismic risk assessment. Due to computation efficiency, in urban seismic risk assessment, buildings are
generally categorized in groups which show similar performance in different levels of ground motions.
Silva et al (2022) provides a short review of available building classification in literature. Due to the lack
of detailed information about building characteristics, application of them in regions like Iran is not
practical. As a case in point, the HAZUS building classification focuses on structural aspects of building;
while, information about the seismic load resistance system of buildings is not available in Iran.
Therefore, the majority of seismic risk assessments in Iran are performed by taking generic building
characteristics into account. On the one hand, this issue introduces uncertainties on results. On the other
hand, employing a set of unrealistic assumptions for building classification imposes greater uncertainty
on the outcomes.

In the course of this study, the information supplied by Statistical Center of Iran (SCI) is used for
compiling the building exposure model. This is the official agency for collecting demographic and
building data in Iran. SCI provides information about buildings construction materials and ages.
Buildings are classified into four groups by SCI depending on their construction materials: concrete, steel,
masonry, and adobe. The seismic regulation employed in the design of structures in Iran is inferred by the
year of construction. The Iranian Code of Practice for Seismic Resistant Design of Building (Standard No.
2800) is the primary reference for seismic design of structures. Building and Housing Research Center
(BHRC) has currently published four versions of this standard. Buildings constructed prior to 1987 are
designed by first edition and considered as the low-code. Structures constructed within time interval of
1987 to 1996 are designed by the second edition and considered as the mid-code. Buildings constructed
after 2005 are designed in accordance with the third and fourth editions of Standard No. 2800. Thus, they
are classified as high-code. In addition, buildings based on their height are categorized in three groups:
low-rise (1-3 floors), mid-rise (4-6 floors) and high-rise (more than 7 floors). Accordingly, 26 building types
based on above factors are considered in the present study. A summary of building taxonomy is provided
in Table 2.

Figure 10 shows the number of buildings with different construction material and construction years. The
vast majority of buildings, as depicted, are mid-quality steel and masonry structures. The distribution of
different building types within 12 municipal districts of Karaj is shown in Figure 11. As depicted, the
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highest building density are in the southern parts of the city. However, most of low-quality structures are
located in the north of Karaj near the NTF fault.

In addition to building inventories, a set of compatible fragility or vulnerability curves is required. There
are a number of local fragility/vulnerability curves for typical residential buildings in Iran. The most recent
are sturdies of Fallah Tafti et al. (2020) and Bastami et al (2022). Fallah Tafti et al. (2020) developed
fragility curves for 19 building classes in Iran by compiling a set of existing fragility curves and merging
them using the Analytic Hierarchy Approach (AHP). Bastami et al (2022) by considering construction
material, age, and building’s height provided a set of 26 vulnerability curves for residential buildings in
Iran. They also validated their model based on Iran’s past earthquakes data. In the present study, the
vulnerability curves proposed by Bastami et al (2022) are used due to its compatibility with pre-defined
building classes. Figure 12 shows the vulnerability curves provided by Bastami et al (2022). As depicted,
masonry, adobe and wood are the most vulnerable building classes.

4. Seismic Risk Assessment Of Karaj
This section provides the seismic risk of Karaj in terms of residential buildings losses. The analysis is
performed using the census blocks from SCI, which is the highest available geographic resolution data.
Figure 13 shows the distribution of census blocks within Karaj. In this study, the census block data are
first mapped in grid cells of 200x200 meters and then the seismic loss of residential buildings are
performed. This is in accordance of geographic resolution f VS30 information. Bal et al (2010) evaluated
the impact of the spatial resolution of the exposure model on losses. Their results demonstrated that the
aggregated losses in an urban area, in terms of mean damage ratio (MDR), is relatively insensitive to the
geographical resolution of the exposure model. Thus, a grid ell of 200x200 meters which provides
appropriate computation efficiency and compatible with size of most of census blocks are used.

Proper capturing of uncertainties is an important step of seismic risk assessment. There are two main
sources of variability: 1) uncertainties regarding ground motion values, and 2) uncertainties of
vulnerability curves.

Uncertainties of ground motion values are generally expressed in terms of inter-event and intra-event
variabilities. The former comes from variabilities from one earthquake to another; while the latter stems
from one location to another (Silva 2018). Due to fact that the ground motion values in the present study
is estimated from a specific seismic scenario, all variability of ground motion values can be considered
from the intra-event type. Figure 14 shows the variability of PGA values derived from stochastic finite-
fault in grid cells. The circles are PGA values derived from simulation and red solid and blue dashed lines
are mean and intra-event variability, respectively. Here, for considering the intra-event variability, 100,000
ground motion shaking maps by random sampling of intra-event variabilities is generated. The random
sampling is performed by taking into account the spatial correlation caused by coherent of source, path
and site wave propagation (Verros et al, 2017). The impact of spatial correlation on seismic loss
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estimation is demonstrated in several studies (Weatherill et al, 2015; Firuzi et al, 2019). In the present
study, the spatial correlation model proposed by Zafarani et al (2022) is applied.

Similarly, the variability of vulnerability curves is considered in analysis using the random sampling. In
this procedure, for each ground motion values 10 loss ratios from a normal distribution by considering
the mean and standard deviation of vulnerability curves is sampled. A sample of loss map in terms of
mean loss ratio, which is defined as the loss value to the total economic value, is presented in Fig. 15. As
depicted, the highest losses are experienced in northern districts of Karaj (for example, districts number 1,
2 and 11) which are nearby the NTF fault. Thus, it is important to local authorities and people in charge
of emergency response provide appropriate emergency and disaster risk plans in these regions. The
mean value of loss ratio for the whole of Karaj is about 18.2%±5.3 (the variability is derived from 100,000
ground motion shaking maps). This means that in the case of NTF 18.2 percent of total economic values
of buildings in Karaj should be invested for reconstruction.

To identify building types with high contribution in losses, a disaggregation analysis per building classes
is performed. The results are presented in Fig. 16. As depicted, the low-code masonry and adobe building
classes contribute the most in seismic vulnerability of Karaj. These building classes are generally the
home of the low-income people. Thus, this is important for local authorities to provide appropriate plans
for strengthening such kinds of buildings. This can be accomplished by providing incentives such as low-
interest loans to encourage individuals to renovate their structures.

It should be mentioned that the analysis carried out in the present study can be significantly improved by
employing analytical approaches like capacity spectrum methods. In this approach, the loss of a building
type is determined through combination of response spectrum and the capacity curve accounts for non-
linear behavior of buildings. However, such analysis requires detailed building information which are not
accessible. By considering the above challenges, the outcomes of this study provide a first insight for
local authorities and people in charge of seismic risk reduction plans in Karaj in the case of NTF rupture.

5. Conclusion
This study presents the results of a study carried out to evaluates the seismic risk, in terms of losses to
the residential buildings, in Karaj, Iran in the case of the rupture of NTF fault. The main motivation of the
authors for the present study is applying an improved approach to consider the near-source effects from
the NTF fault which passes through the city. In this study, the finite-fault with dynamic corner frequency
approach is applied for simulating the time history acceleration waveforms. This is an appropriate
approach for describing the rupture of source more realistically, and taking factors such as the path and
site condition of seismic waves into account.

The study is performed for the western segment of the NTF fault, which is capable to produce an
earthquake with moment magnitude of 7.1 (Mw). This seismic scenario corresponded to 46 and 26 Km
of rupture along the strike and dip of the NTF fault, respectively. The results indicated that the PGA for
this seismic scenario varied between 0.15 to 0.55g, with maximum values in the northern parts of the city
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near the NTF fault. The results were also compared to NGA-West2 relations. Although, there is appropriate
consistency between the ground motion values of GMPEs and simulation approach; the finite-fault
approach presents the higher PGA values in close proximity to the NTF fault.

The outcomes of seismic hazard analysis is used to assess the potential losses to residential buildings in
Karaj. To do so, a high-quality database of residential buildings in Karaj is compiled. Buildings are
classified in groups according to factors such as construction material, age and height. The final
exposure model composed of 26 building classes. The vulnerability curves developed by Bastami et al
(2022) are also employed for seismic loss evaluation. It should be noted that the building taxonomy used
by Bastami et al (2022) is in accordance with pre-defined building classes. The aleatory uncertainty of
ground motion values incorporated in analysis using the random sampling of intra-event variability based
on spatial correlation. The results indicated that the loss ratio for the whole of Karaj is about 18.2%±5.3.
The highest vulnerability occurred in the northern parts of the city (districts number 1, 2 and 11), near the
NTF fault. In addition, a disaggregation analysis is performed to identify the most vulnerable building
classes. The results showed that the low-quality masonry and adobe have the highest contribution to the
losses of Karaj. These building types are generally the home of low-income people. Thus, government
should provide appropriate plans to decrease the seismic risk in such building types.

It should be mentioned that the results of this study can be significantly enhanced by providing
appropriate adjustment in parameters of ground motion simulation and detailed building information.
Such information enables us to employ analytical approach such as response spectrum methods.
Despite aforementioned challenges, results of this study provide appropriate insights for local disaster
management authorities to provide necessary emergency-response and preparedness plans.
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Figure 1

Distribution of major active faults in relation to Karaj border (the western segment of N-Tehran fault
passes through Karaj)

Figure 2

A schematic analytical flow of deriving the ground motion time histories using the stochastic finite-fault
method (figure reproduced from study of Zhou and Chang (2019))
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Figure 3

The location of two main segments of NTF in relation to Karaj boundaries (solid blue line is upper edge;
dash blue line are lower edge trace and yellow star is upper edge point)
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Figure 4

Distribution of PGA values on the bed-rock within 12 municipal districts of Karaj; yellow triangles are
locations in Karaj which their time history waveforms are depicted as sample
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Figure 5

The time history waveform and their corresponding Pseudo response acceleration in five points (depicted
in Figure 4 by yellow triangles) in Karaj
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Figure 6

VS30 map of Karaj (data are from IIEES, 2013)



Page 18/26

Figure 7

Distribution of PGA values on the soil surface within 12 municipal districts of Karaj
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Figure 8

Distribution of PGA values on the soil surface in Karaj using NGA-west2 GMPEs
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Figure 9

A grid-by-grid comparison of PGA values obtained from GMPEs and simulation

Figure 10

The number of buildings constructed a) using different construction material, b) in different years



Page 21/26

Figure 11

Distribution of different building classes within 12 municipal districts of Karaj
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Figure 12

The vulnerability curves of Bastami et al (2022) for 26 building types
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Figure 13

Distribution of census blocks within Karaj



Page 24/26

Figure 14

Distribution of PGA values from stochastic finite-fault approach in different grid cells
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Figure 15

Distribution of loss ratio within 12 municipal districts of Karaj
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Figure 16

The loss ratio in different building types for the whole of Karaj
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