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Earthquakes have a greater effect on society than most people think. These effects range from structural
damages to economic impacts and fatalities. An earthquake only lasts for a few seconds and the
aftershocks may continue for days, but the damage does continue for years. Residential site safety
and earthquake damage assessment studies play a crucial role in developing reliable rehabilitation
and development programs, improving preparedness and mitigating losses in urbanized areas. The
extremely densely populated metropolis of Tehran, which totals of 7,768,561 for 22 districts (according
to the 2006 population census), coupled with the fragility of houses and infrastructure, highlight the
necessity of a reliable earthquake damage assessment based on essential datasets, such as building
resistance attributes, building population, soil structures, streets network and hazardous facilities. This
paper presents a GIS-based model for earthquake loss estimation for a district in Tehran, Iran. Damages
to buildings were calculated only for the ground shaking effect of one of the region’s most active faults,
the Mosha Fault in a likely earthquake scenario. Earthquake intensity for each building location was
estimated based on attenuation relation and the ratio of damage was obtained from customized
fragility curves. Human casualties and street blockages caused by collapsed buildings were taken into
account in this study, as well. Finally, accessibility veriﬁcation found locations without clear passages
for temporary settlements by buildings via open streets. The model was validated using the 2003 Bam
earthquake damages. The proposed model enables the decision-makers to make more reliable decisions
based on various spatial datasets before and after an earthquake occurs. The results of the earthquake
application showed total losses as follows: structural damages reaching 64% of the building stock, a
death rate of 33% of all the residents, a severe injury rate reaching 27% of the population and street
closures upwards of 22% due to building collapse.
& 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Metropolises are speciﬁcally vulnerable to earthquakes due to
the high density of buildings, infrastructure and people [1]. Highly
populated cities that are unprepared for such emergencies
contain many potential victims and invite high fatalities during
unavoidable disasters [2–4]. Although rare in Tehran metropolis,
earthquakes are one of the most destructive natural hazards, so
assessing the damage they cause is of great importance [5].
Disaster management and mitigation are not easy tasks and
require resources and analyses to design effective and appropriate
strategies to reduce vulnerability [6,7]. This complexity dictates
the use of an integrated earthquake damage assessment methodology. The design of geographic information systems (GIS)
supports spatial decision-making based on multiple georeferenced datasets and it thereby makes possible natural disaster
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risk assessment for vulnerability reduction [8–10]. For the purpose of this paper, the GIS data layers of the study area include
the dwelling unit inventory, statistical information about buildings,
streets, the positions of hazardous facilities (e.g., gas stations),
active faults and soil characteristics. The collected data were
corrected and converted to shape ﬁles and geodatabases. The
information such as distances of buildings to the Mosha Fault and
street widths were extracted from primary layers. We used
ArcGIS toolbox functions to analyze the data layers and present
ﬁnal damages. This study highlighted the usefulness of GIS for the
input, management, manipulation, analysis and visualization of
spatially referenced data.
Although residential regions are at risk because of multiple
hazards caused by earthquakes, including landslides, surface fault
rupture, tsunami, liqueﬁcation, ﬁre and ﬂood as well as the
release of hazardous materials, ground shaking is the principal
cause of earthquake damage and loss [13,15,8]. The primary
objective of this study is to develop earthquake loss scenarios in
terms of building and street damages and casualties. Damage to
buildings was calculated only from the ground shaking effect of
an earthquake.
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For the calculation of ground shaking effects on buildings,
Modiﬁed Mercalli Intensity (MMI) attenuation relation was modiﬁed for local geology. The building’s damages were estimated
based on the fragility curves. Casualties were estimated for each
building based on its damage, structure and occupancy at the
time of the incident. An approach for determining the percent of
streets blocked was developed and buildings without clear access
to temporary settlements were identiﬁed.
This paper is organized into 7 sections. Section 1 presents the
importance of the subject and evaluates some important attempts
related to the purpose of this paper. In Section 2, the proposed
methodology will be discussed in detail. The application for a
parish in Tehran as well as the results will be presented in
Sections 3 and 4, respectively. Validation of the model on 2003
Bam earthquake is discussed in Section 5. Sensitivity analysis of
model parameters is presented in Section 6. Finally, the conclusion will be stated in Section 7.

Diagnosis (SEDD), which uses fuzzy logic. The SEDD methodology
is an inductive data-based approach which scans and analyzes a
large database of historical disasters to produce fuzzy rules, which
can be used to evaluate the consequences of almost any possible
disaster scenario. The main objective of SEDD is to support NonGovernmental Organization (NGO) decision-makers involved in
international response, who bring relief to people affected by a
natural disaster. Ansal et al. [18] integrated deterministic hazard
scenarios and time-dependent probabilistic hazard assessment into
a GIS-based loss assessment model of Istanbul, Turkey, to develop
loss scenarios in terms of structural damage and fatalities. We proﬁt
from their method for the estimation of casualties.

1.1. Background

The metropolis of Tehran, located at the southern foothills of the
Alpine–Himalayan orogen in Iran, has an area of about 614 km2 and
is divided into 22 districts [19–21]. Seismologists believe that an
intense earthquake may strike Tehran in the near future because the
city has not experienced a powerful earthquake since 1830 [22–24].
The Mosha Fault is situated about 30 km above Tehran (Fig. 1) and
seems to be among the most active faults in this region, experiencing major earthquakes with magnitudes more than 6.5 in the years
958, 1665 and 1830 [25,19]. Hamzehloo et al. [27] estimated that
the maximum credible earthquake for faults around Tehran varies in
the range of 6.2–7.3 by considering the length of the faults. Zafarani
et al. [26] indicated that the Mosha Fault, over 200 km long, can
cause earthquakes up to a magnitude of 7.4 with focal depths
ranging from 13 to 30 km. Thus, the predicted magnitude for the
Mosha fault future earthquake is almost between 6.4 and 7.4 based
on the mentioned works and historical earthquakes. In our research,
two scenarios with magnitudes of 7.4 and 6.4 were considered for
this fault.
The developed methodology was applied to the south Karoon
parish in Region 10 of Tehran, Iran. Fig. 1 shows the location of
study area with respect to the Mosha Fault. The study area
is bounded between longitudes of 511210 5000 –511220 1200 E and
latitudes of 351400 5000 –351410 2400 N. There are 71 blocks, 3737 parcels,
5293 buildings and 26,498 people in the southern Karoon parish.
All buildings have less than 7 stories and several old structures
vulnerable to a major earthquake exist. The building stock consists of
21% steel, 5% reinforced concrete, 11% steel and brick and 63% adobe.

There are several disaster management and damage assessment methodologies practiced around the world [11]. Michalowski et al. [12] presented a decision support system for disaster
management that was established by NEGOPLAN, an expert
system shell for negotiation support. This framework was developed to test the accuracy of a disaster manager’s decisions. Bird
and Bommer [13] considered ground failure and shaking as
causes of damage in their analysis of survey data and presented
their relative contribution to general damage in each section of
the regional infrastructure. Ergonul [14] studied the economic
aspects of earthquakes and presented a probabilistic model for
loss assessment in a town at risk for earthquakes. His model
simulated the potential beneﬁts of various pre- and post-earthquake mitigation strategies within the framework of Monte Carlo.
His model measured the severity of the earthquake, building
resistance and soil structure, which determined the value of the
recovery cost. Montoya and Masser [1] demonstrated how a risk
evaluation is performed using GIS to produce the cost-beneﬁt
scenarios that in turn enhance the transparency of the decisionmaking process. They ﬁrst developed a list of datasets required to
extract a risk assessment, an approach to integrate these datasets
and a method to assess costs and beneﬁts of mitigation measures.
Karimi and Hüllermeier [5] presented a fuzzy system for evaluating the risk of natural hazards under highly uncertain conditions.
Uncertainties regarding the probability of occurrence and disaster
severity in a region have been represented in terms of fuzzy
probability. Uncertainties concerning the correlation between the
parameters of the natural disaster and its consequent damages
and losses have been considered by means of fuzzy relations.
Moreover, the combination of fuzzy probability of hazard and
fuzzy vulnerability relation produced the fuzzy probability of
damage. Feyza Cinicioglu et al. [15] evaluated the risk from each
damage-causing effect including ground shaking, liquefaction,
landslide and seismic bearing capacity degradation separately at
a rationally rigorous level and then integrated the risks. This
approach is related to soil structure interactions by quantifying
site-speciﬁc structural and geotechnical properties. We use Feyza
Cinicioglu’s attenuation relation to accomplish a part of our
objectives. Srinivas and Nakagawa [16] emphasized the cyclical
linkages between environmental reduction and its exacerbation
of a hazard’s effects and environmental impacts by verifying the
evaluations of the Indian Ocean earthquake and tsunami that
struck on 26 December, 2004. They also discussed the use of
environmental management for disaster mitigation but our work
discusses the urban management. Tinguaro Rodriguez et al. [17]
presented a new version of Systems Experted for Disaster

2. Material and methods
2.1. Study area

2.2. Data preparation
Needed information were obtained from Prevention and Crisis
Management Organization and International Institute of Earthquake Engineering and Seismology (IIEES) in Tehran.
In this study, the dwelling unit inventory database was
prepared based on 2006 census data. Statistical information about
buildings include their type of structure, number of stories and
year of construction. The GIS data layer of parish streets was also
obtained, veriﬁed and corrected by ground-based and ofﬁcial
reviews. Next, data such as distances of buildings to the Mosha
Fault and street widths, were extracted using ArcGIS software.
Hazardous facilities, including gas stations, gas lines and major
gas valves were identiﬁed as shape ﬁles for the location and
analysis of temporary settlements and these sites included
schools, mosques and earthquake-resistant open spaces [14]. All
layers were converted to shape ﬁles and integrated in a
geodatabase.
In the study area, there are no parks, nearby gas stations or
high voltage transmission lines. There are, however, many gas
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Fig. 1. Study area (top left) and a photograph from the south Karoon district showing its narrow streets (bottom left).

lines and major gas valves that pose a threat due to their manual
valve shut-off manipulation systems. Shelters will be settled
in schools, mosques and vacant parcels that are far enough
from major gas valves to prevent destruction under modeled
earthquakes.

2.3. Methodology
Earthquake loss assessments are predictions of possible
damages and losses from future earthquakes. Risk estimation
studies carried out in earthquake-prone areas over the world
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indicate great diversity in terms of the sophistication of applications and the parameters included [28,8,10], but database preparation and the choice of the damage assessment method affect
each other.
Our studies showed that there is not yet a standardized
method for spatial damage estimation analysis. This paper develops a novel damage assessment methodology and applies it to a
parish of Tehran, Iran. The main steps of the presented methodology can be followed through the ﬂow chart given in Fig. 2. Ground
shaking is considered as the main damage-causing phenomenon.
For the calculation of the ground shaking effect on buildings,
Modiﬁed Mercalli Intensity (MMI) attenuation relation was modiﬁed
for local geology. The building’s damages were estimated based
on fragility curves that were developed for different building
categories from the view point of resistance against ground
shaking in Tehran [28]. Casualties were calculated for each
building based on its damage and structure. After estimating
the building waste materials, an approach for determining the
percent of streets blocked was developed and buildings without
clear access to temporary settlements were identiﬁed.

2.3.1. Intensity of earthquake on each structure
Ground shaking, the most devastating seismic hazard, is
determined through a qualitative measure of its seismic intensity,
or the severity of seismic ground motion at a speciﬁc location, a
measurement used widely in engineering and seismology. In this
study, the intensity-based characterization MMI is used because
intensity characterization includes the impacts of local geology,
the earthquake source characteristics, distance of the fault to the
site, amplitude, duration, periodicity and frequency content of the
earthquake [29]. Additionally, fragility curves based on MMI for
different kinds of buildings in Tehran were also available. Many
attempts have been made to relate seismic intensity to ground
shaking parameters e.g., [30–36]. Within the context of this paper,
MMI values for a speciﬁc site are calculated based on an earthquake scenario, earthquake source characteristics and site-speciﬁc geological and geotechnical data. The MMI of the ground
motion for a speciﬁc site is ﬁrst calculated by Eq. (1) as suggested
by Crespellani et al. [37] and Feyza Cinicioglu et al. [15]. MMI
increases (dIMMI) due to local geology were obtained from Eq. (2),
as given by Borcherdt [38] and Feyza Cinicioglu et al. [15]. Then,
MMIn was calculated based on Eq. (3) and expected to be common
in the inspected area.
MMI ¼ 8:6 þ1:48M6:4 logðd þ14Þ

dIMMI ¼ 3:48 logðFv Þ

ð2Þ

MMIn ¼ MMI þ dIMMI

ð3Þ

In the above equations, M stands for the magnitude of the
earthquake, d is the distance from the desired location to the fault
and Fv represents the ampliﬁcation in the velocity band. Site
ampliﬁcation factors (Fa and Fv for short and longer periods,
respectively) represent the ampliﬁcation capability of the local
soils with regards to uniform ground condition. These factors are
based on the ﬁve site categories deﬁned in terms of a representative average shear-wave velocity over a depth of 30 m [15].
Shaﬁee and Azadi [39] presented shear-wave velocity (vs) characteristics for the different geological units throughout Tehran.
They extended the existing results to other areas with the same
material properties based on geological units. Finally, they used
average shear-wave velocity to 30 m (vs(30)) to produce a map of
site conditions in Tehran by classiﬁcation of geologic units with
similar physical properties to the National Earthquake Hazard
Reduction Program (NEHRP) categories. Their results are used in
this study for ﬁnding Fv based on site factors established by new
Standard AS/NZS 1170.4 [40] shown in Table 1.
2.3.2. Estimation of damage to buildings based on fragility curves
The resistance of buildings to earthquakes varies from area to
area and from country to country. The relationship between
seismic impact and the damage ratio differs, even if structures
are similar to each other in appearance. It is considered that
various construction approaches cause these differences. Gathering seismic hazards records and developing a damage function
based on local experiences are the most important parts of damage
assessment.
Askan and Yucemen [42] presented three probabilistic methods for the evaluation of potential seismic damage to low and
mid-rise reinforced concrete (RC) buildings in Turkey. Rossetto
and Elnashai [43] presented a new empirical fragility curves for
European-type RC building populations based on a database of 99
post-earthquake damage distributions observed in 19 earthquakes
Table 1
Site Factors that show Fv and Fa for ﬁve different NEHRP categories, stipulated by
new Standard AS/NZS 1170.4 [41].

ð1Þ

Site class

A

B

C

D

E

Fa
Fv

0.80
0.80

1.00
1.00

1.25
1.40

1.25
2.25

1.25
3.50

Definition of
earthquake scenario

Ground-shaking effect
Attenuation relation

Intensity of earthquake
on each structure

Local geology
amplification

Fragility curves

Estimation of
building damages

Day/night
scenario
Population of
building

Street’s width
Adjacent buildings
waste materials

Estimation of streets
demolition

Finding buildings without access
to temporary settlements

Estimation of
casualties

Building
damage
Mortality
ratio
Injury ratio

Fig. 2. Flow chart for the proposed methodology: main stages along with the used information to estimate the damages.

Type of
structure
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and regarding a total of 340,000 RC buildings. Some generic fragility
curves were developed by Coburn and Spence [44] and fragility
curves based on Iranian buildings were developed by JICA [28] and
derived from damage observations to different structures in historical
Iranian earthquakes (Fig. 3). Their study used building information
like structural type, construction year and the number of stories.
Based on this information, the buildings in the study area were
categorized into 9 types, speciﬁcally noting building resistance
(Table 2). The following fragility curves were used in this study for
estimation of ground shaking-induced damage to buildings.

2.3.3. Estimation of casualties
Fatality estimation is notoriously difﬁcult. Casualty numbers
vary from one earthquake to the next and data documenting
mortality rates is poor. The statistics recording casualties due to
earthquakes present a wide range of causes of death including
tsunamis, ﬁres following earthquakes, rockfalls, landslides and
other hazards. In most large-scale earthquake disasters, the main
cause of fatalities is building collapse [18,22,44]. We believe that
the casualty estimation is related to building damage estimation
because the casualty number is principally due to the rate of
people trapped in collapsed or heavily damaged buildings. During
the 20th century, about 75% of the deaths attributed to earthquakes have been caused by the collapse of buildings [44].
Building collapse will also be the most notable cause of human
casualty in Tehran because tsunamis do not affect the site and
potential landslide sites are distributed only in the northern edge
of the city [28]. Thus, only the human casualties caused by
building collapse were taken into account in this study.
There are many similar attempts for calculation of casualties
around the world e.g., [18,44,28], but this study calculates

casualties for each building separately based on occupancy at
the time of the incident, the building population, its damage
percent and its lethality ratios in the following manner:
Mortality ¼ Occupancy ratio  Population  Damage percent
Mortality ratio
ð4Þ
Injured ¼ Occupancy ratio  Population  Damage percent
Injury ratio

ð5Þ

The ‘‘occupancy ratio’’ is assumed as 1 to estimate the number of
casualties during night-time, when the residents are in their homes.
The death ratio for daytime to night-time was correlated with the
seismic intensity (MMI). In this correlation, previous actual damages
in Iran were taken into account. The data for six earthquakes is
shown in Table 3. Two earthquakes occurred during the day, when
workers and students were absent from their homes. The other four
earthquakes occurred in the early morning or during the night,
when almost all residents were in their homes.
There is a distinct difference in death ratio in case of daytime
and night-time earthquakes. It is considered that many people
were outside their residential buildings and/or many people were
in ofﬁce buildings with stronger anti-seismic structures during
the daytime.
Fig. 4 shows the relationship between seismic intensity (MMI) and
the death ratio in daytime to night-time. This diagram is obtained
from the interpolation of data in Table 3. Thus, the occupancy ratio in
Eqs. (4) and (5) is obtained from this diagram, based on the seismic
intensity (MMI).
For example, the occupancy ratio in the daytime is about 0.92
of that of the night-time for MMI 6.4. These results were derived
from previous damage experiences and the effects of movements
of the population and other variables were not considered.

Fig. 3. Fragility curves indicating damage ratio based on MMI for different structural types in Tehran developed by JICA [28].

Table 2
Description of different structural types featuring building structural resistance.
1
2
3
4
5
6
7
8
9
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Steel-1
RC-0
Steel-2
Brick and Steel, or Stone and Steel
RC-1
RC-2
All Wood
Cement Block, Brick and Wood, Stone and Wood, All Brick, Stone and Brick
Sun Dried Brick and Wood, Sun Dried Brick and Mud

Steel MRF structure, built after 1992, with 1 to 3 stories
RC MRF structure, with more than 6 stories
Steel MRF structure, built before 1991 or with more than 4 stories
RC MRF structure, built after 1991 and with 1 or 2 stories
RC MRF structure, built before 1991 or with more than 3 stories
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Table 3
Death ratios for major historical Iranian earthquakes [28].
Earthquake
Year
Daytime/Night-time

Ghir
1972
Night-time

Data for each village

Tabas
1978
Night-time

Golbaft
1981
Daytime

Manjil
1990
Night-time

Ardekul
1997
Daytime

MMI

Death

MMI

Death

MMI

Death

MMI

Death

MMI

Death

MMI

Death

9
9

67.1
20.4

10
9
9
8

84.3
42.8
19.2
8.7

7

9.2

9
9
8
8

57.1
32.1
9.8
2.1

6
6
6
9
10
7
10
8

0.79
0.1
0.0
90.0
90.0
9.0
66.7
13.3

10
10
9
10
8
8
8
7
8

2.7
13.4
23.1
45.5
6.5
11.0
1.7
5.8
3.0

native civil engineers. The volume of building waste materials is
calculated from Eq. (8) based on damage percent obtained in
Section 2.3.2. A height of 1 m was considered for waste materials
and the area occupied by them was calculated using Eq. (9).
Finally, the area of streets occupied by waste from each adjacent
building was calculated using Eq. (10).

1.2
day/night ratio

Sirch
1981
Night-time

1
0.8
0.6
0.4
0.2
0
6

7

8
MMI

9

10

Volume of building ¼ Area of ground floor
Number of stories  Height of each floor

ð6Þ

Volume of construction materials ¼ Volume of building=5

ð7Þ

Fig. 4. Daytime/night-time fatality ratio obtained from historical Iranian
earthquakes.

Volume of waste materials ¼ Volume of construction materials
Table 4
Mortality and injury ratios for different building types in Tehran, Iran.
Building type

Mortality ratio

Injury ratio

RC buildings with 4 stories or more
RC buildings with less than 4 stories
Masonry buildings with 4 stories or more
Masonry buildings with less than 4 stories
Steel buildings with 4 stories or more
Steel buildings with less than 4 stories
Timber frame buildings

1
0.8
0.6
0.5
0.5
0.4
0.3

0
0.2
0.4
0.5
0.4
0.4
0.4

Each building class has its own speciﬁc set of lethality ratios
that are developed based on native experts experiences and
Coburn and Spence [44] (Table 4).
The casualties estimated in our proposed method will constitute most, but not all, of the expected fatalities. In addition to the
casualties caused by structural failure, other probable causes of
casualties should be taken into account including major secondary catastrophes mentioned above, the collapse of large civil
engineering structures, the direct effects of fault rupture and
miscellaneous other causes not considered here.

Percent of building damage
Area of waste materials ¼

Volume of waste materials
Height of waste materials

ð8Þ

ð9Þ

Occupied area of adjacent street ¼ Area of waste materials
Area of ground floor
ð10Þ
For buildings with two or three adjacent streets, obtained area
from Eq. (10) was divided equally between them.
Streets were divided into small pieces (about 30 m) and the
area of each segment was calculated. The buildings adjacent to
each street segment were identiﬁed and their total potential
construction waste was calculated and used in Eq. (11) to
determine the occupied percent of each street segment.
Occupied percent of each street segment ¼
Occupied area
Area of street segment  100

ð11Þ

If the result of Eq. (11) is greater than 100, it indicates street
blockage.

3. Case study
2.3.4. Estimation of street demolition
Streets in an earthquake zone have a crucial role in relief
operations and trafﬁc management; therefore, veriﬁcation of their
vulnerability during a disaster event is very important. Open spaces
like streets are more resistant to earthquakes [14,11], but most routes
are occupied by building waste materials after a heavy earthquake,
especially in narrow streets adjacent to damaged tall buildings. In this
study, the following method was applied to determine obstruction of
streets adjacent to damaged buildings.
Eq. (6) calculates building volume and Eq. (7) calculates the
volume of construction materials for each building developed by

The probable magnitude of 7.4 for the Mosha Fault resulted in
intensities (MMIn) greater than 9.4. Veriﬁcation of fragility curves
in Fig. 3 indicates that such intensities could completely destroy
all the buildings and therefore, a magnitude of 6.4 was adopted
for the night-time scenario.
The epicentral distances of buildings in the study area were
between 31,190 and 32,270 m. MMI intensities were found using
the attenuation relationship presented in Eq. (1). The MMIn
was found using Eq. (3). Based on Table 1, Fv was determined
as 1.4 for the study area because the area was categorized in class

M. Hashemi, A.A. Alesheikh / Soil Dynamics and Earthquake Engineering 31 (2011) 1607–1617

C of NEHRP provisions by Shaﬁee and Azadi [39]. The results
for MMIn were between 7.92 and 7.99 for different epicentral
distances.
Damage to buildings was calculated based on MMIn obtained
from previous steps and fragility curves shown in Fig. 3. Mortalities and injuries for each building and percent of streets
occupied by waste materials were calculated based on the
proposed methods (Sections 2.3.3 and 2.3.4). To estimate the
fatalities, a night-time earthquake scenario was considered, so the
occupancy ratio in Eqs. (4) and (5) was considered as 1.

1613

4. Results of application
4.1. Damages to buildings, people and streets
GIS analysis of the results revealed that a magnitude of 6.4 will
damage a range of 12–100% of all buildings, with 32% of buildings
experiencing 12–33% total damage, 5% experiencing 64–72%
damage and the remainder experiencing more than 91% damage.
Fig. 5 presents expected damage levels for structures; red buildings are severely damaged and would require exercising special

Fig. 5. (a) Primary heights of buildings: expected damage levels are indicated by the color bar. (b) Heights of buildings after modeled earthquake. (For interpretation of the
references to color in this ﬁgure, the reader is referred to the web version of this article.)

Fig. 6. The number of dead and injured people in each building.
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precautions. In this ﬁgure, the heights of buildings before (Fig. 5a)
and after (Fig. 5b) the modeled earthquake were calculated from
Eqs. (12) and (13), respectively, using a 3 m ﬂoor height.
Primary height ¼ Number of stories  3

ð12Þ

Secondary height ¼ ð1Damage percentÞ
Primary height

ð13Þ

Results of casualties estimation showed that about 8655
people out of 26,498 would be killed and about 7279 would
suffer injuries. All people killed and injured in each building are
shown in Fig. 6.
The only clinic situated in the parish, was damaged 16% and
the only ﬁre station was totally destroyed. According to these
statistics, the region’s crisis was severe.
Street damage caused by building waste materials is shown in
Fig. 7. The occupied percent of border streets in the study area
were doubled to account for the effects of buildings on each
streetside. The total length of streets in the area is 22,244 m. After
the modeled earthquake, 12% of streets were completely free, 48%
were 1–50% blocked, 18% were by 51–100% blocked and 22%
showed greater than 100% blockage by building waste materials.
Streets with greater than 100% blockage are considered closed as
shown in Fig. 7. Except for a few segments, major streets in the
study area remained open because of their size, but many minor
routes are closed. Fig. 1 represents a photograph taken from the
district that displays blockages after the modeled earthquake.

4.2. Finding buildings without access to temporary settlements
Damage to all schools and mosques in the area is more than
50% and the only mosque with damage 18% is situated near major
gas valves prohibiting it from becoming a safe temporary settlement. Seven vacant parcels in the area were considered as
temporary settlements (Fig. 7). Their total area is 906 m2. But
that area does not likely provide enough space for earthquake
victims. Finally, settlement accessibility was veriﬁed and buildings without clear passage to settlements were identiﬁed and
marked red in Fig. 7. Almost all buildings in the southeastern part
have no access to settlements, as shown in Fig. 7 and this results
from the full breakdown streets in this area due to a high volume
of waste and narrow streets.
The developed model in this paper can approximately predict
the damage to buildings and streets. These measures can help
disaster-managers in two ways; ﬁrst, to mitigate damages. In our
model, we classiﬁed buildings based on their vulnerability against
the most probable future earthquake, so buildings should be
reinforced or reconstructed based on their weaknesses. Some
rules could be set up to limit structures’ type to prohibit future
damages. Also, many blocked streets (extracted from this model)
can be widened in long-term strategies. Second application of this
model is preparing paramedics to deal with the incident that is
our future work. We have an estimation of damages and fatalities
as well as the streets blockages due to the designed earthquake.
Thus, we can consider all these issues for planning relief operations

Fig. 7. Street blockages by adjacent building waste materials (black lines); temporary settlements (blue points); buildings without access to settlements (red buildings).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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after the earthquake, locating and distributing paramedics, and
determining relief paths in advance.

5. Validation of the model on Bam earthquake
On December 26, 2003 a large earthquake of Mw ¼6.5 shook
the Bam district located in southeastern Iran [45]. Several dozen
villages were destroyed and tens of them were severely damaged.
More than 45,000 people were killed, and 30,000 were injured.
The event was associated with a 9 km surface rupture of the Bam
Fault. Houses in Bam were usually one-story masonry buildings
and some of them were old and very weak [46,47]. Therefore, all
buildings of this type totally collapsed during the earthquake. The
earthquake intensity at the epicenter is determined as IX þ
(between 9 and 10) on the MSK scale, which strongly decreases
with distance from the surface ruptures [46]. Although, a regular
database, such as the one for Tehran, is not available for this city,
and some of the site factors are a little different from those for
Tehran, a part of the Bam City was adopted as a validating case for
our model, because the building types are very similar and the
damages are available. The validation location is depicted in
Fig. 8. The distance between the study area and the earthquake
source is about 3.5 km.
The soil classiﬁcation used by Ahmadizadeh and Shakib [47] is
the same as that of Iranian building code [48], where the average
shear-wave velocity in soil layers falling in the upper 30 m of the
site is the basis for soil classiﬁcation. They classiﬁed the Bam
station soil as type D in Table 1 by comparing the average shearwave velocities in the Site Categorization Procedure of UBC-97
with those of Iran Standard No. 2008. Thus, an Fv ¼2.25 was
assigned to the site.
The MMIn was calculated as 11.49 for the study area, from
Eq. (3). This result proves that the equation is rather pessimistic,
because Bam earthquake intensity was estimated as 10 at worst
[46]. We need to develop fragility curves for the buildings of the
Bam City like the one for Tehran in Fig. 3 to estimate the damage
percent to each building; although such intensity will totally
destroy the one-story masonry buildings. This type includes more
than 80% of the buildings of the city.
The above results showed that the model is almost pessimistic,
but it is not a foible, rather a precaution. The perfect application of
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the GIS-based model for the City of Bam needs the perfect
geodatabase of the city like the one for Tehran.

6. Sensitivity analysis of model parameters
The MMIn was calculated from Eq. (3). The effects of the
parameters’ small changes on the ﬁnal output are studied in this
section. This equation is very sensitive to earthquake magnitude
(M). With every 0.1 increase in earthquake magnitude, 1.4 is
added to earthquake intensity. The ampliﬁcation in the velocity
band (Fv) has an effective role in changing MMIn, after the
magnitude. The derivative of MMIn to Fv is shown in Fig. 9.
As the above diagram shows, in regions with a small Fv, the
sensitivity of the MMIn to the Fv increases. The sensitivity of the
MMIn in the study area (Fv ¼1.4) is calculated from Eq. 14 for
small changes in Fv (i.e. an error of 0.1 in Fv results in an error of
0.1 in MMIn).
@MMIn ¼ 1:08  @Fv

ð14Þ

The distance from the earthquake source (d) is the third
effective parameter on the earthquake intensity. The derivative
of MMIn to d is shown in Fig. 10. This diagram shows that the
MMIn is more sensitive to d in the closer regions to the earthquake
source, but in the negative direction.

Fig. 9. The derivative of MMIn to Fv.

Fig. 8. City of Bam, the study area for validation of the proposed model: different damage levels caused by 2003 Bam earthquake (bottom right).
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The sensitivity of the MMIn in the study area (d ¼32 km) is
calculated from Eq. (15) for small changes in d (i.e. an error of
0.1 in d results in an error of 0.006 in MMIn).
@MMIn ¼ 0:06  @d

ð15Þ

Small changes in the earthquake intensity result in changes in
damage to buildings (Fig. 3). This effect is more sensible in the
middle section of the fragility curves with a steep slope where a
0.1 shift in MMI results in about 6% change in the damages. For
the earthquake scenario in this paper (with a 6.4 magnitude),
small changes in MMI does not affect the damage to building type
9 (Table 2), because the curve’s slope is zero in this magnitude
range. The small changes in MMI affects the amount of damage to
building types 5, 6, 7 and 8 more than building types 1, 2, 3 and
4 because the ﬁrst group’s fragility curves are steeper in this
magnitude range. The above results are summarized in Table 5,
which illustrates that the earthquake magnitude, the ampliﬁcation in the velocity band and the distance to the earthquake
source have the most effect on the model’s output, respectively.

7. Summary and conclusions
The Iranian Plateau is marked by active faulting, active folding,
ﬂuctuating crustal thickness, mountainous terrain and recent
volcanic activities and it has, consequently, experienced numerous catastrophic earthquakes. Tehran also hosts many industries,
fuel and oil reservoirs and crucial infrastructure that serve local,
regional and national interests. A major earthquake could cause
disastrous damage near its epicenter and further harsh

Fig. 10. The derivative of MMIn to the distance to the earthquake source (d).

consequences for a much wider region. Any such crisis would
be much more immense than the earthquake simulated by
this paper.
Earthquake loss assessments are predictions of damage and
human and economic impacts from probable future earthquakes.
They are not exact forecasts, but rather, they draw on recent
scientiﬁc and engineering knowledge to estimate damage. Such
damage estimation methods vary from district to district. This paper
presents a methodology for evaluation of earthquake-induced
damages to structures, people and streets in order to identify urban
regions most likely to undergo signiﬁcant human and structural
losses during a major earthquake. The application of this method to
a parish in Tehran proved to be an effective approach and the results
of this study have great signiﬁcance to loss mitigation during likely
seismic events given that they identify opportunities to design and
implement disaster management strategies. The estimated damages
can help disaster-managers in two ways; ﬁrst, to plan short-term
strategies to reinforce less vulnerable buildings and long-term
strategies to reconstruct more strong buildings and widen quite
blocked streets. Second, to plan relief operation in advance, considering street blockages and fatalities.
The ground shaking effect and signature on buildings and
other structures has been calculated via MMI attenuation relations. Earthquake scenario, earthquake source characteristics,
site-speciﬁc geological, geotechnical data and local geology were
considered in an intensity estimation.
Damage to each building was calculated based on speciﬁcally
designed fragility curves. The casualties, street blockages and
settlement accessibility were estimated and displayed using new
GIS methods.
This paper highlights that earthquake damages and casualties
would be great, despite considering a magnitude less than predicted
for the Mosha Fault, further indicating a need to retroﬁt and renovate
buildings and widen streets. Secondly, the analysis of massive spatial
data used in this study proves the usefulness of GIS in this ﬁeld.
The validation of the model using the Bam earthquake damages
proved that the model overestimates the earthquake intensity. The
resulted damages for the southern Karoon neighborhood in Tehran
showed that about 63% of buildings will be totally destroyed. Also,
considering the total blockage of about 22% of the streets by
buildings waste materials, widening streets and preventing new
adjacent buildings to exceed them are important precautions.
Considering the similarity of the adjacent districts to the study area
in land features, buildings type and streets, their state could almost
be the same after the earthquake, even more catastrophic in southern Tehran because of denser population and more vulnerable
structures. Therefore, the urban managers should accentuate the
results of such native studies to prevent tragic irrecoverable events.

Table 5
The effect of small changes of different parameters on MMIn and damages to buildings.
An error of 0.1 in the parameter

Explanations

The earthquake magnitude (M)

Results in an error in
MMIn

Explanations

Results in an error in damage
percent (%)

0.140

For building types 1,2,3,4 and 6
M ¼6.4
For building types 5,6,7,8 and 8
M ¼6.4
For building type 9 and M ¼6.4 0

The ampliﬁcation in the velocity
band (Fv)

The Fv is assumed
1.4

0.108

For building types 1,2,3,4 and 4
M ¼6.4
For building types 5,6,7,8 and 6
M ¼6.4
For building type 9 and M ¼6.4 0

The distance to the earthquake
source (d)

The d is assumed
32 km

0.006

0
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The sensitivity analysis of model parameters showed that
small changes in the earthquake magnitude, the ampliﬁcation in
the velocity band and the distance to the earthquake source have
most effect on the model’s output, respectively.
The proposed method is applicable anywhere in any earthquake-prone areas with the potential for future earthquakes. This
study could be enhanced by ﬁrst expanding the model to include
other inﬂuential factors on losses such as secondary hazards.
Additionally, the proposed model could be expanded to simulate
different reactions to earthquake scenarios and provide relief and
instructional programs.
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