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Abstract

INTRODUCTION: Natural hazards, especially earthquakes, have resulted in mass casualties and
damages in different parts of Iran. Therefore, it is necessary to take required measures in
relation to risk reduction, preparedness and coping with earthquake effects. Regarding the fact
that resilience is a relatively new concept, despite the great attention to this term and its
abundant application in different fields, measuring the level of earthquake resilience, as well as
creating and improving it in urban settlements is a challenging necessity.

METHODS: The review of literature was carried out first and the physical resilience indicators
were deduced. Subsequently, a questionnaire was prepared for experts with the aim of weighting
and prioritizing the indicators. Then the weight of them was calculated using the Expert Choice
software and AHP (Analytic Hierarchy Process). After weighing, the indicators were prioritized.
In the next step, the required information layers were prepared in accordance with the inferred
indices in GIS software. After preparing the required layers and maps, a fuzzy function was used
to standardize. Then, the weight of the layers was multiplied in the standardized indicators, and
after calculating the layers, the final map of the physical resilience of Karaj City, Iran, against
earthquake was prepared and analyzed.

FINDINGS: Karaj City is one of the most vulnerable areas to earthquake due to its place located
in the southern slopes of Alborz and on active faults. According to the maps prepared in this
paper, large areas of Karaj City, especially in the central regions, have formed vulnerable places,
which in the event of an earthquake, will have huge casualties and damages in the urban areas.

CONCLUSION: It is suggested that the physical resilience of the living environment within the
case study should be in accordance with the prioritization obtained in the article: 1)
infrastructures, 2) buildings, 3) urban structure and 4) land use and natural factors. Also, spatial
priorities should be observed in promoting urban resilience in accordance with the final map.
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Introduction
atural disasters have always been a major
challenge for urban communities and
have long threatened human settlements,
infrastructure, and capital. Based on the statistics,
incidents have increased over time and the
vulnerability of urban communities (especially in
developing countries) has had a rising trend.
Experience shows that earthquakes destroy

> <3
“ PubW®

people’s lives and in addition to widespread
damage, leave devastating effects, especially on
urban settlements.

Given the statistics available, 90% of Iranian
cities are highly vulnerable to a 5.5 magnitude
earthquake (1); Karaj metropolis is one of these
cities due to its location on the southern slopes of
Alborz and its position on active faults, as one of
the most vulnerable areas to earthquakes the
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casualties and losses of which will be irreparable
in the event of an earthquake.

Today, there are many changes in attitudes to
accidents on a global scale. One of the most
important ones in the area of risk management is
the shift of attitudes from “reducing vulnerability”
to “promoting resilience” (2). Recent studies
indicate that resilience promotion can be effective
as a progressive approach to cope with the effects
of natural disasters and the sustainability of
settlements. “Resilience” is the opposite of
“vulnerability”. In fact, resilience is the capacity
of a society to be creative, preventive, and
proactive in dealing with disasters; in some cases,
resilience is referred to as the ability to withstand
changes that can have negative consequences on
human life and livelihoods (3).

Resilience is the ability of a system or
community at risk to resist, avoid, absorb, or
accommodate the effects of an accident (4).
Resilience can easily relate to all stages and parts
of disasters as well as crisis management (5). In
other words, a “resilient society” is the one that is
capable of absorbing the shocks of a risk and the
ability to return to the pre-accident conditions or
even better than them (6). Accordingly, focusing
on resilience means more emphasis on the
measures taken by the societies in the area of
disasters and how to improve their capacity. It is
worth noting that resilience is a broad and deep
subject that encompasses hardware and software
systems, with the “hardware systems” including
buildings, infrastructures, structural, technical,

and mechanical features and virtual systems, and
the and “software systems” including family,
community, human needs, behavior, and
relationships, respectively.

In specialized literature, the term resilience is
often used in the sense of “bouncing back” and
has been derived from the Latin root resilio (7).
Resilience is a form of foresight and the
adaptability of cities without collapse at the time
of the event (8). Resilience is a new strategy to
empower communities by effectively utilizing
their potentials and capacities (9). Simply put,
resilience is the ability to cope with and resist
future disturbances (10).

A resilience city is a stable network of physical
systems and human societies. Urban resilience is a
complex and multifaceted concept with various
social, physical, economic, institutional, and
managerial dimensions. Given the scope of the
issue, only the physical dimension of resilience
was focused on in the present study. “Physical
resilience” includes the natural and artificial
components of the city including “buildings”,
“infrastructure”, “land uses”, “urban texture and
structure”, and ‘“natural factors”. Table 1
represents the indicators of physical resilience
against earthquakes.

Taking into account the existing challenges and
problems in the field of disasters, investigation of
“resilience against earthquakes” with a focus on the
physical dimension of the urban system is one of the
priorities of planning in Iranian cities and seems to
be an indispensable and inevitable issue.

Table 1. Indicators of physical resilience against earthquakes

Buildings

Infrastructure

Uses

Urban texture and
structure

Natural factors

Quality of buildings, technology, and materials (11), number of floors and height of
buildings, density of buildings, stability, and weight of facade parts (12), strength and
structure of buildings (13), architecture of buildings (geometry and symmetry) (14), burnout
and age of buildings (15), implementation of buildings based on codes and standards (16),
grading (fine or small-grained) (12), size and area of parts (17)

Gas stations, power lines, water pipes, Internet network (18), water tanks, telecommunication
towers (19), strength and distance from dams (14), crossroads and intersections (20), quantity
and quality of accesses and passages (21), geometry and pattern of paths (14), strength of
bridges and tunnels (18), confinement, compression, and penetrability of the block (12)
Proximity and compatibility of uses (22), density of uses (13), Flexibility and changeability of
uses (23), variety of uses, type of uses (residential uses) (24), educational uses (25), sports
uses, religious uses (14), suitable evacuation and resettlement uses, relief, service, and
security uses, health and medical uses (16), livelihood and business uses, hazardous facilities
(14), open spaces and empty areas, parks and urban green spaces (25)

Urban texture order (regular, irregular), urban texture continuity (continuous, discontinuous)
(13), urban texture compactness (20), urban form and pattern (14), urban signs (26), urban
elements and furniture (21)

Faults (11), soil type (soil classification, erosion rate) (15), topographic and slope condition,
climatic condition (27), possibility of geological hazards (landslides, subsidence, liquefaction)
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Accordingly, the present study was carried out
aiming to measure the physical resilience of Karaj
City, Iran, to earthquakes by deriving the indices,
determine their coefficients of importance, and
prioritizing them wusing the geographic
information system (GIS) and analytic hierarchy
process (AHP). Then, the final map of the
physical resilience of Karaj was prepared and
solutions and interventions were presented to
improve earthquake resilience of this city.

Methods

To assess the physical resilience of Karaj against
earthquakes, the technical literature was first
reviewed. The texts mainly consisted of articles,
reference books, and online resources. Then, the
main and secondary indicators of physical
resilience at the urban scale were identified. After
deducing the indicators, a questionnaire was
designed for experts to weight and prioritize them;
this questionnaire was completed by 36 experts
and its reliability was approved by the Cronbach’s
alpha coefficient method using the SPSS software.

In the next step, the weight of the indicators
was calculated using the Expert Choice software
by the AHP method. After weighting, the
indicators of the physical resilience against
earthquakes were prioritized. It is noteworthy that
each of these indices was capable of being
presented as a map or an information layer using
GIS. Accordingly, the required maps were
prepared according to the indicators extracted in
the GIS software. One of the limitations of the
present study was the lack of data or shape files of
about 10% of the indicators such as the “viability
of the livelihoods and business after the
earthquake” and “variability and flexibility of
uses”. Therefore, the weight of those indices was
set to zero in the final calculations.

After preparing the information layers and
maps needed in GIS, a fuzzy function was applied
for standardization. In the next step, the weights
of the layers were multiplied by the standardized
indicators, and after overlaying the maps, the
weighted layers were aggregated. Ultimately, the
final map of physical resilience of Karaj against
an earthquake was prepared and analyzed in three
levels of low, medium, and high resilience.

In terms of validity and reliability, the validity
of the study was evaluated from the perspective of
the internal validity and external validity. In fact,

validity and reliability indicate the accuracy of the
method used in the study and the data collected (28).

As mentioned earlier, in this study, after
deducing the main and secondary indicators of
physical resilience against earthquake, a
questionnaire was designed for experts to weight
the indicators. To ensure the questionnaire
standardization, the questionnaire was reviewed
by five experts as pilot. After applying the
corrections, the questionnaires were completed by
some experts. Given that standard questionnaires
do not require validation of the study data and only
reliability needs to be assessed in them (29), the
standardization of the questionnaire was confirmed
based on the opinions of several experts.

However, the “external validity or reliability of
the study” indicates the generalizability of the
study findings to similar cases. Before a
questionnaire can be used, its internal consistency
must be determined (30). It is worth noting that
the reliability of the questionnaire can be
objectively measured. In this study, the
Cronbach’s alpha method was exploited to
measure reliability. This method is one of the
main and most widely used tests for reliability
testing. This method yields values between zero
and one (31). The closer the alpha value to one,
the greater the reliability of the questionnaire.

Generally, the alpha values of greater than 0.7,
between 0.5 and 0.7, and less than 0.5 indicate
good reliability, average reliability, and lack of
required reliability, respectively. In the present
study, using the SPSS software, the Cronbach’s
alpha was calculated as 0.928 for the physical
resilience indicators, indicating good external
validity or reliability of the questionnaire.
Therefore, the questionnaire was distributed among
the specialists and its results were analyzed.

Findings

The case study in this study was Karaj City, as
shown in yellow in Figure 1. Karaj consists of
three main parts of Asara in the north, Karaj in the
center, and Eshtehard in the south. In this study,
after extracting the urban resilience indicators and
weighting them by the AHP method, the physical
resilience of Karaj against earthquakes was
assessed using GIS.

In order to evaluate the physical resilience of
Karaj against an earthquake, after deriving the
resilience indices in Table 1, the indices were
assessed and the weight of each index was
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determined using 36 questionnaires. In order to
weight the indices, the AHP method was applied
so that the hierarchical graph and the pair-wise
comparisons matrix were formed and the criteria
were evaluated in the range of priority of 1 to 9.
Finally, according to Table 2, the weight of each
index was calculated.

e — R ~".w":_ _
Figure 1. Location of Karaj in Alborz Province
adjacent to Tehran Province, Iran

After calculating the weight of the indicators,

prioritization of the main and secondary indicators
was performed. As illustrated in Figure 2, of the
key components of physical resilience, the most
important was “infrastructure” followed by
“buildings”. The components of “urban texture

and structure”, “uses” and “natural factors” were
in the next order of importance, respectively.
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Figure 2. Prioritization of the main indicators of
physical resilience

Table 2. Weighting of earthquake resilience indices

Main indicators Secondary indicators Indicator weight
Impact of building architecture on vulnerability 0.26
Buildings Density of buildings 0.25
(W=0.22) Grading status and level of occupancy (fine, coarse grained) 0.23
Structural vulnerability 0.26
Gas network risk status 0.12
Power line risk status 0.12
Water and wastewater network risk status 0.11
Telecommunication and communication risk status 0.11
Infrastructure . .
(W = 0.24) . Path systematization and access hler'flrchy . 0.11
Width and slope of passages, accesses, and intersections 0.11
Path geometry and pattern (regular, irregular, etc.) 0.10
Penetrability status of blocks 0.11
Road infrastructure vulnerability (bridges, tunnels, etc.) 0.11
Usability and flexibility of uses 0.11
Proximity and compatibility of uses 0.11
Concentration of uses (centralized, decentralized) 0.11
Uses Diversity of uses 0.11
(W=0.17) Access to relief and security services 0.16
Suitable uses for emergency evacuation and accommodation 0.14
Post-earthquake livelihood and business viability 0.12
Hazardous installations (gas stations, laboratories, etc.) 0.14
Urban texture vulnerability (order, continuity, readability, etc.) 0.19
Urban form and pattern (elements combination status) 0.17
Urban texture and locki " 1 . 1 0.17
structure ].3.oc ing system (regu ar or irregu ar) .
(W = 0.20) Vulne.ra.lblhty of memories and signs (age, strength, etc.) 0.15
Vulnerability of non-structural components and urban furniture 0.12
Urban capacities to respond to an earthquake 0.20
Seismic status 0.52
Natural factors Landslide potential due to an earthquake 0.16
(W=0.17) Subsidence potential due to an earthquake 0.16
Liquefaction potential due to an earthquake 0.16
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Table 3. Prioritization of the secondary indicators under study
Secondary indicators
Gas network risk status
Power line risk status
Water and wastewater network risk status
Telecommunication and communication risk status
Path systematization and access hierarchy
Width and slope of passages, accesses, and intersections
Penetrability status of blocks
Road infrastructure vulnerability (bridges, tunnels, etc.)
Path geometry and pattern (regular, irregular, etc.)
Access to relief and security services
Suitable uses for emergency evacuation and accommodation
Hazardous installations (gas stations, laboratories, etc.)
Post-earthquake livelihood and business viability
Usability and flexibility of uses
Proximity and compatibility of uses
Concentration of uses (centralized, decentralized)
Diversity of uses
Structural vulnerability status
Effect of architecture of buildings on vulnerability
Density status of buildings
Grading status and level of occupancy (fine, coarse grained)
Urban capacities to respond to an earthquake
Urban texture vulnerability (order, continuity, readability, etc.)
Urban form and pattern (elements combination status)
Blocking system (regular or irregular)
Vulnerability of memories and signs (age, strength, etc.)
Vulnerability of non-structural components and urban furniture

Main indicators

Infrastructure

Uses

Buildings

Urban texture and structure

\ Priority

3
1
2

W N = W N

(O NN

Aslani, ez al.

After prioritizing the main indicators in Figure
1, the secondary indicators were prioritized in the
categories of “infrastructure”, “uses”, “buildings”,
and “urban texture and structure” (Table 3). Thus,
according to the experts, “the risk status of the gas
network and power lines” was in the top priority
of the infrastructure indicators. In addition,
“access to relief and security services” was rated
as the most important indicator in the “field of
uses”. In the buildings sector, “structural
vulnerability status” and the “impact of building
architecture on vulnerability” were jointly of the
first degree of importance. In prioritizing the
indicators of ‘“urban texture and structure”, the
“urban facilities and capacities to cope with
earthquakes” was of particular importance and
necessary measures had to be taken in this area
(Table 3). Regarding the natural factors, the
“seismic status of the area under study” had a
higher degree of importance compared to the
“possibility of geological hazards such as
landslides, subsidence, and liquefaction” (Table 3).

In the other part of the study, the required
maps were prepared according to the indicators
obtained from the conceptual framework

presented in Table 1. One of the main components
of physical resilience was natural factors, one of
the most important indicators of which was the
seismic status of the area under study. Figure 3
demonstrates the position of the major and minor
faults as well as the fault density. It should be
noted that the less the distance between the faults
and the greater the density of the faults, the less
resilience to earthquake.

Another indicator of natural factors that
influence resilience is topography and land slope.
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As it can be observed in Figure 4, the slope of the
study area ranged from zero to more than 30%
presented in five categories. In the case of
topography, the higher the slope of the earth, the
less the earthquake resilience.

Figure 4. Topographic and lnd slope map )

Regarding the natural factors, in addition to
seismic conditions and the above cases, the
possibility of geological hazards due to
earthquakes also contributes to the urban
resilience. The most common geological hazards
that may occur due to earthquakes are landslides,
subsidence, and liquefaction. For example, in
Figure 5, the landslide-prone areas shown in red
are indicated to be less resilient than other areas.

g SO ,

- Figure 5. Map of landslide pr(;ne areas

According to Table 1, one of the key
components of physical resilience is “buildings”
and one of the key indicators of buildings is
“building density”. Generally, in urban areas, the
higher the building density, the less the
earthquake resilience. Figure 6 depicts the density
of buildings in the desired area; as shown in
Figure 6, the density of buildings in the central
parts of Karaj is higher than in the Asara (north)
and Eshtehard (south) districts.

Given Figure 2, showing prioritization of the
main  indicators of physical resilience,
“Infrastructures” are the most important
component of earthquake resilience.

Infrastructure mainly includes the risk status of
the gas, electricity, water and wastewater,
telecommunications and communications, as well
as the transportation networks. For example,
Figures 7 and 8 illustrate the vulnerability of the
power lines and the transportation network in the
city of Karaj, respectively.

The economic vulnerability status in a
potential earthquake is indicated in Figure 9. The
red areas show high economic losses in the central
part of Karaj district and mainly in Karaj City;
because there are more property and assets to lose
in these areas because of population and

construction  congestion. The  economic
vulnerability is moderate and low in the northern
and southern parts of the city, respectively.
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RN )

' ';Figure 9. Economic Vulneral.)iﬂﬁt a
Figure 10 shows the location of important

uses, including health centers and service centers

within the study area.

In general, Figures 3 to 10 are examples of the
most important indicators of physical resilience to
earthquakes that were presented and interpreted.
To obtain the final physical resilience map of
Karaj, for all the deduced indicators presented in
Table 1, the required maps were created and after
applying the weights in accordance with Table 2,
the layers were overlaid using a fuzzy function in
GIS and the final resilience map was prepared

(Figure 11).

B, i z LN SUN Ji
Figure 11. Final map of physical resilience of Karaj
City, Iran, against an earthquake

Conclusion

Karaj City, due to its location on the southern
slopes of Alborz and on active faults, is one of the
most vulnerable areas to earthquakes that in case
of an earthquake, its losses, and damages,
especially in urban areas would be irreversible.
Regarding the importance of identifying
vulnerable zones and prioritizing indicators for
managers, decision makers, and urban planners,
this study was performed aiming to identify and
analyze vulnerable zones, extract indicators based
on the conceptual framework, and also prioritize
and weight them.

In general, the final physical resilience map of
Karaj (Figure 11) revealed three levels of relatively
low (central areas), moderate (northern areas), and
relatively high (southern areas) resilience. Given
this map, about a quarter of the city area has very
little earthquake resilience, and this vulnerable area
is mainly located in the central parts of the city and
in the city of Karaj. Overall, the vulnerability of
urban areas was evaluated to be higher compared to
the rural settlements.

It is noteworthy that despite the numerous
service, security, relief, health, and treatment
centers in the central parts of the district, especially
Karaj City (Figure 10), due to the high
vulnerability of the infrastructure, property
concentration, population density, construction
density, and congestion of old buildings, these
areas have little physical and economic resilience
in the event of a potential earthquake. In the central
areas, there is more property to lose. The economic
vulnerability is moderate and low in the northern
and southern parts of the city, respectively.

Due to the increasing population and the
location of Karaj City in the neighborhood of
Tehran, suburban residence, and overcrowding in
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the study area have resulted in a significant
decrease in resilience to earthquakes. Inadequate
construction materials, infrastructure and building
wear, mismatch between the width of the arteries
and the height of the walls, and lack of access
hierarchy are among the most important features
that lead to low resilience of the central parts of
the city of Karaj in the event of an earthquake.

This issue requires applied investigations,
increased preparedness, consideration of the
necessary measures, and a special focus on
promoting earthquake resilience, and this will not
be realized without the cooperation of all
stakeholders and responsible entities, as well as
public participation at the micro level
(neighborhood level and neighborhood unit). It is
noteworthy that based on the maps extracted,
large areas of the city of Karaj, especially the
central areas, consist of worn-out textures in
which people would suffer great amount of
financial losses and human casualties in the event
of earthquakes.

The solution to this problem seems to be the
effective application of the equipment, allocation
of budget and facilities, and use of knowledge and
experience of specialists and engineers with the
aim of rebuilding the worn-out textures and
vulnerable points in the final resilience map
(Figure 11). Accordingly, it is suggested that
physical immunization of the living environment
for the people of Karaj city be carried out in
accordance with the prioritization achieved in the
present article, including: 1. Infrastructure, 2.
Buildings, 3. Urban texture and structure, and 4.
Natural uses and factors.

According to a survey from the experts and
prioritization using the AHP method, the most
important indicators in the fields of infrastructure,
buildings, uses, and urban texture and structure
were “gas network and power lines risk status”,
“vulnerability = status of  structures and
architecture”, “access to relief and security
services”, and “urban facilities and capacities”,
respectively, needing necessary actions to be
performed in order to build capacity.

Moreover, spatial priorities in promoting urban
resilience, red areas, should be in the first priority for
safety measures, and efficient mechanisms for
dealing with potential earthquakes. It is worth noting
that reconstruction, retrofitting, and preparedness of
important uses, including hospitals, relief centers,
fire stations, security centers, and service centers in
vulnerable areas are particularly necessary in terms

of hardware and software and over-provisioning of
executive entities.
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