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Introduction: Identifying optimal locations for constructing emergency water
reservoirs for Fire Following Earthquake (FFE) suppression is recognized as a
key factor in reducing financial and human losses within FFE crisis management
strategies; however, previous studies have not provided a comprehensive model
for this purpose.

Methods: This study proposes a method that integrates potential post-
earthquake damages, accessibility conditions, and economic considerations
to identify the most suitable initial locations for these reservoirs. Based on
operational needs in post-earthquake scenarios and relevant literature, the main
influential criteria and distance classes were determined. These criteria and
distance classes were then weighted and integrated using the Analytic Hierarchy
Process (AHP) and Geographic Information System (GIS) methods to generate
an optimal location map.

Results: Implementation of the proposed method in Tehran resulted in an
optimal location map for FFE-specific emergency water reservoirs. Results
indicated that locating reservoirs within 4,000 m of major routes, fire stations,
and commercial, industrial, and therapeutic centers simultaneously ensures fire
engine access within 10 mins even under worst-case conditions.

Discussion: Furthermore, optimally siting reservoirs within 800 m of demand
points reduces access time to below 2 mins.

KEYWORDS

fire following earthquake, optimal location, emergency water reservoirs, analytic
hierarchy process (AHP), geographic information system (GIS)

1 Introduction

Water resource management is recognized as a fundamental cornerstone in
addressing natural disasters, playing a vital role in reducing their harmful impacts.
Earthquakes can inflict a range of structural damages (Sadeghi-Movahhed et al.,
2025; Sadeghi-Movahhed et al., 2024; Majdi et al., 2023; Sadeghi Movahhed et al.,
2023; Daniell et al., 2017). Fires Following Earthquakes (FFE) regarded as the
most damaging secondary consequence of earthquakes, has caused billions of
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dollars in losses for various societies in the past (Trifunac and
Todorovska, 1998; Mousavi et al., 2008; Butcher et al., 1988; Salazar
and McNutt, 2011; The Japan Times, 2024; Lee et al., 2008). In
some cases, the damages caused by FFE have far surpassed those
of the initial earthquake (Elhami Khorasani and Garlock, 2017).
This phenomenon has frequently and extensively occurred in past
incidents, presenting serious challenges to urban crisis management
infrastructures (Scawthorn, 2009; MaCaffrey, 1983).

The impact of severe earthquakes on urban infrastructures,
particularly energy lines and water supply networks, has always
been a major concern in disaster management and urban planning
(Matsumura et al., 2015; Jiang et al., 2013; Liu et al., 2020;
Guo et al., 2011; Alavi et al., 2024; Butler et al., 2017; Ansari et al.,
2025). Historically, during severe earthquakes, energy lines and
water supply networks in cities have frequently suffered significant
damage (Butler et al., 2017; Shuang et al., 2019; Li et al., 2022;
Liu et al., 2021; Leig et al., 2019; Uma et al., 2021; Qian et al.,
2023). The 1971 San Fernando earthquake resulted in 116 ignitions,
causing extensive damage to urban pipelines and water reservoirs.
Ultimately, firefighters successfully prevented the spread of the
fires by utilizing pools as water sources (Jennings and Wood,
1973; Scawthorn et al., 2005). The 1994 Northridge earthquake
resulted in 110 ignitions, over 1,000 leaks in the water system,
and damage to pump stations and storage tanks, which caused a
reduction in water pressure. Ultimately, the fires were suppressed
by firefighters using alternative water sources before they could
spread further (Scawthorn et al., 1998).

In the past, reduced water pressure and pipeline ruptures
following earthquakes have caused serious disruptions in water
distribution across cities (Choi et al., 2018; Shojaeian et al.,
2021). Research has shown that the reconstruction of water
supply networks after earthquakes is complex and time-consuming,
requiring comprehensive modeling of hydraulic conditions and
vulnerability assessments (Shuang et al., 2019; Choi et al., 2018).
As a result, the provision of alternative water sources is considered
one of the most critical challenges in suppressing FFF in urban
areas. Some advanced cities, such as San Francisco, have attempted
to reduce reliance on the primary water supply network and
increase resilience against FFF by establishing alternative water
sources. Therefore, the construction of emergency water reservoirs
is among the most essential factors for the effective suppression of
FFF and minimizing damages. Unlike sources such as wells, the
use of reservoirs also minimizes risks associated with power grid
fluctuations and pumping disruptions.

Given past incidents, a significant amount of water resources
is required for the suppression of FFF. In this regard, it is
essential to allocate emergency water reservoirs specifically for
suppressing FFF, ensuring they are not simultaneously used for other
critical situations. For example, during the Kobe earthquake, water
authority officials prohibited firefighters from using certain urban
water sources for up to 12 h after the occurrence of FFF due to
concerns about drinking water shortages (Scawthorn, 1996). The
need for emergency drinking water after an earthquake is one of
the primary critical conditions that can arise simultaneously (Santa-
Cruz et al., 2024). Given that the volume of water required for
drinking and suppression in post-earthquake conditions within a
city can be substantial, separate reservoirs must be allocated for
each purpose. This approach has been implemented in cities like

San Francisco, informed by their experiences in dealing with the
FFE phenomenon (Van Dyke, 1996; Scawthorn, 2011).The presence
of dedicated emergency water reservoirs can be highly effective in
significantly reducing operational time.

On the other hand, today we are faced with megacities that are
becoming increasingly crowded and larger. These cities are typically
characterized by features such as increased population and building
density, severe traffic congestion, and inadequate access networks.
Additionally, there are challenges in the proper utilization of
resources. Due to the interplay of these characteristics, the formation
of vulnerable structures in various parts of cities becomesmore likely
in post-earthquake conditions and the resulting fires. Therefore,
identifying the optimal locations for emergency water reservoirs
to suppress FFF is essential for enhancing efficiency and ensuring
proper utilization of these reservoirs. According to the literature,
no studies have been conducted specifically on the optimal location
of emergency water reservoirs for FFE suppression. However, a
broader review of the literature reveals that studies have been
carried out on optimal location planning for earthquake and post-
earthquake conditions, focusing on objectives such as determining
the placement of shelters and facilities (Hsu et al., 2022; Toma-
Danila et al., 2022).Therefore, since the discussed location planning
is directly related to earthquake and post-earthquake conditions, the
literature is reviewed by examining studies in these fields.

Multi-Criteria Decision-Making (MCDM) approaches provide
a robust framework for analyzing complex problems that involve
multiple, and often conflicting, criteria (Sahoo and Goswami,
2023; Goswami et al., 2025). These methods are widely applied in
urban planning, risk assessment, and disaster management, where
decision-making requires balancing technical, environmental, and
social factors (Gaievskyi et al., 2025; Khosravian et al., 2024;
Cajot et al., 2017; Halder et al., 2025). Among various MCDM
techniques—such as TOPSIS, PROMETHEE, and ELECTRE—the
Analytic Hierarchy Process (AHP) is one of the most widely used
due to its transparent structure, pairwise comparison mechanism,
and ability to incorporate expert judgment (Jalal-ud-Din et al.,
2025; Susmaga et al., 2024). The choice of AHP is also supported
by previous studies in disaster management and spatial decision-
making, where it has demonstrated effectiveness in integrating
expert judgment with geospatial data (Morales and de Vries, 2021;
Wang et al., 2025). This study employs AHP not only for its
methodological advantages but also for its strong compatibility
with GIS-based spatial analysis, enabling the integration of expert-
based weights with spatial layers to identify optimal locations for
emergency water reservoirs (Tanoumand et al., 2025).

Since its introduction by Saaty, AHP has been the subject
of extensive theoretical and methodological development (Saaty,
2013). Comprehensive surveys have cataloged its applications
across engineering, environmental management, and public policy
domains, highlighting both its intuitive pairwise comparison
framework and rigorous consistency checks (Ishizaka and
Labib, 2011; Vaidya and Kumar, 2006). Subsequent research has
extended AHP to handle uncertainty via fuzzy and interval‐valued
adaptations and to support group decision-making through
consensus-building techniques (Escobar and Moreno-jiménez,
2007; Xu and Liao, 2014). Comparative studies further underscore
AHP’s robustness relative to alternative MCDM methods,
particularly in contexts requiring transparent, expert-driven

Frontiers in Built Environment 02 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1638961
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Tanoumand et al. 10.3389/fbuil.2025.1638961

weighting of criteria (Gebre et al., 2021). These advances reinforce
the method’s scientific rigor and justify its application in GIS-based
reservoir siting under emergency scenarios.

Research indicates that the use of Geographic Information
Systems (GIS) (Environmental Systems Research Institute ESRI,
2020) and MCDM models can significantly enhance the
location planning process by integrating risk assessments and
stakeholder inputs (Grzeda et al., 2014; Bakhshi Lomer et al.,
2023; Hosseini et al., 2022; Sisay et al., 2025). Shao et al. in their
study, emphasized that the application of the AHP (Vaidya and
Kumar, 2006) for determining the optimal locations of drinking
water reservoirs in general emergency situations can significantly
expedite access to water resources during critical conditions
(Shao et al., 2018). Abdolazimi et al. conducted a study on the
optimal placement of emergency drinking water reservoirs using
the AHP for post-earthquake scenarios in Shiraz, Iran. In this
research, proximity to criteria such as deteriorated urban areas,
population density, and adequate accessibility were identified as the
most critical factors (Abdolazimi et al., 2022).

The study by Chou et al. on determining the capacity of
emergency shelters revealed that evaluating locations based on
geographic and demographic criteria can lead to better decision-
making in critical situations. They specifically emphasized the
importance of proximity to densely populated areas and rapid access
to main roads (Chou et al., 2013). Lomer et al. proposed a decision-
support system aimed at identifying the most suitable locations for
emergency shelters, emphasizing the significance of local context
in the decision-making process (Bakhshi Lomer et al., 2023).
Additionally, Chen et al. highlighted the necessity of excluding high-
risk areas, such as locations near chemical storage facilities, to ensure
the safety and effectiveness of emergency shelters (Chen et al.,
2018).This approach not only facilitates timely disaster response but
also strengthens community resilience (Perrucci and Baroud, 2020;
Zhong and Lu, 2018; Sood et al., 2016).

GIS and AHP have also been utilized in identifying optimal
locations and prioritizing them for the placement of water
reservoirs under normal conditions (Ajitha and Viji, 2023;
Bakhtyar Ali Ahmad et al., 2015; Huang et al., 2018; Yi and Tu,
2018; Li et al., 2016). In these studies, factors such as pipelines,
elevation, land use, road networks, water supply networks, and slope
have been considered as determining criteria for selecting suitable
locations for this category of reservoirs. Overall, as highlighted
in the literature, one of the prominent approaches in the field
of emergency infrastructure location planning is the integration
of AHP and GIS. This combination serves as a powerful tool for
selection, evaluation, decision-making, and visual representation.
The AHP enables a comprehensive evaluation of multiple diverse
criteria, leveraging its strength in analyzing complex problems. It
allows decision-makers to systematically compare various criteria
and select the best option (Saaty, 1987). GIS also facilitates the
analysis and integration of criteria within a graphical environment,
based on the actual dimensions of geographic information with high
precision (Environmental Systems Research Institute ESRI, 2020).

This paper presents a MCDM method that combines AHP
and GIS for the optimal location planning of emergency water
reservoirs to suppress FFF. In fact, the proposed framework is
presented with the aim of addressing existing gaps in studies
related to water resource management and identifying their optimal

locations for the efficient suppression of FFF. In this method,
initial locations for the study area are selected based on post-
earthquake damage conditions, accessibility, and economic factors.
In the next step, the initially identified locations are scored based
on influential criteria and distance classes, which are weighted using
the AHP methodology. The weighted criteria and distance classes
are converted into spatial layers within ArcGIS. These layers are
then combined and analyzed to identify the optimal locations. To
demonstrate the effectiveness of the proposed method, the process
has been implemented in the city of Tehran. Ultimately, the study
provides a comprehensive map in which the optimal locations for
the placement of emergency water reservoirs in the city of Tehran
are scored. Hereafter in this paper, the term emergency water
reservoirs will be used instead of emergency water reservoirs for
suppressing FFF.

2 The proposed framework

In metropolises facing the risk of FFF, the design and
implementation of effective strategies to suppress this phenomenon,
as well as enhancing their efficiency through crisis management
planning, play a significant role in reducing economic, social, and
human losses. In this study, a comprehensive approach is proposed
for the optimal location planning of emergency water reservoirs,
specifically tailored to the unique conditions of FFF.This framework
is illustrated in Figure 1. This framework consists of six main stages
and is designed to enhance the accuracy and effectiveness of the
location planning process by considering various dimensions of
decision-making.

This process begins with selecting the study area, where the
geographical and environmental characteristics of the region are
examined to determine the significance of suppressing FFE hazards.
In the second stage, potential initial locations for the establishment
of emergency water reservoirs are identified based on criteria
such as vulnerability, accessibility, and economic considerations.
Then, through a literature review and analysis of operational needs,
influential criteria for location planning are identified to establish
a reliable model. In the next stage, appropriate distance classes
are determined by considering post-earthquake conditions and the
speed of firefighting vehicles to ensure optimal response times. The
criteria and distance classes are weighted using the AHP method
and then converted into spatial layers within the ArcGIS software.
Finally, these layers are combined, and the optimal locations for
establishing emergency reservoirs are ranked based on their scores,
culminating in the presentation of a comprehensive map.

2.1 Selection of the study area

At this stage, the geographical boundaries of the study area
are precisely defined, and the region’s seismic history is analyzed.
Additionally, data related to FFE hazards, including seismicitymaps,
statistics on fire incidents following earthquakes, and infrastructural
information, are reviewed. This process aids in identifying the
necessity and significance of conducting FFE mitigation studies
within the selected area.
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FIGURE 1
Proposed framework.

2.2 Identification of initial locations

At this stage, a set of potential locations for the establishment
of emergency water reservoirs is identified, considering the
vulnerability of urban land uses in post-earthquake conditions,
accessibility, and economic considerations. This ensures
that the selected sites align with both safety priorities and
practical implementation criteria. This process specifically
focuses on selecting suitable areas within urban communities,
particularly in metropolises, due to the varying levels of
vulnerability across different locations. It represents a crucial
step toward optimizing the location planning of emergency water
reservoirs.

The process of selecting initial locations for the placement
of emergency water reservoirs is examined, with a focus on the
advantages of urban open spaces as primary candidates for these
reservoirs. Parks, compared to other land uses, are an optimal choice
for the placement of emergency water reservoirs due to their specific
characteristics, which will be elaborated upon in the following
discussion.

2.2.1 Damage conditions
In the aftermath of severe earthquakes, there is a high

likelihood of significant damage to conventional urban structures
(Liu et al., 2019; Alizadeh et al., 2021). Consequently, if emergency
water reservoirs are located inside or near such structures, structural
failures could lead to damage or reduced efficiency of the
reservoirs. Therefore, these reservoirs should be situated in open
spaces.

2.2.2 Accessibility conditions
Following severe earthquakes, there is a high probability of

route blockages caused by damage to buildings and transportation
infrastructure (Yu and Gardoni, 2022; Lo et al., 2020). Therefore,
emergency water reservoirs should be located in areas with access
to the main urban routes, such as highways, to remain outside the
zones obstructed by structural collapses during crises. Parks are
often situated adjacent to major urban roads.

2.2.3 Economic conditions
Selecting parks as initial locations for the placement of

emergency water reservoirs offers significant advantages in
terms of economic optimization. These areas are publicly owned
lands, allowing their use without the need for land acquisition
costs. Establishing reservoirs in parks reduces maintenance and
management expenses, as these spaces are under municipal
jurisdiction and provide better accessibility to reservoir details for
decision-making authorities.

2.3 Identification of influential criteria

At this stage, the most critical influential criteria for the
placement of emergency water reservoirs are determined, based
on previous studies, operational needs, and reports related to FFE
incidents (Tanomand and Mashayekhi, 2025; Rohr et al., 2020;
Wang et al., 2021; Sarreshtehdari and Elhami Khorasani, 2021;
Sezer et al., 2023; Garg and Garg, 2024).The precise and appropriate
selection of these criteria plays a pivotal role in determining the
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location of emergency water reservoirs and is vital for developing
a reliable and efficient decision-making model.

The occurrence of an earthquake, depending on factors such
as distance and environmental conditions, results in varying levels
of peak ground acceleration (PGA) across different parts of a city.
The impact of FFE can differ from the level of PGA across various
urban areas, depending on the characteristics of urban land uses
(Tanomand and Mashayekhi, 2025). This means that factors related
to the type of land use and the configuration of urban spaces can
significantly affect the likelihood and intensity of FFF, even in areas
where the PGA is below the critical threshold (Tanomand and
Mashayekhi, 2025).

In this context, all factors affecting FFE and influential land-use
types have been identified and analyzed as key criteria for optimizing
the location of emergency water reservoirs. The following sections
present the evaluation of each criterion along with the rationale for
its selection.

2.3.1 FFE risk criteria (FRC)
In previous research (Tanomand and Mashayekhi, 2025),

investigators developed a comprehensive framework for assessing
urban FFE risk by considering all influential variables, defining
weighted base factors, and incorporating stochastic components.
This framework enables the identification of urban areas with the
highest FFE probability. The resulting risk map provides precise
spatial visualization of FFE risk distribution across urban zones
(Tanomand andMashayekhi, 2025), serving as an effective decision-
support tool for optimizing emergency water reservoir locations.
Figure 2 illustrates the interactionmechanisms between Influencing
factors and weighted basic parameters (Tanomand andMashayekhi,
2025). The regional risk level is calculated through a weighted
combination of these basic factors.

The location of emergency resources is significantly influenced
by FFE risk and depends on multiple influencing factors, including
PGA, building density and characteristics, population density, and
fire station distribution density. In low-risk areas, standard-capacity
fire stations sufficiently meet existing needs without requiring
additional emergency resources. In contrast, high-risk areas face
increasing demand for emergency water supply due to critical
risk factors and the complex structure of influencing factors,
along with the potential for rapid FFE spread and limitations in
emergency service delivery, necessitating an optimized strategic
approach to emergency reservoir location. Therefore, integrating
FFE risk coefficients into the resource location process is not only
a technical necessity but also a crucial measure for enhancing crisis
management system efficiency and reducing FFE-induced damages.

By incorporating FFE risk as a weighted criteria in the location
selection process, urban areas with higher risk levels will receive
higher priority in emergency water resource location. Accordingly,
each initial location j is assigned a specific weight based on its
geographical position within urban zones, proportional to the FFE
risk level of that zone. This weight, which serves as a key factor in
the location selection process, is calculated using Equation 1.

(FRC)i =
Ri

∑n
i=1

Ri
(1)

where Ri represents the FFE risk of urban area i, (FRC)i is the weight
assigned to urban area i, and n is the total number of urban areas.

2.3.2 Spatial proximity criteria (SPC)
This study identifies and analyzes five influential land-use

types as spatial proximity criteria for optimal emergency water
reservoir location selection. The rationale for each criterion is
examined below.

2.3.2.1 Major routes (highways, expressways, main
streets)

Major routes in cities play a critical role in the transport
of emergency response teams and equipment, particularly in
emergency situations (Rohr et al., 2020; Wang et al., 2021). One
of the most critical factors during an FFE crisis, considering
issues such as multiple blockages in the transportation network,
traffic, and crowd congestion, is the rapid access of fire stations
to emergency water reservoirs. This significantly helps reduce
response times and improve the efficiency of suppression operations.
Achieving rapid access is directly dependent on the proximity of
reservoirs to major routes, as these routes typically have larger
widths and are less likely to experience complete blockages during
a crisis.

2.3.2.2 Fire stations
The primary mission of fire stations is to control and extinguish

fires as quickly as possible. In post-earthquake conditions,
fire stations will have an urgent need for water resources to
swiftly respond to potential large-scale fires (Sarreshtehdari and
Elhami Khorasani, 2021). Emergency water reservoirs should be
placed at appropriate distances from fire stations to ensure quick
and effective access to water. Proximity to fire stations reduces the
response time of firefighting teams and significantly enhances the
efficiency of their operations.

2.3.2.3 Commercial land uses
Commercial areas such as markets and shopping centers are

significant due to the value, variety, and density of materials
and resources they encompass. Additionally, in the event of FFE,
the spread rate in commercial land uses is significantly high.
Past FFE incidents in commercial centers have also resulted in
substantial damages. In the 2024 Wajima earthquake, a FFE
broke out in a historic market. This fire lasted approximately
24 h and caused damages amounting to one billion dollars
(The Japan Times, 2024).

2.3.2.4 Industrial and workshop land uses
Industrial and workshop areas often contain large facilities

and flammable chemicals, which make them highly susceptible
to fire hazards. In post-earthquake conditions, these areas are
prone to large-scale and widespread fires. Such land uses are
significant due to their potential for economic losses and, in some
cases, environmental impacts. In the event of FFE, the rate of
spread, burning duration, and resulting damages in these areas
are extremely high. Therefore, rapid access to water resources
in such zones is crucial to prevent environmental and economic
catastrophes. For example, during the 2023 Iskenderun Port
earthquake, an FFE occurred at the port. This fire lasted for
approximately 3 days and caused damages estimated at around 700
million dollars (Sezer et al., 2023).
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FIGURE 2
Influencing factors, basic factors, and their coefficients (Tanomand and Mashayekhi, 2025).

2.3.2.5 Therapeutic land uses
Therapeutic areas hold significant importance due to their

obligation to provide uninterrupted services during crises. In the
event of an FFE crisis within these types of land uses, a swift response
is crucial. On the other hand, medical facilities, especially hospitals,
are structurally designed with special considerations to comply with
all suppression precautions (Garg and Garg, 2024), making the
likelihood of large-scale fires in these areas relatively low.This factor
has been accounted for in the weighting of the criteria.

In this study, residential land uses have not been considered as
an influential criterion, despite their role in causing various FFF in
past incidents.

1. Residential land uses are uniformly distributed throughout the
city and have been considered as a constant factor across the
urban area.

2. The distribution of fire stations, commercial land uses, and
therapeutic land uses across a city is based on the ratio of
population and building density in urban areas. Consequently,

the criterion of residential land use has been indirectly
considered in this context.

3. In the most recent FFE incidents, the majority
of ignitions have occurred in non-residential land
uses, specifically in industrial and commercial areas
(The Japan Times, 2024; Sezer et al., 2023).

2.3.3 Integration of criteria
In conclusion, a two-component framework has been

established for optimal emergency water reservoir location, in
which the FFE risk criteria (FRC) and spatial proximity criteria
(SPC) receive equal weights of α = 0.5 due to their distinct
nature and special importance in FFE containment effectiveness.
Crucially, both layers were normalized to a 0–1 scale prior to
integration to ensure dimensionless compatibility and balanced
contribution. Finally, the optimality of each initial location is
calculated according to Equation 2.

Optimality = α.FRC+ α.SPC (2)
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TABLE 1 Classification of distance based on firefighting vehicles speed (time range).

Distance classification (m) Time range (s) Maximum time (min)

0–400 <60 1

400–800 60 to 120 2

800–1200 120 to 180 3

1200–2000 180 to 300 5

2000–4,000 300 to 600 10

4,000< 600< 10<

2.4 Determination of distance classes

At this stage, distance classifications are determined by
considering post-earthquake conditions and the average speed of
firefighting vehicles. The primary objective of optimally location
emergency water reservoirs is to minimize the response time for
firefighting vehicles to access these reservoirs. This step plays a
critical role in ensuring appropriate access times to emergency water
reservoirs and constitutes one of the key pillars of the proposed
framework.

The average speed of firefighting vehicles under non-earthquake
conditions is approximately 48 km per hour (13.4 m per second)
(FEM Agency, 2022; FEMA, 2014). Considering post-earthquake
conditions, factors such as damage to road networks, debris on
streets caused by collapsed utility poles or damaged structures,
traffic, and similar issues can reduce the speed of firefighting
vehicles by up to 50% (FEMA, 2014).Therefore, for post-earthquake
conditions, a speed range of 24–48 km per hour is considered.
Accordingly, distance classifications are defined based on the speed
of firefighting vehicles as presented in Table 1.

The reason for selecting distance classifications with short time
intervals is related to the specific conditions that arise following
an earthquake and the resulting fires. These conditions necessitate
precise and rapid responses to minimize the impact of such events.
Under such conditions, firefighting vehicles are initially dispatched
directly to the incident site to commence fire suppression operations.
If the suppression operations are not successfully completed and the
water in the vehicle’s tank is exhausted, the vehicles will inevitably
need to return to emergency water reservoirs to refill their tanks.
This approach results in the creation of a back-and-forth route
between the FFE site and the emergency water reservoirs for
firefighting vehicles, which directly affects the response time and
the efficiency of the suppression operations. It is worth mentioning
that in cases where an FFE spreads on a large scale, this back-and-
forth route may need to be repeated multiple times. This repetition
can further impact response time and the overall efficiency of the
suppression operations.

Therefore, considering the creation of a back-and-forth route
between the FFE site and the emergency water reservoirs for
firefighting vehicles, the time values presented in Table 1 are
doubled. The adjusted time values are shown in Table 2 to more
accurately reflect the realities of post-earthquake conditions and
their impact on suppression operations.

2.5 AHP implementation

This section details the theoretical foundations and
computational procedures of the AHP for spatial decision-making
in emergency water reservoir location. Developed by Saaty, AHP
is a MCDM technique that hierarchically structures complex
problems, transforms qualitative judgments into quantitative
weights through pairwise comparisons, and rigorously verifies
judgment consistency (Saaty, 1987).

In this study, the AHP was used to evaluate and rank
spatial criteria for location emergency water reservoirs.
Expert opinions were organized into a structured three-tier
hierarchy—goal, criteria, and alternatives—and translated into
measurable priority weights through pairwise comparisons and
consistency checks. These weights were then integrated into
GIS to generate suitability maps that identify the most optimal
reservoir sites.

2.5.1 Hierarchy construction
The hierarchy included:

(1) Objective: Optimal reservoir site identification,
(2) Evaluation criteria: FFE risk potential, Proximity to fire

stations, major routes, commercial land uses, Industrial and
workshop land uses, therapeutic land uses,

(3) Decision alternatives: Distance-based zoning classifications.

2.5.2 Judgment integration
Specialized opinions from individual domain experts may result

in incomplete or potentially inaccurate evaluations, primarily due to
the complexity andmultidimensional nature of the decision-making
system. To address this, the study relied exclusively on the integrated
technical judgment of the authors, whose collective expertise
spans structural engineering, urban emergency management,
and firefighting operations under post-earthquake FFE
conditions.

2.5.3 Pairwise comparison matrices
Subject-matter experts (i.e., the authors) participated using

structured questionnaires based on Saaty’s 1–9 scale, enabling the
quantification of relative importance among evaluation criteria
as shown in Table 3 (Çoban, 2023). This collaborative approach
ensured that the weighting process reflected a comprehensive and
interdisciplinary perspective.
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TABLE 2 Classification of distance based on firefighting vehicles speed (time range) _round trip.

Distance classification (m) Time range (s) Maximum time (min)

0–400 <120 2

400–800 120 to 240 4

800–1200 240 to 360 6

1200–2000 360 to 600 10

2000–4000 600 to 1200 20

4000< 1200< 20<

TABLE 3 Scores for the importance of variable.

Scale Numerical rating Reciprocal

Extremely important preferred 9 1/9

Very strongly to extremely important preferred 8 1/8

Very strongly important preferred 7 1/7

Strongly to very strongly important preferred 6 1/6

Strongly important preferred 5 1/5

Moderately to strongly important preferred 4 1/4

Moderately important preferred 3 1/3

Equally to moderately important preferred 2 1/2

Equally important preferred 1 1

Pairwise comparisons based on Saaty’s 1–9 ratio scale
systematically quantify qualitative judgments, thereby enhancing
decision robustness (Çoban, 2023). Table 4, 5 present the pairwise
comparison matrices for impact criteria and distance classifications
(Saaty, 1987). The pairwise comparison matrices follow Saaty’s
AHP methodology where all diagonal elements equal 1 (self-
comparisons) and lower triangular elements are reciprocals of
their corresponding upper triangular values (aij = 1/aji), as per
standard AHP conventions (Saaty, 1987). A rating of 1 denotes
absolute equivalence in importance between two criteria, whereas
a 9 indicates the overwhelming dominance of one criterion over
the other (For et al., 2001).

2.5.4 Pairwise comparison matrices aggregation
Pairwise comparison judgments from each expert (k = 1,2,3,4)

were compiled in individual matrices A(k) = [a(k)ij ] and aggregated
into a group comparison matrix using the geometric mean method
(Equation 3) (Ossadnik et al., 2016).

aij = (
4

∏
k=1

a(k)ij )
1/4

(3)

2.5.5 Priority vector extraction
The final priority vector (w) was derived by solving the

eigenvalue problem (Equation 4) (Ossadnik et al., 2016).

Aw = λmaxw (4)

where λmax denotes the principal eigenvalue of matrix A.

2.5.6 Consistency verification and criteria
weighting

To ensure judgment consistency, the consistency index (CI) and
consistency ratio (CR) metrics were computed (Equations 5, 6).

CI =
λmax − n
n− 1

(5)

CR = CI
RI

(6)

where n represents the number of criteria, and RI (Random Index)
values were sourced from Saaty’s standard lookup tables (Liu et al.,
2019) (Table 6). Computational outcomes demonstrate that the
Consistency Ratios (CR) for the pairwise comparison matrices of
influential criteria and distance classifications were 0.03 and 0.02,
respectively. These values, being significantly below the acceptable
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TABLE 4 Pairwise comparisons of influential criteria.

Fire station Therapeutic use Commercial use Industrial use Main routes

Fire station 1 6 3 4 1/2

Therapeutic use 1/6 1 1/2 1/2 1/5

Commercial use 1/3 2 1 2 1/3

Industrial use 1/4 2 1/2 1 1/4

Main routes 2 5 3 4 1

Note: Diagonal elements = 1; lower triangular elements are reciprocals of upper triangular values.

TABLE 5 Pairwise comparisons of distance classes.

0–400 400–800 800–1200 1200–2000 2000–4000 4000<

0–400 1 2 3 5 7 9

400–800 1/2 1 2 4 6 8

800–1200 1/3 1/2 1 3 5 7

1200–2000 1/5 1/4 1/3 1 2 3

2000–4000 1/7 1/6 1/5 1/2 1 2

4000< 1/9 1/8 1/7 1/3 1/2 1

Note: Diagonal elements = 1; lower triangular elements are reciprocals of upper triangular values.

TABLE 6 The values of the random consistency index (RI).

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

threshold of 0.1, indicate high consistency in expert judgments
and validate the reliability of the AHP outcomes. This robust
consistency level establishes a scientifically defensible basis for
operational decision-making regarding optimal emergency water
reservoir siting. Figures 3, 4 respectively present the weighting
results of the influential criteria and distance classifications. All
AHP computations and analyses were performed using Expert
Choice software (Choice, 2000).

2.6 Classification of influential criteria (FRC
and SPC)

In the final stage, using analytical tools in ArcGIS software
(Environmental Systems Research Institute ESRI, 2020), weighted
SPCs are classified as weighted layers and integrated with the FFE
risk criteria (FRCs). This process calculates the optimality score for
each candidate location by applying weights determined through
the AHP method and using weighted overlay analysis (Equation 2).

The final results are presented as maps identifying optimal locations
(highest scores) for emergency water reservoir placement.

The system outputs include prioritized maps and informational
layers that can be directly utilized in urban planning. The
proposed approach, which simultaneously considers safety
aspects (FFE risk) and rapid accessibility (proximity criteria),
provides a comprehensive solution for reducing damages
caused by FFF.

3 Case study

3.1 Study area: Tehran City

FFE have struck numerous seismically active urban centers
worldwide—most notably the 1906 San Francisco quake (Mw 7.9),
the 1995 Kobe event in Japan (Mw 6.9), and Turkey’s 1999 Izmit
disaster (Mw 7.6)—where ruptured gas mains, downed power lines,
and structural collapses ignited widespread fires (Elhami Khorasani
and Garlock, 2017; Grossi et al., 2011; Mizuno, 1978). These cases
reveal how high-magnitude shaking, dense built environments,
and intertwined lifeline systems create fertile conditions for post-
quake conflagrations. Iran, lying astride the Alpine–Himalayan
belt, experiences similarly frequent Mw ≥ 7 earthquakes and hosts
major metropolitan areas dependent on aging gas and electrical
networks (Environmental Systems Research Institute ESRI, 2020;
Şengör et al., 1988). Although documented FFE incidents in
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FIGURE 3
Weighting of influential criteria based on the output of expert choice software.

FIGURE 4
Weighting of distance classifications based on the output of Expert Choice software.

Iranian cities remain scarce, the shared tectonic drivers and urban
vulnerabilities underscore Iran’s significant potential for cascading
fire hazards following a major earthquake (Elhami Khorasani and
Garlock, 2017; Mizuno, 1978).

The study area of this article is the metropolis of Tehran,
the capital of Iran. This city is located on the southern slopes
of the Alborz Mountain range and is surrounded by several
active faults (Environmental Systems Research Institute ESRI, 2020;
Şengör et al., 1988). Tehran is at risk of severe earthquakes with
magnitudes of up to Mw7.5 (Kamranzad et al., 2020; Hashemi et al.,
2013). Historical data indicates that the city has experienced
significant earthquakes in the past, leading to considerable damage
and loss of life (Enferadi et al., 2021).

Although historical earthquakes in Tehran have not resulted
in documented FFE incidents, the magnitude and characteristics
of several past events suggest a significant potential for such

cascading hazards under present urban conditions. Table 7
presents representative historical earthquakes from Tehran and
international case studies where FFE did occur, allowing a
comparative understanding based on seismic magnitude and
contextual vulnerability (Elhami Khorasani and Garlock, 2017;
Grossi et al., 2011; Mizuno, 1978). Notable examples from Tehran
include the 1665 Damavand earthquake (Ms 6.5) and the 1830
Damavand–Shemiranat event (estimated Ms 7.1), both of which
caused considerable damage and exhibit magnitudes comparable
to FFE-triggering earthquakes observed in other parts of the world
(Kamranzad et al., 2020; Hashemi et al., 2013).

Figure 5 illustrates the geographical location of Tehran’s districts
and regions. The uncoordinated and unbalanced development
across different districts of the city has caused the factors
influencing FFE to have varying impacts in each district (Tanomand
and Mashayekhi, 2025). In addition, the presence of extensive
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FIGURE 5
Geographical location of districts and regions in the metropolis of Tehran.

infrastructure, including high-pressure gas networks and high-
voltage power lines, has made emergency management more
challenging and increased the risk of FFE occurrences.

However, studies related to crisis management indicate that
adequate measures to suppress FFE caused by severe earthquakes
have not been fully implemented in this city (Hatami and Amani,
2023; Ibrion et al., 2015; F. N., 2000; Heidari et al., 2020).
Therefore, considering all these factors, selecting optimal locations
for emergency water reservoirs to suppress FFF in Tehran is of
great importance. Such an initiative can significantly contribute to
reducing the damages caused by FFE.

3.2 Initial locations

The city of Tehran has 3,047 parks, which have been considered
as the initial locations for the placement of emergency water
reservoirs (Figure 6). Tehran, in most of its regions, is influenced
by active faults and high urban traffic density. In the event of an
earthquake, there is a significant likelihood of widespread blockages
in access routes, especially secondary roads, due to debris from
collapsed buildings and severe traffic congestion. Therefore, parks,
as open spaces with proper accessibility and the potential for
developing essential infrastructure, are particularly suitable options
for this purpose, in line with the criteria outlined in Section 2.2.

3.3 Classification of FRC

The prior study (Tanomand and Mashayekhi, 2025)
computationally derived FFE risk values for Tehran’s districts,

presenting them as a classified risk map (Figure 7). Given
the alignment of seismic scenarios between (Tanomand
and Mashayekhi, 2025) and the current research, these
pre-calculated risk values were directly adopted without
reanalysis. The map visualizes neighborhood-scale FFE
risk levels through a color-gradient classification scheme
(low to high risk), maintaining methodological consistency
with the original study’s parameters (Tanomand and
Mashayekhi, 2025).

3.4 Classification of SPC

This phase employed ArcGIS software and weighted distance
classifications to establish meaningful relationships between
influential land uses and potential emergency water reservoir
locations in Tehran. As detailed in Section 2, the spatial proximity
Criteria maps for reservoir siting were developed and analyzed
using weighted distance classifications (Figures 8–12). The
classification process was designed such that each criterion
was assigned to specific distance thresholds based on its
relative importance and operational impact during emergency
scenarios.

Figure 8 demonstrates that central and northern urban
areas benefit from superior accessibility due to their dense
arterial road networks. Areas within 400-m proximity are
predominantly clustered along major transportation corridors,
indicating their exceptional suitability for emergency reservoir
placement. Conversely, southern districts and select central zones
experience access constraints due to aging urban fabric and narrow
thoroughfares.
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TABLE 7 Notable historical earthquakes in Tehran and selected international case studies where FFE were documented (Elhami Khorasani and Garlock,
2017; Grossi et al., 2011; Mizuno, 1978).

Country Earthquake Year Magnitude Latitude Longitude Description FFE

Iran Tehran 1485 7.1 36.70 50.50 -

Iran Tehran 1608 7.6 36.40 50.50 -

Iran Tehran 1830 7.0 35.80 51.70 -

Iran Tehran 1868 6.3 34.90 52.50 -

Iran Tehran 1930 5.4 35.78 52.02 -

Iran Tehran 1957 6.7 36.20 52.60 -

Iran Tehran 1962 7.2 35.71 49.81 -

Iran Tehran 1990 7.4 36.96 49.39 -

United States San Francisco 1906 7.8 37.75 122.55 Structural damage: 2,800 buildings destroyed, Fire damage:
12.2 km2 (4.7 mi2) area burned, Human casualties: 3,000 fatalities,
52 Ignition

United States South Napa 2014 6 38.215 122.312 A catastrophic mobile home fire occurred where fire suppression
efforts were severely compromised due to ruptured water supply
lines, 6 Ignition

United States Morgan Hill 1984 6.2 37.31 121.68 Fire suppression operations achieved control within 60 min of
response initiation, utilizing 50,000 gallons (189,271 L) of water for
extinguishment, 4 Ignition

Japan Wajima 2024 7.8 37.498 137.242 The devastating fire in the historic market lasted approximately
24 h, destroying 49,000 square meters of property and causing
economic losses estimated between 3 and 6 billion dollars, 1
Ignition

turkey Iskenderun 2023 7.8 36.393 36.173 A container crash caused a fire, causing $680 million in damage at
the port alone, and it lasted 3 days, 1 Ignition

Figure 9 reveals elevated fire risk concentrations in southern
and southwestern sectors, attributable to industrial land use
density. Proximity zones near these industrial areas demand
priority consideration given their combustiblematerial storage, with
findings strongly supporting high-capacity reservoir deployment in
these vulnerable locations.

Figure 10 illustrates the pronounced concentration of
commercial activities in central urban cores and select northern
nodes. Immediate vicinities surrounding these commercial hubs
demonstrate heightened sensitivity due to intensive human
activity and economic operations, necessitating strategic reservoir
distribution within commercial centers.

Figure 11 indicates relatively equitable spatial distribution
of therapeutic land uses citywide. Nevertheless, central
and northern zones require focused reservoir placement
strategies due to their concentration of specialized medical
infrastructure.

Figure 12 highlights significant spatial disparities in fire
station coverage. While central areas maintain adequate service
provision, peripheral regions exhibit critical access deficiencies,
emphasizing the operational imperative for minimal-distance
reservoir placement relative to fire service locations.

4 Results

This study presents a novel methodology for identifying
optimal locations of emergency water reservoirs to suppress FFE
incidents, with specific application to Tehran. The analysis results,
presented in Figure 13, demonstrate a comprehensive evaluation
framework that integrates (Sadeghi-Movahhed et al., 2025): SPCs
classified through AHP-weighted distance classification, and
(Sadeghi-Movahhed et al., 2024) FRCs derived from all critical
variables influencing FFE occurrence and spread potential. The
combined application of these weighted criteria enables precise
identification of optimal reservoir locations that effectively balance
accessibility for fire suppression teams with high-risk zone coverage.
Additionally, in Figure 14, the entire city of Tehran is presented based
on the weighting method applied in this study. This can serve as a
guideline for other open spaces in case constructing reservoirs in
parks encounters limitations.

Both FRC and SPC play equally vital yet distinct roles in optimal
reservoir siting: FRC stratifies urban areas based on FFE occurrence
and spread risks, while SPC classifies zones according to land uses
affecting both FFE probability and emergency response access.
Given their complementary but equally critical nature in emergency
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FIGURE 6
Parks of Tehran city.

FIGURE 7
Classification of FRC in Tehran (Tanomand and Mashayekhi, 2025).
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FIGURE 8
Classified map of distance from main routes.

FIGURE 9
Classified map of distance from industrial and workshop land uses.
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FIGURE 10
Classified map of distance from commercial land uses.

FIGURE 11
Classified map of distance from therapeutic land uses.
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FIGURE 12
Classified map of distance from fire stations.

FIGURE 13
Optimal location map of emergency water reservoirs for FFF suppression in the parks of Tehran city.
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FIGURE 14
Optimal location map of emergency water reservoirs for FFF suppression in Tehran city.

planning, each criterion group was assigned an equal 0.5 weighting
coefficient in the final suitability assessment, ensuring balanced
consideration of both risk mitigation and operational efficiency in
the siting process.

The optimal location of emergency water reservoirs has been
determined considering post-earthquake conditions. In this regard,
parks have been selected as suitable options for the placement of
these reservoirs among other locations, as these spaces provide
greater reliability in terms of vulnerability, accessibility, and
economic considerations. In particular, the absence of heavy
structures in these spaces significantly reduces the impact of
intense ground shaking and helps maintain the stability of systems
associated with emergency water supply. Additionally, in critical
post-earthquake conditions, selecting parks as key points enables the
rapid activation of support systems and helps mitigate earthquake-
induced damages.

The critical importance of optimal location for emergency water
reservoirs is particularly emphasized in densely populated urban
areas with high vulnerability, where risks of widespread fires, severe
traffic congestion, and route blockages are elevated. Accordingly, the
site selection process has been conducted by incorporating an FFE
riskmap based on established FRCs.Optimal siting in such areas can
significantly reduce response time, improve accessibility, minimize
vulnerability risks for emergency water reservoirs, and ultimately
enhance fire suppression performance while reducing both human
casualties and economic losses.

Subsequently, the process of identifying influential criteria for
optimal site selectionwas conducted. Specifically, all factors affecting
FFE were considered as FFE risk criteria. Additionally, influential

land uses - including proximity to major roads, fire stations,
commercial zones, industrial/workshop areas, and therapeutic
facilities - were identified and weighted as spatial proximity criteria
based on historical FFE experiences and operational requirements.
The detailed description and weighting of each criterion are
comprehensively presented in Table 8.

The results of the spatial proximity criteria weighting revealed
that proximity to main routes and fire stations has the greatest
impact on scoring the placement of emergency water reservoirs.
These findings highlight the importance of quick access to
emergency water reservoirs and proper spatial coordination
between reservoirs and fire stations in post-earthquake crisis
conditions. In such scenarios, reducing distances can accelerate
firefighting responses and improve access to emergency water
resources, which is crucial for mitigating damages and losses
caused by FFF.

For better analysis, the distance classifications have been divided
into six groups based on access time ranges, average speed, and the
round-trip paths of firefighting vehicles between FFE locations and
emergency water reservoirs (Table 9). The distance classifications
were weighted based on the expert opinions of the authors to achieve
more accurate analyses during the final decision-making process.

Results indicated that Location reservoirs at distances of less
than 4,000 m simultaneously from rom major routes, fire stations,
and commercial, industrial, and therapeutic centers ensures that
fire engines can access the reservoirs in under 10 min even under
worst-case conditions. Moreover, placing the tanks at optimally
chosen Locations (within 800 m) reduces the access time to below
2 min Therefore, distances of less than 800 m hold particular

Frontiers in Built Environment 17 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1638961
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Tanoumand et al. 10.3389/fbuil.2025.1638961

TABLE 8 Explanation and weighting of influential criteria for location emergency water reservoirs.

Distance range (m) Assigned weight Explanation

Proximity to main routes 0.406 This factor is critical since close proximity to main roads minimizes travel time, thereby enhancing rapid
accessibility in emergency scenarios

Proximity to fire stations 0.316 Direct coordination with fire department operations is essential; having reservoirs near fire stations
supports a swift emergency response

Proximity to commercial land use 0.13 In dense commercial areas with high FFE spread rates, access can be facilitated, which is beneficial during
a crisis

Proximity to industrial land use 0.088 Considering the heightened FFE risk in industrial areas, reducing travel time by selecting nearby locations
is operationally advantageous

Proximity to therapeutic land use 0.06 Given the sensitivity and critical nature of healthcare services during emergencies, selecting sites with
relatively feasible accessibility is important

TABLE 9 Explanation and weighting of distance classes for location emergency water reservoirs.

Distance range (m) Assigned weight Explanation

0–400 0.398 Represents the shortest travel distances, translating into an optimal reaction time for emergency response
operations

400–800 0.268 Maintains a rapid response capability with only a slight increase in travel distance, and is deemed acceptable
under operational standards

800–1200 0.180 Indicates a moderate response time, where slight delays may occur under critical conditions

1200–2000 0.078 Denotes a relatively longer distance, which may result in a significant delay in emergency response efforts

2000–4000 0.046 Associated with extended distances, this range is considered suboptimal due to its potential to severely
compromise response time

4000 0.003 Represents an unacceptable distance that does not meet operational criteria for rapid emergency services

significance. These shorter distances are especially important due to
the reduced travel times for fire trucks on round trips to emergency
water reservoirs. In post-earthquake conditions, where firefighting
teams need to frequently refill their water tanks and make repeated
trips, shorter distances can play a crucial role in minimizing
response times and ensuring the optimal use of emergency water
reservoirs.

In the proposed framework process, each park is weighted
locally and independently, meaning the weighting of each park is
determined based on its proximity to the surrounding influential
criteria. This approach enables regional analyses in various urban
areas, allowing the optimal locations for the placement of emergency
water reservoirs to be identified independently within each urban
zone at a local scale.

5 Conclusion

Multiple fires that may occur following an earthquake pose
a significant threat to earthquake-prone communities. To address

this, various models have been developed for simulating FFF and
estimating the amount of water required for their suppression.
In this context, the location of emergency water resources
for suppression is considered one of the key factors in crisis
management strategies. Optimal location of emergency water
reservoirs to reduce response time and ensure better access
for firefighting vehicles can significantly limit fire spread and
consequently play a crucial role in reducing financial and human
losses. In this study, a framework for the optimal location
of emergency water reservoirs for FFE suppression has been
proposed. This method focuses on reducing response times,
improving accessibility, and minimizing the vulnerability risks of
emergency water reservoirs in post-earthquake conditions. Initially,
by considering potential post-earthquake damages, accessibility, and
economic considerations, the most suitable areas are selected as
primary locations for reservoir placement. Subsequently, based on
weighted influential criteria and distance classifications using the
AHPmethod andArcGIS, amap of optimal locations for emergency
water reservoir location is provided. Using the proposed framework,
the optimal location of emergency water reservoirs for the city of
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Tehran was conducted. Finally, the following results can also be
inferred from the observations and evaluations:

• Parks were identified as the most suitable urban land use
for the initial placement of emergency water reservoirs,
considering post-earthquake damage conditions, accessibility,
and economic considerations.

• The influential criteria were identified as two equally weighted
groups (FRCs and SPCs), encompassing all urban factors and
land uses affecting FFE occurrence, risk, and spread, as well as
operational requirements and rapid access needs.

• Considering the selection of parks, which are recognized as
the most significant open urban spaces, the optimal location
process was conducted without taking into account the impacts
caused by earthquake intensity.

• The most influential spatial proximity criteria for emergency
water reservoir siting were identified, in order of priority, as: as
proximity to main routes, fire stations, commercial land uses,
industrial and workshop land uses, and therapeutic land uses.

• Time ranges based on the average speed of firefighting vehicles,
considering post-earthquake conditions, were identified as the
sole criterion for determining distance classifications.

The proposed approach in this article can be effective for
all urban communities, including metropolises, that require the
establishment of water resources to address the FFE phenomenon.
In this study, the initial candidates considered for the placement of
emergency water reservoirs are based on expert opinions tailored
to the conditions of Tehran. Therefore, for application in other
communities with different conditions, further research in this area
is required for improvement and greater advancement.
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