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Abstract: Cities around the world increasingly recognize the need to build on their resilience to deal
with the converging forces of urbanization and climate change. Given the significance of critical
infrastructure for maintaining quality of life in cities, improving their resilience is of high importance
to planners and policy makers. The main purpose of this study is to spatially analyze the resilience
of water, electricity, and gas critical infrastructure networks in Ahvaz, a major Iranian city that has
been hit by various disastrous events over the past few years. Towards this goal, we first conducted a
two-round Delphi survey to identify criteria that can be used for determining resilience of critical
infrastructure networks across different parts of the city. The selected criteria that were used for spatial
analysis are related to the physical texture, the design pattern, and the scale of service provision of
the critical infrastructure networks. Results showed that, overall, critical infrastructure networks in
Ahvaz do not perform well against the measurement criteria. This is specially the case in Regions 1, 2,
4, and 6, which are characterized by issues such as old and centralized infrastructure networks and
high levels of population density. The study highlights the need to make improvements in terms of
the robustness, redundancy, and flexibility of the critical infrastructure networks in the city.

Keywords: critical infrastructure; resilience; spatial analysis; redundancy; robustness;
flexibility; vulnerability

1. Introduction

Cities have traditionally been hubs of innovation and economic growth and have played major
roles in the regional and national development processes. As urbanization trends continue to grow, cities
around the world are receiving even more traction. However, while cities are hubs of opportunities,
given the high concentration of people and resources in them, they are also susceptible to a wide array
of risks and hazards and need to build on their resilience [1,2]. Although the concept of resilience
has a long history, it was not introduced to the urban studies field until the late years of the 1990s.
Since then, it has been widely used and is expected to get even more attention since the planet is
rapidly urbanizing and the frequency and intensity of disastrous events are expected to increase due to
climate change [3]. Although there is no universal definition for resilience, in the context of urban
infrastructure, it is often linked to capacities related to mitigation and absorption of shocks and rapid
recovery to pre-disaster conditions [4,5]. Critical infrastructures are essential components of cities
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and their continuous functionality is crucial for maintaining acceptable levels of quality of life [6].
Accordingly, enhancing resilience of critical infrastructure systems to natural disaster events (e.g.,
earthquakes and floods) as well as man-made events (e.g., terrorist attacks) is of significant importance.
It is argued that critical infrastructure systems should be robust enough to resist failures and/or rapidly
gain back their functionality in case of partial failures [6,7].

It is worth noting that the concept of resilience goes beyond just robustness and recovery, which are
mainly related to the technical and physical characteristics of the critical infrastructure. In fact, the need
to acknowledge soft characteristics related to issues such as economy, social learning, and adaptation
has also been discussed in recent years [4,8,9]. Despite this, the traditional conceptualization that is
mainly related to technical and physical aspects is still dominant in the context of critical infrastructure
systems. For instance, a frequently used definition provided by the United Nations International
Strategy for Disaster Reduction (UNISDR) states that resilience is “the ability of a system, community
or society exposed to hazards to resist, absorb, accommodate to and recover from the effects of a hazard
in a timely and efficient manner, including through the preservation and restoration of its essential
basic structures and functions” [10]. Following this definition, resilient critical infrastructure systems
should be able to resist and absorb shocks to minimize the potential damage and facilitate timely return
to pre-disruption functionality levels [11,12].

Improving critical infrastructure resilience is particularly important in developing countries
since they often lack appropriate planning and adaptive capacities to absorb and recover from
disasters [13,14]. Iran is no exception in this regard. It is a country exposed to a wide range of adverse
events, ranging from earthquakes to major floods [15,16]. Despite this, there is still a lack of research
on critical infrastructure resilience in Iranian cities. Against this backdrop and as a preliminary effort
toward filling this gap, the main purpose of this research is to spatially analyze the resilience of critical
infrastructure networks in Ahvaz, a major metropolitan area located in southwest Iran. Ahvaz is a
geopolitically important city considering its proximity to the oil-rich part of the country. In the recent
years it has been hit by various climate-induced events such as dust storms, extreme heat events,
and floods. Due to various factors, such as the aged urban infrastructure, these events have caused
major problems for the city residents with some repercussions at the national level (since the city is the
capital city of the oil-rich Khuzestan province). For instance, in 2017, the dust storm that lasted two
weeks resulted in major black- and brownouts that also affected the city’s water network, given the
water-energy nexus. As a consequence, the normal functionality of major sectors and services such
as hospitals and governmental departments was disrupted and the quality of life was significantly
undermined [17]. Results of this study can be used to inform planners and decision makers of the areas
that need further attention and should be prioritized in efforts toward improving urban resilience.

The study is structured as follows: a brief literature review is presented in the next section.
Section 3 elaborates on methods and materials. Results of spatial analysis related to water, electricity,
and gas networks are reported in Section 4. Finally, Section 5 concludes the study by discussing the
findings and providing some policy recommendations.

2. Literature Review

Here, we first provide a brief overview of resilience and its underlying characteristics and then
explain how critical infrastructure resilience is defined in the literature.

While the concept of resilience has a long tradition in disciplines such as physics, psychology, and,
ecology, it was not until the late years of the 1990s that scholars started applying it to urban research and
practice [18,19]. In physics and psychology, the emphasis is on the absorption and recovery capacities
of an object and/or system. In other words, characteristics such as resistance and rapid recovery have
been traditionally emphasized [20–23]. In the field of ecology, from which the ‘urban studies’ field
has borrowed the concept of resilience, the concept is broadened to include other capacities such as
planning and adaptation [24].
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Disaster risk management in the field of urban studies was originally mainly focused on
vulnerability reduction. Despite linkages to resilience, vulnerability is a different term and refers to
susceptibility to disruption and loss. It is, therefore, mostly a static concept. In contrast, resilience is
a dynamic concept and can be used to explore how vulnerabilities change over time [25–27]. Urban
resilience is, however, still a contested concept and there is no universally accepted definition for it [28].
Similar to the ecological conceptualization of resilience, three major approaches towards defining
urban resilience can be distinguished in the literature: engineering, ecological, and socio-ecological or
adaptive [29]. The engineering approach emphasizes the robustness and stability of the urban system
to minimize the likelihood of disruption and/or collapse. In case disruptions happen, engineering
resilience advocates taking necessary measures to facilitate rapid recovery to return to the pre-disruption
equilibrium state [29,30]. Accordingly, engineering resilience entails a static approach towards urban
resilience and is likely to fail to take account of the dynamics of the urban system. In contrast,
the ecological approach towards defining urban resilience emphasizes tenacity of the system and
acknowledges that future uncertainties and constantly changing urban dynamics make it difficult,
if not impossible, to have overreliance on robustness and stability characteristics. Instead, it calls for
improving the absorption capacities to minimize disturbance and retain the basic structural functionality
of the system. Further, depending on factors such as the initial structural robustness of the system,
the severity of the disturbance, and the system’s ability to absorb the initial shocks, it may not be possible
to return to the pre-disturbance equilibrium state during the recovery process. Instead, the system
may enter a new equilibrium condition or set of conditions; this often involves not only building back,
but also building better. This is in line with Holling’s conceptualization of resilience [24]. The last and
most recent approach towards defining urban resilience builds on the ecological approach by making
better recognition of the complexities of cities as dynamic socio-ecological systems. By recognizing the
fact that future uncertainties may make it difficult to reach equilibrium state(s), the socio-ecological
(adaptive) approach highlights the significance of adaptation and living with risk [30]. This approach
is particularly useful in an era that is characterized by significant uncertainties that are caused by
multiple forces such as climate change and rapid urbanization. Keeping these various approaches in
mind, a commonly-used definition of urban resilience is the ability to “plan and prepare for, absorb,
recover from, and more successfully adapt” to shocks and adverse events in cities [31]. What is obvious
from this definition is that resilience is not just an end goal. Instead, it is a property of the urban system
that involves different processes and feedbacks across multiple temporal and spatial scales and various
dimensions of the urban system.

To operationalize urban resilience, it has been linked to various characteristics such as
preparedness, robustness, reliability, redundancy, resourcefulness, rapidity, flexibility, recoverability,
and adaptability [27,30]. Preparedness refers to actions that need to be taken proactively and before the
occurrence of the disruptive event in order to reduce potential damage and ensure adequate capacity is
available for timely recovery [32,33]. Robustness is a characteristic that indicates the physical strength
and resistance of a system [26,34]. Reliability is closely related to robustness and refers to the likelihood
of a system maintaining its functionality during adverse events [35]. Redundancy refers to the
presence of spare components in the system that can compensate for the failing components and ensure
continuous functionality of the system [35,36]. Resourcefulness indicates the availability of various
types of human, financial, and infrastructural resources during planning, absorption, and recovery
stages [37]). Rapidity refers to the recovery speed and is important to minimize the duration of reduced
functionality of the system [38]). Flexibility is a characteristic that entails having the capacity to make
adjustments to the regular operations of the system in order to ensure effective functionality during
disastrous events [39]. Recoverability indicates the capacity to return to pre-disaster equilibrium
conditions in a timely manner [40,41]. Finally, adaptability is a characteristic that emphasizes the
ability to learn from the adverse event and improve the capacity to better respond to potential future
shocks [42,43]. In the following sections, we try to explain the resilience of the critical infrastructure
networks by referring to these characteristics.
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To the best knowledge of the authors, there is still no research on the resilience of critical
infrastructure networks in Iran. The research is also limited globally. Existing research is mainly
focused on the physical structure (i.e., preparedness and robustness) of critical infrastructures and
does not address the network structure specifically. In their study of infrastructure resilience in the
Pearl River Delta city clusters of China, Ng, et al. [44] developed an integrated framework to manage
and improve the resilience of infrastructure systems. Elsewhere, Govindarajulu [45] examined the
resilience of critical infrastructure systems in five major Indian cities and emphasized institutional and
financial challenges. Drawing on publicly available municipal financial data and reports prepared
by urban local bodies, he evaluated measures taken to improve resilience and found out that there is
a lack of proper actions and investment in critical infrastructure resilience. Having a more physical
focus, Yang, et al. [46] proposed a framework for analyzing resilience of interconnected infrastructure
systems. They applied this framework to the stormwater drainage and road transport systems of Hong
Kong and demonstrated how vulnerabilities in critical infrastructure networks may lead to significant
cascading effects. Having a similar focus on the interconnectivity of critical infrastructure networks
and its implications for resilience, Nazarnia, et al. [47] examined the resilience of water and electricity
infrastructure networks in Bhaktapur, Nepal, using a network analysis framework. They confirmed
the close interlinkages between these two infrastructure systems and shed more lights on potential
absorption and recovery patterns in the face of disruptive events.

Overall, there is a consensus in the literature that critical infrastructure systems are fundamental
components of cities and improving their resilience is essential for maintaining effective urban
functionality [48,49]. In fact, any disruptions in the functionality of critical infrastructures can have
significant economic, social, health and well-being, security, and environmental ramifications [50].
Given their significance, it is even argued that the vulnerability of critical infrastructure may undermine
efforts aimed at achieving urban sustainability [51].

Despite the significance of critical infrastructure resilience, until about one decade ago the focus
was mainly on infrastructure resistance and not resilience. The European Commission (EC) and the
United States Department of Homeland Security were amongst the leading entities that developed
plans for critical infrastructure protection through, respectively, “The 2008 directive on the identification
and designation of European critical infrastructures and the assessment of the need to improve their
protection [52], and the “National Infrastructure Protection Plan” [53].

A paradigm shift from critical infrastructure protection to critical infrastructure resilience has
occurred in recent years [4,9]. The main reason behind this paradigm shift is the increasing recognition
that, due to the increase in the uncertainty, frequency, and intensity of extreme events, physical
approaches may not be sufficient. In fact, it is now increasingly acknowledged that not all risks
are predictable and resilience thinking is essential to deal with emergent risks [9]. In line with
this, several scholars have made efforts to develop frameworks for measuring critical infrastructure
resilience. For instance, Ouyang, et al. [54] suggested a three-stage framework that visualizes the
typical changes in the performance level of critical infrastructure in the aftermath of an adverse
event (Figure 1).

The framework presented in Figure 1 is well aligned with the engineering and ecological
definitions of resilience that were discussed earlier. Three major stages, namely, disaster resistance and
prevention, disaster absorption, and disaster recovery, can be distinguished [54]. It can be seen that
planning/preparation measures taken before shock occurrence (t0), in combination with absorption
measures (taken between t0 and t1 time epochs) can contribute to reducing complete performance loss.
After the system reaches its minimum performance level at t1, overall assessment of the situation should
be done (between t1 and t2) and plans should be made to rapidly return back to pre-shock performance
levels at tE. A similar three-stage framework has also been proposed by Petit, et al. [55]. In a more recent
effort, Rehak, Senovsky and Slivkova [41] have proposed a framework that includes organizational
dimensions, in addition to technical ones. Specifically, they have proposed a critical infrastructure
resilience cycle (Figure 2) that includes physical/technical characteristics (e.g., preparedness, robustness,
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rapidity, and recoverability) as well as organizational characteristics (e.g., adaptability). This indicates
a gradual shift from purely engineering-based approaches to approaches that also recognize the
importance of adaptation [41].
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Figure 2. Critical infrastructure resilience cycle based on Rehak, Senovsky and Slivkova [41].

Four major stages can be distinguished from Figure 2. The first phase is prevention and is aimed
at reducing exposure and vulnerability to potential disruptive events. In case some failures occur,
a resilient infrastructure system should be robust enough and have adequate absorption capacities to
minimize the functionality loss. Despite this, some functionality loss may occur due to the severity
of the shock or the vulnerability of the system. In that case, the system should be able to bounce
back to equilibrium conditions during the recovery stage. Finally, the adaptation stage involves
considering the disruptive event as an opportunity to improve the overall performance of the system
(bounce forward) in order to perform better against potential future shocks [41]. Regarding the
resilience characteristics for critical infrastructure, similar to what was earlier discussed regarding the
general approaches to resilience, various characteristics such as robustness, redundancy, recoverability,
and adaptability have been mentioned in the literature [12,56]. Table 1 provides a summary of
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definitions used for resilience of water, gas and electricity infrastructure systems. It also shows how
these definitions are linked to different resilience stages and characteristics. It can be observed that
‘planning’, ‘absorption’, and ‘recovery’ are stages that have received more attention. Other recurring
characteristics are ‘robustness’, ‘reliability’, ‘absorption’, and ‘rapidity’. Overall, research on critical
infrastructure resilience is mainly focused on physical and technical aspects of resilience.

Table 1. Major stages and characteristics used for defining critical infrastructure resilience.

Water Infrastructure

References Resilience Definition Related Stage(s) Related Characteristic(s)

[57] The “ability of a system to reduce the chances of shock, to absorb
such a shock if it occurs, and to recovery quickly after a shock”. Planning, absorption, recovery Preparedness, robustness, rapidity

[58] The ability of a system “to maintain and adapt its operational
performance in the face of failures and other adverse conditions”. Absorption, adaptation Robustness, rapidity

[59] The ability in “the four infrastructural qualities: robustness,
redundancy, resourcefulness and rapidity”. NA Robustness, redundancy,

resourcefulness, and rapidity

[60]
The ability “to demonstrate three characteristics: reduced failure
probabilities, reduced failures consequences, and reduced time

to recovery”.
Absorption, recovery Robustness, reliability, rapidity

[61]
“The residual functionality of the system in the aftermath of a

disaster (i.e. robustness) and the system’s swiftness in bouncing
back to a normal level of functionality (i.e. recovery rapidity)”.

Absorption, recovery Robustness, reliability, rapidity

Gas infrastructure

References Resilience definition Related stages and characteristics

[62] “Resilience is the ability to prepare for and adapt to changing
conditions and withstand and recover rapidly from disruptions”.

Planning, absorption,
recovery, adaptation Preparedness, robustness, rapidity

[48] “Resilience is defined as the capacity of to sustain, withstand, and
recover from hazards”. Absorption, recovery Reliability, rapidity

[63] “Ability to resist, re-stabilize, rebuild, and reconfigure”. Absorption, recovery Robustness, flexibility
[64] “Ability to resist, re stabilize, rebuild, and reconfigure”. Absorption, recovery Robustness, flexibility
[65] Ability to have robust and reliable structures. Absorption Robustness, reliability

Electricity infrastructure

References Resilience definition Related stages and characteristics

[48,66] The “capacity of system includes absorptive capacity, adaptive
capacity and restorative capacity”. Absorption, recovery, adaptation Robustness, rapidity, adaptability

[67] The “capacity for a system to withstand, absorb, and recover from
a disruption”. Planning, absorption, recovery Preparedness, robustness,

reliability, rapidity

[68] “Ability to resist (prevent and withstand) multiple possible hazards,
absorb the initial damage, and recover to normal operation”. Planning, absorption, recovery Preparedness, robustness,

reliability, rapidity

[69]
“The ability of a system to anticipate and withstand external shocks,
bounce back to its pre-shock state as quickly as possible and adapt

to be better prepared to future catastrophic events”.

Planning, absorption,
recovery, adaptation

Preparedness, robustness,
reliability, rapidity

[70] The ability to withstand shocks and rapidly bounce back Absorption, recovery Robustness, reliability, rapidity

3. Case Study Introduction and Methods

As discussed in the previous section, there is still a lack of research on the resilience of criticial
infrastructure networks, particularly in the Iranian context. As a step toward filling this gap, in this
study, we focus on Ahvaz, a major Iranian city that has experienced various disastrous events in the
past few years. In this section, we first introduce the case study area and then explain the research
methods and materials.

3.1. Case Study Area

Ahvaz, the capital city of Khuzestan province, is located at 31◦20′ north latitude and 48◦40′ east
longitude. It is the second-largest city in Iran (in terms of area) after Tehran, covering about 215 km2

(Figure 3), and straddles the Karun River, which is one of the major rivers in the country. Located in an
oil-rich province that borders Iraq and Kuwait, the city has an important geopolitical position [17,71].
The location of the city is shown in Figure 3. Ahvaz is divided into eight municipal regions as shown
in Figure 3. Some statistics related to these districts is shown in Table 2.
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Table 2. Statistics related to the eight municipal regions of Ahvaz [72].

Region Area (ha) Approximate Population

No.1 1103 141,000
No.2 2913 108,000
No.3 3181 178,000
No.4 3816 155,000
No.5 1349 107,000
No.6 2976 185,000
No.7 1718 148,000
No.8 3098 194,000
Total 20,154 1,216,000

During the past few years, the city has experienced several natural disasters that have affected
the functionality of its critical infrastructures. These disaster events have particularly affected
the water/wastewater and power infrastructure systems. Located on a flat plain, and lacking a
planned drainage system, Ahvaz is vulnerable to moderate to intensive rainfall events. According
to the managing director of the Water and Wastewater Engineering Company of Ahvaz, of the total
2400 Km drainage infrastructure network of the city, about 1100 Km is aged and poorly maintained
(https://www.tasnimnews.com/fa/news/1398/09/06/2146893/). In addition, the city’s proximity to the
Karun River makes it more vulnerable to fluvial flooding. As a result, the city is vulnerable to flooding.
For instance, following the major flooding that occurred in March–April 2019, due to the overflow of
Karun River, about 70% of the city’s water and transportation infrastructure networks was seriously
affected (https://www.irna.ir/news/83612665/; https://news.nww.ir/archive/ID/17044) (see Figure 4).
In fact, restoring the functionality of the water distribution network and water treatment plants alone
took about one moth [17].

https://www.tasnimnews.com/fa/news/1398/09/06/2146893/
https://www.irna.ir/news/83612665
https://news.nww.ir/archive/ID/17044
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The city is also exposed to other adverse events such as major wind and dust storms and lightning
strikes that occur several times every year and have major impacts on the critical infrastructure system
(Figure 5). These types of adverse events impact the electricity infrastructure networks directly and
may also disrupt other networks through cascading effects. For instance, in 2017, a major dust storm
disrupted the operation of the power grid, leading to major blackouts across the city. There is also
evidence showing that damages caused by dust storms and lightning strikes have caused blackouts in
large parts of the city, affecting up to 60% of the residents [17]. According to the managing director
of the city’s grid management company, wind and dust storms have caused damage equivalent to
about 333 KUSD in 2017. He estimates that 30 times this amount is needed for proper upgrading
and maintenance of the city’s power network in order to increase its resilience to future events
(https://www.irna.ir/news/82758332/). It is worth mentioning that, given the energy-water nexus, and
also the energy dependence of other infrastructure systems, any disruptions in the electricity network
are also likely to disrupt other networks too. This indicates the likelihood of serious domino effects
due to disruption in particular types of the critical infrastructure.
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The brief description provided in the previous two paragraphs highlighted the major risks that
threaten functionality of criticial infrastructure systems in Ahvaz. As the focus of this article is on
water, electricty, and gas networks, we briefly explain the characteristics of each in the remainder of
this section.

Regarding the water infrastructure, according to the Water and Wastewater Engineering Company,
the city’s water is mainly sourced from the upstream dam reservoirs with a water provision capacity
of about 790,000 m3 (about 60% from the Karkheh River, about 30% from the Karun River, and the
rest from other sources). There are five water treatment plants across the city, namely, No.1, National
Road; No.2, Kianabad; No.3, Golestan; No.4, Ali-Ibn-Mahzyar; and No.5, Karun. The total nominal
capacity of these treatment plants is about 500,000 m3 per day. The water infrastructure network serves
369,700 household according to the statistical yearbook of the province [75]. During the 2019 floods,
the Ghadir Project for transmission of water from the Karkheh River (proving about 60% of the total
consumed water) went out of service and caused major problems for the residents [17].

Regarding the electricity infrastructure that serves 470,083 households, the city relies on two
power plants. The city’s electricity is sourced from the Zargan power plant (with a nominal capacity
of 418 MWth( and the Ramin power plant, which is located about 20 km from the Ahvaz–Masjed
Soleiman Road, adjacent to the Karun River. Ramin is the largest thermal power plant in the country,
with a nominal capacity of 1850 MWth [17,76]. When adverse events such as floods, dust storms, or
extreme temperature events (reaching up to about 56 ◦C in the middle of summer) occur, the efficiency
of these power plants is significantly reduced [77]. This indicates the lack of robustness, redundancy,
and flexibility in the infrastructure system of the city, causing difficulties for proper absorption and
recovery from disasters.

Very limited data exists on the city’s natural gas infrastructure network. Based on the nodal
pressure, it can be divided into three major categories, namely, PSI 60, PSI 200, and PSI 400.
This infrastructure network serves 155,825 households [17,75]. These high-pressure stations are
mostly concentrated in its southwest part of the city, and this concentration increases vulnerability.
Besides the issues discussed, critical infrastructure in the city is generally aged and suffers from the
lack of proper regular maintenance. Therefore, it is likely to be vulnerable to adverse events.

3.2. Materials and Methods

To conduct the spatial analysis, the geo-referenced GIS data related to water, electricity, and gas
networks was obtained from the Water and Wastewater Engineering Company, the Grid Management
Company, and the National Iranian Gas Company, respectively. To identify indicators and criteria
to be used in the spatial analysis of the critical infrastructure resilience, we used a two-round Delphi
process to seek expert opinions. While we acknowledge the importance of a wide range of stakeholders
in the process, in this preliminary study, only those with expertise related to critical infrastructure
networks were involved. Overall, 50 experts took part in the Delphi survey. This is a reasonable
number for the Delphi method, because the number of experts does not necessarily need to be high.
In fact, there is no strong relationship between the number of experts and the quality of the decisions
made [78]. We started the process by inviting a few selected experts to complete the survey. Each expert
was also asked to suggest other names to be invited to take part in the survey. All communications,
except the first contact with the experts to explain research objectives, which was conducted over
Skype, were made through e-mail. The selected experts had expertise in areas related to geography
and urban planning, water management, civil engineering, and electrical engineering. They were
from both academia and the industry sectors. Some information related to the survey participants is
presented in Table 3. The first round was conducted to identify a list of indicators/criteria that could
be used for assessing the resilience of critical infrastructure networks and the second round to reach
consensus on the list. At the end of the second round, participants were also asked to assign relative
weights to the measurement criteria based on a five-point Likert scale, where higher ratings indicate
better resilience performance. These weight factors were applied to the GIS-data layers to obtain the
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spatial distribution maps that are presented in the following section (see Figure 6 for the flowchart of
the methods).

Table 3. Information related to the survey participants.

Characteristic N Percentage

Job classification

Khuzestan Grid Management Company 12 24%
Ahwaz Urban Water and Wastewater Organization 9 18%

Ahvaz Municipality 7 14%
Khuzestan Province Gas Company 7 14%

University professors 15 30%

Education
Bachelor’s degree - -
Master’s degree 19 38%

PhD 31 62%

Gender
Male 16 32%

Female 34 68%

Work experience

Less than 5 years 3 06%
5 to 7 years 11 22%
7 to 9 years 19 38%

More than 9 years 17 34%

Age

30–35 6 12%
36–40 11 22%
41–45 13 26%
46–50 11 22%

More than 50 9 18%
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4. Finding and Discussion

In this section, we first explain the indicators identified using the Delphi process. Following that,
we will report the results of the spatial analysis. We will discuss the results in the light of resilience
stages and characteristics explained in Section 2.

4.1. Measurement Criteria

The measurement criteria were identified based on expert opinions using a two-round Delphi
method. The Kendall’s W coefficient of concordance (KWC) (Kendall’s W) was used for reliability
analysis to select the most appropriate measures. This coefficient ranges from 0 (no agreement) to 1
(complete agreement) and can be used to assess the level of agreement between expert opinions [79,80].
All criteria listed in Table 4 have coefficients larger than 0.7. Additionally, the relative resilience value
of each criterion was determined based on expert opinions and is shown in the third column of Table 4.

Table 4. Measurement criteria for assessing critical infrastructure resilience.

Indicators Measurement Criteria Resilience Value KWC in First Round KWC in Final Round

Network physical
texture type

Very new (up to 5 years) 5 91% 100%
New (5 to 10 years) 4 89% 96%

Semi-old (10 to 20 years) 3 86% 93%
Old (20 to 30 years) 2 91% 100%

Very old (over 30 years) 1 94% 100%

Network Design Pattern

Dispersed design with high connectivity (Figure 7a) 5 79% 97%
Gridded design (Figure 7b) 4 81% 98%

Semi-gridded design (Figure 7c) 3 75% 91%
Radial design (Figure 7d) 2 79% 94%

Organic and irregular design (Figure 7e) 1 87% 96%

Scale of service
provision (population)

Up to 10,000 5 88% 97%
10,001–25,000 4 83% 97%
25,001–50,000 3 91% 100%
50,001–75,000 2 91% 100%

More than 75,001 1 89% 98%

Note: 5 is very high resilience, 4 is high resilience, 3 is medium resilience, 2 is poor resilience, and 1 is very
poor resilience. KWC: Kendall’s W coefficient. The values were assigned considering the resilience stages and
characteristics mentioned in Table 1.Sustainability 2020, 12, x FOR PEER REVIEW 14 of 23 
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The first set of criteria are related to the type of network physical texture. These are related to
preparedness and robustness characteristics of resilience. There was a high consensus among the
experts that infrastructure age is important as it is a good indicator of the abilities to resist and absorb
shocks. The measurement criteria related to this indicator can range from very new to very old. Newer
textures feature higher levels of robustness and are, therefore, expected to be better capable of absorbing
shocks and maintaining the functionality of the critical infrastructure. Recovery is also assumed to be
easier in newer textures because the extent of damage is likely to be lower and the road network is also
more suitable for emergency access and evacuation.

Regarding the network design patterns that are more related to redundancy and flexibility
characteristics, five different types of network design were identified as shown in Figure 7. Based on
expert opinions, radial design patterns are common in Ahvaz. Such centralized patterns feature high
dependence on a limited number of central nodes, which, if disrupted, result in major functionality
loss across the city. In contrast, design patterns that are decentralized and feature robust and
redundant nodes are more flexible and adaptable because disruption in one node does not result in
total functionality disruption in the system (Figure 7a–c). This facilitates better absorption and recovery
capacities. In contrast, radial and irregular patterns are less resilient (Figure 7d,e) due to limited
redundancy and high reliance on a limited number of nodes. Under such configurations, disruptions
in one node will render the whole network vulnerable [30].

As for the scale of service provision that is related to preparedness and robustness characteristics,
according to the experts, larger scales are less desirable as any potential losses in functionality will
affect a larger number of populations. Additionally, larger scales may result in higher demand during
peak hours, thereby increasing the pressure on the network. Accordingly, a smaller scale of service
provision is more desirable in terms of preparation, absorption, and recovery capacities.

4.2. Spatial Analysis of Critical Infrastructure Resilience

Using the measurement criteria explained in the previous section, we conducted a spatial analysis
of water, gas, and electricity infrastructure networks in Ahvaz. We will discuss the results in the
context of the eight municipality regions of the city that are shown in Figure 8.
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4.2.1. Water

The spatial resilience analysis is conducted based on the three indicator sets mentioned in the
previous section, namely, network physical texture type, network design pattern, and scale of service
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provision (Figure 9). We first examined the network physical texture based on the age of the water
network. Obviously, based on criteria listed on Table 4, older textures are less resilient.
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As shown in Figure 9, and based on urban fabric type (a), the central parts of the city that are
mainly located in Region 1, as well as the northern parts of Region No.6, show poor performance due
to their aged water infrastructure. These are old and poor neighborhoods such as Ameri, Shilang Abad,
Amanieh, and Kamplo. It can be seen from Figure 9 that water infrastructure resilience increases with
distance from the city center. This is not surprising since the infrastructure in those areas is less old.

In terms of the network design pattern, and as shown in Table 4, decentralized patterns with
multiple robust nodes are assigned higher values of resilience. Figure 9b shows the spatial resilience of
the water network based on these criteria. According to Figure 9b, the water infrastructure network
performs poorly in the central parts of Region No.1 (Ameri, Abdolhamid baazar and Padadshahr
neighborhoods), the northern parts of Region 6 (Salimabad, Ahanafshar, and Kamplo neighborhoods)
and the southern and central part of Region No.2 (Amanieh, Kianpars & Seyedkhalaf neighborhoods).
The design pattern of the water network infrastructure in these neighborhoods is centralized and
irregular. As a result, they lack adequate levels of flexibility and adaptability and are susceptible to
significant functionality loss at the time of disaster.

Regarding the third indicator set (scale of service provision), it was discussed that smaller scales
are more desirable. This is because, in case of major disruptions, smaller numbers of people will be
affected. The red parts in Figure 9c are those areas of the city where the water network provides service
to large numbers of population (> 75,000). These are areas located in highly populated regions (i.e.,
Regions No.1, 3, 4, and 6). Additionally, Regions No.1 (e.g., Bazzar Abdolhamid), No.2 (e.g., Amanieh
and Kianpars), 4 (Golestan), and No.6 (Kamplo) host many commercial and industrial activities that
further increase their demand for water. To enhance resilience, adequate preparedness measures
should be taken to increase robustness and redundancy of the network in these areas.

4.2.2. Electricity

We followed similar procedures to examine spatial resilience of the electricity network
infrastructure. Results related to the network physical texture type, network design pattern, and scale
of service provision are reported in Figure 10.
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Regarding the network physical texture criteria, Figure 10a shows that central parts of the
city (Region No.1, which exactly matches the Padad, Akhar asphalt, Bagh Moein and Kuy Dovlat
neighborhoods) as well as the northern parts of Region No.6 (i.e., north and south Kamplo, Shilangabad,
Salimabad and Kian neighborhoods), the southern parts of Region No.4 (Golestan and Fardis) and
5 (Kootabdolah, It is worth noting that this region has recently been separated from the city and is
now known as the city of Karun ), and, finally, the central parts of Region No.3 (Zeytoon and Kourosh
neighborhoods) have low levels of resilience. It can be seen that these areas are located along the Karun
River and are, therefore, exposed to potentially severe floods. The old electricity infrastructure in these
regions increases vulnerability to flood risk as well as other risks such as extreme heat and dust storms.

Results for the network design pattern criteria are to some extent different from the previous
results. As Figure 10b shows, here the eastern parts of the city are less resilient. This is due to the
dominance of radial and irregular patterns in these areas (Regions No.1, which is the old and central
part of the city, No. 7 (the Hasir Abad, Kuy Ramazan, Manba Ab and Sepidar neighborhoods) and No.
3 (Zeytoon)). These radial and irregular patterns lack appropriate levels of redundancy and flexibility.

As for the scale of service provision, Figure 10c shows that there is higher energy demand in the
central (Region No.1) and eastern parts (Region No.7 and the southern part of Region No.8 (such as the
Kuy Tolab, Janbazan and Padad 1 neighborhoods)) of the city. In addition, high levels of energy demand
can also be observed in some western parts (i.e., the northern part of Region No.6 and the southern
and central parts of Region No.2 (especially the Amanieh and Kianpars neighborhoods), and also the
southern part of Region 4). In addition to being highly populated, these areas include some major city
slums like Hasirabad, Shilangabad, Lashkarabad and Ameri, where the network infrastructure is aged
and poorly maintained. Therefore, to increase resilience, the robustness, redundancy, and flexibility of
the network in these areas should be improved.

4.2.3. Gas

Doing the same analyses for the city gas network, the areas that need to be improved were
identified. Regarding the network physical texture type that is related to the age of network
infrastructure, Figure 11a shows that these areas perform poorly due to their old infrastructure: the
central part of the city (Region No.1), Region No.6 and the southern part of Region No.4. They are,
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therefore, susceptible to serious issues linked to the vulnerability of the old city gas distribution
network (e.g., possible explosions).
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The network design pattern indicator showed that the main natural gas pressure regulator stations
and the main distribution pipelines in southern part of Regions No.4 and 6 have radial and irregular
design patterns. Therefore, they do not perform well in terms of resilience characteristics such as
redundancy and flexibility. Finally, analysis based on the scale of service provision shows that demand
is higher in Region No.6, central parts of Region No.1, central and northern parts of Region No.2,
and southern parts of Region No.4 (Figure 11c). As shown in the previous analysis, some of these
areas lack new, redundant, and flexible infrastructure networks. Any disruptions in these areas are,
therefore, likely to cause significant socio-economic damages to the city and its citizens.

5. Conclusions

Critical infrastructures are essential constituent elements of cities that play important roles in
maintaining the socio-economic prosperity of the citizens. Accordingly, many scholars have emphasized
the importance of taking necessary measures to ensure reliability and continuous functionality of
the critical infrastructure by enhancing resilience characteristics such as robustness, redundancy,
and flexibility [51,81–83]. The issue of critical infrastructure resilience has gained growing importance
in recent years given the projections about increase in the frequency and intensity of disastrous events.
Consequently, a paradigm shift in emphasis from infrastructure protection to infrastructure resilience
has been observed in the past few years [4]. Despite this, there is still limited research exploring the
resilience of critical infrastructure networks. This study, therefore, should be regarded as a preliminary
step toward filling this gap. In this study, we used criteria related to the physical texture, design
pattern, and scale of service provision to spatially map the resilience of water, electricity, and city
gas networks in Ahvaz, an Iranian city that has faced several major adverse events during the past
few years. The selected measurement criteria are used to understand the city’s performance against
characteristics such as preparedness, robustness, redundancy, and flexibility, which are argued to be
critical for improving critical infrastructure resilience [12,48,68]. These characteristics influence the
system’s capacity to absorb shocks and rapidly return to normal conditions [12,48,81].
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As mentioned in the Introduction, the main purpose of this study was to conduct a spatial analysis
of the resilience of critical infrastructure networks to identify areas that need to be prioritized for
further improvement. Figure 12 shows the overall resilience of the critical infrastructure networks
(water, electricity and gas) in Ahvaz. Based on the results, we have identified four vulnerability
hotspots. Point A in Figure 12 refers to the central area of the city, which is also the historical core of
the city and is characterized by its high population density, old infrastructure, and irregular physical
patterns. Accordingly, this area performs poorly against all three sets of criteria (related to water,
electricity, and gas networks) discussed in this study. Point B is located in the central part of Region
No.3, where informal settlements and old public housing units are dominant types of development.
This area is also characterized by old infrastructure, high population density, and irregular urban
patterns. At both points A and B, improving robustness, redundancy, and flexibility of the critical
infrastructure network should be prioritized.
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Point C, which is shown using an L-shaped form in Figure 12, overlaps with the central part
of Region No.2 and the northern part of Region No.6. While, unlike at the previous two points,
the infrastructure is not old, this area also needs redundancy and flexibility improvements since it
has the highest population density (high demand), and the centralized infrastructure networks follow
radial patterns that are vulnerable to adverse events. Similar conditions can be observed at Point
D, which is located in southern part of Regions No.4 and 6, where major industrial and educational
establishments, and main network distribution control stations are located. Resilience characteristics
in these hotspots should be enhanced in order to improve the absorption and recovery capacities of the
city in the face of adverse events.

Overall, this study finds that limitations in terms of robustness and redundancy are major issues
that undermine the resilience of critical infrastructure networks in Ahvaz. Efforts should therefore be
taken to address these issues. However, it should be noted that enhancing robustness, redundancy,
and flexibility in existing cities would be very challenging as it requires significant efforts and resources.
This is particularly challenging in developing contexts such as Iran, which are facing challenges in
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sustaining investment for urban renewal and urban development plans. Exploring opportunities for
financing renewal and redevelopment initiatives should therefore be prioritized in the future research.
In the meantime, it is necessary to develop strategies for controlling and regulating urban development
in the city to avoid additional lock-in effects in the future. This could, for instance, be through efforts
to ensure compliance with the city’s master plan and the building codes.

Another major issue that needs to be noted is that resilience has multiple dimensions and this
study has only focused on the physical dimension. In fact, other socio-economic and institutional
dimensions need to be appropriately explored in the future to understand how they can contribute
to dealing with the issues highlighted in this paper. Emphasis on these dimensions is particularly
important in the historical parts of the city. At the end, it should also be acknowledged that this study
has relied on the expertise of a limited number of stakeholders. Future research should consider
involving a wider range of stakeholders in the process. In fact, involving more stakeholders may
also lead to identification of a larger number of indicators in the process. It may also result in some
changes in the weights assigned, given that weighting relies on the participants’ judgements. Despite
these limitations, we hope that this study can inform urban policy makers of the areas that need to be
prioritized in order to improve critical infrastructure resilience in Ahvaz.
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