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Appropriate indicators are required to measure the resilience of water supply systems (WSSs). However, it is challenging to
identify appropriate indicators since there is no comprehensive database of indicators to measure its resiliency. This study will
establish a comprehensive bank of indicators to assist water corporations and decision-makers in selecting appropriate indicators
for their particular system. The suggested indicator bank is comprised of three layers such as dimension, attributes, and the
number of indicators resulting from 12 different indicator codes that the study has analysed. In addition, this paper presents
instructions on how the indicator bank can be used and integrated with water enterprises, enabling decision-makers to pick the
relevant indicators. The proposed indicator bank is an exploratory approach that should be validated in a real work setting since
resilience is a challenging concept, and WSSs are complex due to their dependencies to other lifelines such as power networks with
too many variables that may affect the actual outcomes.

1. Introduction

The most recent “Sendai Framework for Disaster Risk Re-
duction (SFDRR)” agreement was developed to minimise
disaster mortality, the number of people affected, and
economic losses throughout the world. SFDRR regulates the
risk to critical infrastructures (such as WSSs) and the dis-
ruption of essential services caused by natural disasters [1].

Lifelines such as water supply systems (WSSs) are po-
tentially vulnerable to natural disasters due to the wide-
spread use of their components. The total performance of a
water system is determined by the performance of each
element including supply, storage, transmission, distribu-
tion, and the system as a whole. Previous earthquakes such as
Northridge in California (1994), Kobe in Japan (1995), Bam
in Iran (2003), L’Aquila earthquake (2009) in Italy, Haiti
(2010), Tohoku in Japan (2011), Christchurch in New
Zealand (2011), and Gorkha in Nepal (2015) showed how
communities could be affected by water system disruption
due to an external shock. For example, about 80% of resi-
dents lost their water supplies in New Zealand after the

earthquake in Christchurch in February 2011 [2, 3].
Meanwhile, the Haiti earthquake in 2010 demonstrated how
difficult it was to provide sufficient water, both in terms of
quality and quantity, in the aftermath of the tragedy. The
Haiti earthquake triggered a series of breaks in the main
water supply, closing off its sources to the people for two
weeks [4, 5]. According to Ballantyne and Crouse [6], the
Northridge earthquake affected 1,500 pipeline networks in
Los Angeles, while the Kobe earthquake caused 1,600
breakdowns in the city’s water distribution system.

Risk analysis has historically been used as an ideal
method to understand the water system’s performance in a
particular situation [4]. However, there are several limita-
tions to using this method. This method is only appropriate
to estimate the component level of the system, and it is
beneficial for situations where the system’s overall perfor-
mance estimation is minimal [7]. Another limitation is that
the risk analysis method frequently neglects to consider the
system’s performance over time [4]. Critical infrastructure
networks such as WSSs are instances of complications
characterised by data excess in large-scale risk assessments.
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Recent advances in information technology such as SCADA
(Supervisory Control and Data Acquisition) for water sys-
tems, along with increased concern in estimating and
controlling large-scale functionality, need the explorations
of alternative approaches [8].

Meanwhile, the resilience concept is developed to
measure the whole system’s performance by considering the
element of time. Consequently, the idea of disaster resilience
has acquired wide attention. It has become more common,
particularly following the adaptation of the “Hyogo
Framework for Action 2005-2015: Building the resilience of
nations and communities to disasters” [9, 10]. However,
resilience is a comparatively new concept in the disaster
management field that acknowledges the need to minimise
disaster disruption to help emergency management pro-
grammes [11].

Holling [12] first applied the concept of resilience to the
field of ecology, conceptualising the term as “the measure of
the persistence of systems and their ability to absorb change
and disturbance and adapting their internal dynamics if
needed.” Scholars later enriched its concept in a wide variety
of fields such as socio-ecological [13, 14], geography [15, 16],
psychological [17], urban planning [18, 19], supply-chain
management [20], and engineering [21, 22]. Each of these
fields has a distinct perspective on resilience. In ecology,
resilience is a strategy for learning more about the com-
plexity of an ecological system’s reaction to internal and
external stimuli that threaten its functionality. However,
resilience is more treated as beneficial goal status in an-
thropogenic environments (like infrastructure systems or
communities) [23]. While community disaster resilience is a
significant study subject in disaster resilience [24, 25], it
defines resilience as a concept that “enhances the ability of a
community to prepare, absorb, recover, and more suc-
cessfully adapt to actual or potential adverse events in a
timely and efficient manner” [11].

Measuring community resilience to disasters across time
and specific cases remains a challenge for scholars and
practitioners [26]. The most widely used metrics for de-
scribing systems resilience is performance or functionality.
In general, these terms are used interchangeably to represent
how a system losses its ability to function after a disaster and
how it is restored over time [27].

A rising number of academics from several areas are
focusing on developing indicators to assess the resilience of
their systems. An indicator-based approach to mitigate and
manage the risk of disasters within communities was in-
troduced by Hahn [28]. It focuses on the creation of a set of
indicators to select suitable disaster resilience indicators. The
“Baseline Resilience Indicators for Communities (BRIC)”
suggested by Cutter et al. [29] is widely used and includes a
range of secondary indicators to measure community
resilience [30]. The study of Martins et al. [31] on assessing
the resilience of the urban mobility system, the study of
DasGupta and Shaw [32] on assessing the resilience of
coastal community against climate change, and work of
Jovanovi¢ et al. [33] on the resilience of smart critical in-
frastructures are some examples of an indicator-based ap-
proach for measuring the performance of resilience.
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A study of the literature on WSSs’ resilience reveals con-
siderable attempts to build an indicator system to measure its
performance. Morley [34] employed an indicator-based model
in water utilities and identified two operational and financial
indicators. It utilised the “Utility Resiliency Index” to assess the
resilience of WSSs. Baki et al. [35] proposed a modelling ap-
proach that assesses alternative interventions to urban water
systems (UWSs) under a set of performance and resilience
indicators. Nikolopoulos et al. [36] proposed a novel technique
for assessing resilience in real-world WSSs.

A framework was developed by Balaei et al. [37] to measure
water supply resilience, with an emphasis on the significance of
community features to resilience. It based its indicators on four
dimensions proposed by Bruneau et al. [22], namely, organ-
isational, social, economic, and technical [4, 38-40]. However,
the environmental dimension is considered less significant
despite being an essential feature of resilience, and the proposed
framework only is applicable to earthquake-prone areas and
developed countries. More recently, Sweya et al. [41] added an
environmental dimension to their tool to measure the resilience
of WSSs [42] to the four dimensions mentioned above [43-45].
This tool was developed in case of floods in Tanzania.

Throughout the previous few decades, several indicator lists
have been produced by organisations and scholars in favour of
decision-makers for the resilience of WSSs. The choice of the
most suitable collection of indicators has long been an inter-
esting topic but one that has also caused misunderstanding and
impeded the efforts of the decision-makers for monitoring the
resiliency projects since the selected indicators are varied.
Moreover, the selected indicators are usually developed in their
specific system and circumstance and, therefore, purposefully
chosen to follow its predetermined policy goals. By considering
the recent city developments and interaction of WSSs with
other lifelines such as power systems, resilience assessment
tasks have become more complicated. Therefore, the water
companies have to create their own indicator set from scratch
by means of several workshops. The question is whether the
current collection of indicators is adequate for assessing the
resilience of WSSs. Is there a comprehensive indicator bank
that companies can use to choose appropriate indications and
easily modify them to their systems?

This paper aims to propose a comprehensive indicator
bank emphasising the resilience of WSSs. To achieve the re-
search goal, a set of indicator codes is collected to explore and
identify the design approach of each indicator code. A pool of
indicators was utilised to extract the suitable indicators. The
obtained indicators are analysed and categorised based on a
structured indicators system proposed by reviewing the indi-
cator codes. Moreover, a framework is presented as a way of
using the proposed indicator bank in order to select appro-
priate indicators. The results of this study may help scholars or
water companies access a comprehensive indicator bank to
fulfil their system’s resilience objective and strategy.

2. Methods

The research uses a qualitative approach to data gathering,
analysis of the data, and interpretation because of the ob-
jective of the research and combination of technical,
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economic, ecological, and social nature of WSSs. A quali-
tative approach, including systematic analysis of publica-
tions, standards, reports, and documents henceforth referred
to as “codes,” was utilised to understand the concept of
resilience and its dimensions in the context of WSSs. To
establish the crucial attributes that help grasp and charac-
terise the notion of resilience and its relationship to WSSs,
the concept analysis approach [46] was utilised. This entailed
looking for the cluster of attributes that were most frequently
linked to the recognised dimensions. This review was
continued by looking at indicators (measures) that influence
system resilience and have the potential to inform the
systems’ ability to withstand the effects of natural disasters.

The method is applied through five-step processes in
attaining the study aim. Steps of the method used to propose
a comprehensive indicator bank for the resilience of WSSs
are presented in Figure 1, with more information in the
subsequent sections. The method applied in this research
was adapted from the study by Von Thenen et al. [47], which
created an indicator pool in marine spatial planning and
from the study by Khatibi et al. [48, 49] and Stratigea et al.
[50], which proposed an indicator bank for smart, resilience,
and sustainable cities.

The selection of various codes and sets of indicators is the
first step in achieving the research’s aim. The most detailed
analysis of indicators for WSS that has been carried out to
date is the “City Water Resilience Approach (CWRA),”
provided by Arup and Siwi [51]. The CWRA provides a set of
indicators classified into four dimensions, including lead-
ership and strategy, planning and finance, infrastructure and
ecosystems, and health and wellbeing, which provides good
starting points for collecting the indicators for technical,
organisational, social, and economic dimensions recognised
by Bruneau et al. [22] and environmental dimension pro-
posed by Sweya and Wilkinson [42]. After a literature re-
view, 12 different indicator codes have been selected in this
step based on the high citation, diversity in the codes’
geographical scale, and considering the whole system instead
of one component.

The selected indicator codes are reviewed in the second
step, and each individual indicator is identified and analysed.
Reviewing the indicator codes revealed that the indicators
are grouped differently. For example, the City Water
Resilience Approach (CWRA) is made up of three rings that
provide a holistic model for city water resilience: dimen-
sions, goals, and subgoals. The proposed system includes 53
subgoals grouped into 12 primary goals, while these topics
are further aggregated into four dimensions. These rings are
referred to as layers in this study. For example, dimensions
are the first layer, goals are the second layer, and subgoals are
the third layer. Such a framework describes a holistic city
water resilience model, which refers to this study as a
conceptual design. The conceptual design of the indicator
codes varies. Some codes, for example, utilised two layers,
whereas others used three or four layers. Furthermore, the
terminology used to describe the layers differs in the selected
indicator codes. For example, the first layer is referred to as
dimensions and domains, while the second layer is referred
to as goals, attributes, principles, and measures. As a result,

all indicators were gathered in a spreadsheet and reviewed
based on their conceptual design.

The third step is creating a pool of indicators, in which all
indicators are drawn to the pool. Some types of adjustments
are made in this step. Removal of indicators occurs when the
indicators are duplicated or the indicators are not specific to
WSSs. Some indicators are split when the indicators include
several indices from various dimensions. Some indicators
are merged when indicators can be categorised as an
indicator.

The next move is to establish and structure an indicator
framework based on current global performance indicators
that would be more broadly applicable for assessing the
WSSs’ resiliency in a more structured and coherent manner.
The outcome of step 2 has been used to form the proposed
structure.

The final step is proposing the comprehensive indicator
bank based on the structured system developed in the
previous step. All indicators extracted from the pool are
analysed and categorised according to the structured system
in this step.

3. Selection of Water Resilience Indicator Codes

Throughout the years, several organisations, consisting of
international, national, and nongovernmental organisations
(NGOs), and independent scholars, have proposed resilience
indicators for water systems through tools and frameworks
to measure the performance of water systems, as discussed
below.

For example, in the Netherlands, the Delft Hydraulics
Laboratory suggested a procedure to assess the water supply
initiative’s contribution to sustainability [52]. It resulted in a
mixture of indexes, each subdivided into subcriteria, cov-
ering five criteria. Five years after that research, Loucks [53]
emphasised calculating the relative sustainability of re-
newable WSSs. A weighted combination of three measures,
including reliability, resilience, and vulnerability, is used to
provide an index for measuring different environmental,
social, economic, and ecological dimensions.

Meanwhile, Sullivan [54] suggested a “Water Poverty
Index (WPI)” that assesses the connection between poverty
and WSSs. This research concluded that it would be possible
to pursue a rational approach to water allocation by con-
necting physical and social science to resolve the problem.

De Carvalho et al. [55] introduced a systematic approach
to establishing a “Sustainability Index for Integrated Urban
Water Management (SIUWM)” that could be used to assess
the sustainability capacity of a city. This index consists of five
items that are split into 20 measures and finally into 64
variables. Results from STUWM applications show that the
index will emphasise enhancing and ultimately guide ef-
fective action and policymaking to better delivery of services
and better management of resources.

Gonzales and Ajami [56] developed a regional inte-
grative framework for evaluating the sustainability of water
resources and identifying sustainability opportunities. In
this research, a numerical index composed of supply, de-
mand, and adaptive capability metrics was developed to
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FIGURE 1: Proposed steps to create the comprehensive indicator bank of WSSs.

quantify sustainability. According to the research findings,
water authorities are in an excellent position to establish
integrative regional management cooperation in order to
realise individual and mutual short-term and long-term
advantages.

The “Environmental Protection Agency” (EPA) of the
United States concentrated on the resilience of the water
distribution system to natural and man-made disasters. In
this research, potential resilience indicators such as topo-
logical reliability, hydraulic reliability, and entropy reliability
were used to quantify the performance of the water distri-
bution system. However, none of the indicators provided in
this report has been validated against disasters. More re-
search is suggested to develop realistic system measurements
to assess the system’s resilience and incorporate water
distribution system technologies [57].

Alegre and Parena [58] proposed performance indi-
cators for water supply services. The primary goal of this
manual is to give guidance for developing a management
tool for water supply enterprises based on performance
indicators. Performance indicators are used to evaluate the
efficiency and effectiveness of a WSS [59, 60]. This manual
was used in various water supply projects across the world,
mainly in Europe, including Austria and Germany, for
benchmarking [60, 61]. The overall concept of this manual
was built on a layered pyramid structure, beginning with
raw data at the bottom and feeding the performance in-
dicators on the higher layers. This framework is made up of
a theme of indicators, subindicators, and variables. The
performance indicators are classified into six categories:
water resources, human, physical, operational, quality of
service, and economic and financial [58, 60]. However, as
indicated in the manual, the system offers performance
indicators that may be relevant at the top management level
of a water supply project, and it seeks to include necessary
factors required to explain management objectives and
outcomes in terms of an organization’s performance.
Complementary indicators will be required at the de-
partmental level although they are considerably more or-
ganisation dependent [58].

The “Swedish Water and Wastewater Association
(SWWA)” recently developed the “Swedish Sustainability
Index for Municipal Water and Wastewater Services” to
give a complete picture of water and wastewater sustain-
ability as a technique for study on short-term and long-
term decision-making. This tool prioritises activities and
resources, tracks improvement, and proposes a framework
for strategic planning and analysis of the city’s require-
ments. Unlike many other indices, this tool is not aimed at
contrasting municipalities but presents municipalities with
their outcomes to create a robust and context solution for

water and wastewater management [62]. However, the
publication is available to the region only, and the indi-
cators cannot be replicated.

The “SDEWES City Index” was created as a bench-
marking tool for cities by the “International Centre for
Sustainable Development of Energy, Water, and Environ-
ment Systems (SDEWES Centre).” It assesses the long-term
production of energy, water, and environmental processes
using an integrated methodology to promote policy learn-
ing, action, and collaboration in cities worldwide for long-
term growth. The tool is developed based on seven di-
mensions, 35 indicators, and around 25 subindicators. This
index is currently implemented in 120 cities worldwide
based on various parameters for increasing spatial diversity.
Apart from focusing on many aspects of sustainable growth,
the index also provides water quality indices, emphasising
drinking water quality. These metrics are provided within
the “Water Usage and Environmental Quality” dimension
[63, 64].

In light of the foregoing, this research study focuses on
worldwide views in order to assess applicable codes and
frameworks linked to the water supply system’s resilience to
natural disasters. The following reasons contributed to the
selection of codes and the filtering process. First is the
number of citations; high citation codes are considered to
have a higher impact and, therefore, are more reliable.
Second is diversity in selected codes; this study proposes a
comprehensive indicator bank to apply worldwide. It con-
sidered the diversity in the geographical selection of codes
and the scale of the proposed codes (international, national,
and so forth). Finally, instead of focusing on one single
component such as reservoirs, the chosen indicators codes
considered WSSs as a whole system. The filter process
resulted in 12 codes applicable to measure the WSSs’
resilience, shown in Table 1.

4. Analysing of Each Indicator Code

The analysis of indicator codes follows a detailed exploration
of 12 selected standards, publications, and documents in the
previous step. A similar process is replicated for each code to
understand its conceptual design, as discussed in the fol-
lowing subsections.

4.1. Canadian Water Sustainability Index (CWSI). The
“Canadian Water Sustainability Index (CWSI)” was estab-
lished by Canada’s “Policy Research Initiative (PRI)” in
reference to the “Water Poverty Index (WPI). ” It aims to
incorporate the environmental, physical, and socio-eco-
nomic dimensions of water essential to Canadians and the



Advances in Civil Engineering

TaBLE 1: List of selected codes.

Code Author/institution Name Scale Reference
1 Policy Resea}r ch Initiative (PRI) project Canadian Water Sustainability Index (CWSI) National [65]
sustainable development

2 Hatem M. M. Ali Arab Water Sustainability Index (AWSI) National [66]
“KWR Watercycle Research Institute” . . International (mostly

3 and NetwercH,O City Blueprint in Europe) [67]
NZ Transport Agency (research report Measuring the resilience of transport infrastructure .

4 546)/AECOM New Zealand Ltd (NZTA) International [68]

The Future of Urban Water: Scenarios for Urban .

5 ARUP and Sydney Water Water Utilities in 2040 (FUW) National (Sydney) [69]
The Cooperative Research Centre for . -, .

6 Water-Sensitive Cities (CRCWSC) Water-Sensitive Cities Index (WSC Index) International [70]

7 ARUP and Welsh Water Welsh Water Resilience National UK [71]

8 ARCADIS Sustainable Cities Water Index (SCWTI) International [72]

. Sustainable Water Management Index .

9 Maiolo & Pantusa (SWaM_ Index) National [73]

10 ARUP & SIWI The City Water Resilience Approach (CWRA) International [51]

11 Balaei Multidimensional factgljs affecting water supply International 3]

resilience
12 Sweya Development of a tool to measure resilience against National Tanzania [74]

floods for water supply systems in Tanzania

region’s natural circumstances. The PRI has built and val-
idated a composite water index to assess Canadian com-
munities’ wellbeing concerning freshwater. This index
incorporates various water-related data and knowledge in
different indicators. Together, the measures provide an in-
tegrative profile of critical water problems in the region and
enable intracommunity and intercommunity comparison
and analysis. The fifteen indicators are equally divided into
five policy-based components: resource, ecosystem health,
infrastructure, human health and wellbeing, and capacity.
The higher the CWSI score for the environment, the better
equipped it is to enjoy and preserve freshwater’s ecological,
socio-economic, and health benefits. The CWSI was field-
tested in six group case studies (PRI, 2007).

4.2. Arab Water Sustainability Index (AWSI). The “Arab
Water Sustainability Index” (AWSI) is a conceptual
framework that integrates several water status elements in
the Arab countries; physical, social-economic, and envi-
ronmental. Meanwhile, four theme-based components have
been suggested for the AWSI to represent a valuable and
practical breakdown: dependency, shortage of water, the
sustainability of the environment, and water volume. This
index is a sustainability tool that evaluates the baseline
condition or duration, allowing regions to be compared with
one another or over time. The AWSI is based on eight in-
dicators and 22 variables. A mathematical aggregation is
applied to condense variables into a manageable data set,
further simplified into an index [66].

4.3. City Blueprint. The City Blueprint project is headed by
the “KWR Watercycle Research Institute” and “Netwer-
cH20” and includes a wide variety of information providers,
institutional bodies, networks, and regional authorities to
establish it. The City Blueprint approach is a tool that

comprises three frameworks: the “Irends and Pressures
Framework (TPF)” is used to analyse the major urban issues;
the “City Blueprint Framework (CBF)” governs how cities
manage their water cycles; and the “Governance Capacity
Framework (GCF)” is used to identify areas where cities may
enhance their water governance [75].

The CBF is a tool that is used in municipalities to de-
termine the total sustainability of “Integrated Water Re-
sources Management (IWRM).” It offers a quick scan and
baseline review of urban water systems and is developed to
compare the IWRM of cities and promote the sharing of
success stories between cities to overcome the urban water
problems [67]. The assessments have been conducted and
are available for more than 70 municipalities and regions
around 40 countries. However, it is established mainly in
Europe, focusing on the water framework, wastewater, and
climate adaptation in the cities [75]. The metrics were
subdivided into eight broad groups: water security, water
surface quality, and groundwater, sanitation, drinking water,
infrastructure, environmental stability, biodiversity, attrac-
tiveness, and governance. It runs through a questionnaire
that records the radar diagram’s responses, including the
Blue City Index. The Blue City Index is a mean value of 24
measures ranging from zero (concern) to ten (no concern).
The City Blueprint outlines the cities’ strengths and weak-
nesses and takes the first step in the long-term plan for
communities [67].

4.4. NZ Transport Agency. The “New Zealand Transport
Agency” hired AECOM to create a methodology for
assessing the resilience of New Zealand’s transportation
infrastructure. Its design is relevant to the whole land
transport system (road and rail) and considers multiple sizes
(asset/network/region). The partnerships developed an as-
sessment tool that encompasses resilience’s technical and
organisational dimensions into specific concepts and metrics



to assess resilience qualitatively. They developed three
concepts of technical dimensions hinging on robustness,
redundancy, and safe-to-fail, while organisational aspects
addressed preparation for the transition, networks, leader-
ship, and culture (Hughes and Healy, 2014).

Although the transportation system’s functionality is dif-
ferent from water supply systems, both are critical lifeline
networks, and the proposed indicators can be adapted to WSSs.
As a result, this code was reviewed with other water-related
codes to create the suggested indicator bank for this study.

4.5. The Future of Urban Water (FUW). The “Future of
Urban Water” is a publication that resulted from a cofunded
partnership between the international engineering group
Arup and Sydney Water experts. The project discussed the
development and potential scenarios for the future of the
urban water system in 2040. The scenarios were based on
theoretical assumptions, which made it easier to recognise
and evaluate different futures under precisely specified
conditions. The premises include developing the economy,
increasing the population of cities, climate change, in-
creasing water resources volatility, utility management ef-
ficiency, and utilising smart services. The research assessed
over 100 social, environmental, political, and technical in-
dicators based on four main scenarios that will direct Sydney
Water’s long-term planning [69].

4.6. The Water-Sensitive Cities Index (WSC Index). The WSC
provides an index using a tool to benchmark cities’ current
performance according to the water-sensitive objectives. The
WSC goals are developed to improve effective water policy,
population involvement, equity of essential services, pro-
duction and resources efficiency, urban space quality, eco-
logical health, and sustainable infrastructure. The goals are
divided into 34 indicators. In a collective workshop phase,
each of the 34 metrics is rated on a scale of 1 to 5 [76]. The
information is then entered into a web-based application
that will sort the outcomes based on the most beneficial user.
The index was developed in the preliminary phase by two
local governments in Melbourne and a Perth pilot test. The
tool is now being used by various water companies and local
governments and launched through a partnership with
Asian Development Bank in five Asia-Pacific cities [70, 77].

4.7. Welsh Water Resilience Framework and Strategy.
Welsh Water was one of the first companies in the UK to
conduct a comprehensive review of its system’s resilience.
The company built its resilience wheel early in 2017, which
underpin its long-term plan in 2050. This wheel is used as a
resilience framework to define their strong points and areas
of development. A long list of shocks and stresses and the
possible impact on organisations was created by the Uni-
versity of Cardiff’s collaboration. Therefore, Welsh Water
has explicit knowledge of the risks imposed by many short-
term disasters with working in conjunction with Arup and
Cardiff University. The company also undertook the hori-
zon-scanning study to learn how short-term disasters will
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change and affect the company in the long term [78]. Later,
the Water Services Regulation Authority of England and
Wales (Ofwat) released “Resilience in the Round” [79],
which emphasised guidance for businesses dealing with
resilience issues. Following this publication, Arup created a
framework for assessing the corporate, operational, and
financial aspects of a company’s resiliency. It also prompted
Welsh Water to update its Resilience Wheel, which is
comparable to the “Round in Resilience.” To conform with
current regulatory standards, the appraisal created a mod-
ification to the Welsh Water Resilience Wheels. Finally, the
wheel is created using a system-level approach, which is
divided into three key components: finance and governance,
technology and environment, and people [71].

4.8. Sustainable Cities Water Index (SCWI). In conjunction
with the “Center for Economics and Business Research
(CEBR),” the ACRADIS “Sustainable Cities Water Index”
analyses three aspects of robustness (resilience), productivity
(efficiency), and safety (quality) waterscapes to produce an
indicative ranking of 50 leading cities. The index inspected
the water sustainability of 50 urban communities from 31
nations. According to the survey, the 31 communities ex-
amined require more investment to endure natural ca-
lamities and water shortages. Meanwhile, climate change
adaptation and resilience are becoming the most pressing
problem for aspiring city leaders in the future. The index
reveals which city is better at managing and controlling
water-related issues in the long term. The findings call for
more significant expenditure to boost the city’s response to
adverse weather conditions and unexpected water scarcity.
The city authorities need to pay careful attention to each area
of water sustainability to ensure long-term stability [72].

4.9. Sustainable Water Management Index (SWaM_Index).
The SWaM_Index bases its measurements on economic,
environmental, social, and institutional indicators and is
ideal for different administrations in the field. The indicators
are aggregated into subthemes, topics, and pillars organised
through hierarchical relationships, while the synthetic index
is calculated using proper clustering techniques. The man-
agement of water resources is viewed in terms of natural
(different types of natural), artificial structures (set up for the
management of natural resources), and environmental and
socio-economic aspects. The SWaM_Index arranges Arti-
ficial Systems (AS), Natural Systems (NS), and Socio-Eco-
nomic-Institutional ~Systems (SEI) as three pillars
representing its sustainable components. It is then sub-
divided into themes, which further divides into subthemes,
and finally into elementary indicators for each subtheme.
The water supply system is identified as a theme in the
artificial system pillar with two subthemes such as service
availability and service management and 29 indicators [73].

4.10. The City Water Resilience Approach (CWRA). The “City
Water Resilience Approach (CWRA)” responds to the need
for creative approaches and tools to help cities develop urban
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water resilience. The CWRA invention focuses on cities’
ability to ensure high-quality water supplies for their citi-
zens, avoid water-related risks, and connect them through
water-based networks. The approach benefits from field
research and desk analysis, collaborations with authorities
on the subject, and direct interaction with stakeholders in
the community. The CWRA defines a framework for im-
proving urban water resilience and offers resources to help
communities improve their resiliency in the face of shocks
and stresses related to water. The strategy includes five
processes to guide cities including initial stakeholder par-
ticipation, baseline evaluation, action planning, imple-
mentation, and monitoring of new measures that enhance
water resilience. The framework is finalised to four di-
mensions, 12 targets, and subgoals to achieve these directives
[51].

4.11. Balaei’s Research on Multidimensional Factors. This
research proposed a framework for assessing the WSSs’
multifaceted resiliency based on the relevance of various
communities” characteristics [8]. The suggested framework
(CARE) comprises eight core phases: developing conceptual
framework, choosing suitable indicators, optimising indi-
cators based on data availability, correlation analysis, es-
calating indicators, the weighting of variables, measuring,
and aggregating the indicators. This framework highlighted
the essential technological, social, institutional, and eco-
nomic variables and metrics to assess these dimensions.
Factors and metrics have been collected, and it is validated
and ranked via a series of interviews with the water supply
and resilience experts, social scientists, and economists.
Technical factors were evaluated in selected earthquake
scenarios in Pukerua Bay in New Zealand, while the social
factors were also tested across New Zealand and Chili. The
organisational and economic variables were measured after
the Christchurch earthquake in New Zealand in 2011 [3].
Although the framework is tested in different cases in a real
or hypothetical case, the indicators are developed only for
earthquakes.

4.12. Sweya’s Study to Develop a Measurement Tool for
Tanzania. A multidimensional tool was developed for
Tanzania’s water supply system by Sweya [74] to measure
their systems’ resilience. The research employed expert’s
judgment across five phases, including preassessment of
variables, pretesting of variables, creating the tool via the
Delphi study, the final assessment, and validation of the tool.
The tool has five dimensions, discussing the water supply
systems’ numerous resilience problems: technological, in-
stitutional, social, economic, and environmental. Overall, 47
indicators have been proposed in different dimensions to
show the system’s existing resiliency level when tested in
selected Tanzanian water supply systems and indicate the
aspect that needs improvement. The instrument contributes
to a reliable water supply during flooding and minimises
global temperatures to meet the Paris Agreement [41, 74].
The instrument was, however, designed for developing
countries and only in the event of flood events.

4.13. Conceptual Design of Selected Codes. The selected codes
were reviewed in detail, and the conceptual design of each
indicator code is analysed and summarised in Figure 2. The
analysis of these conceptual designs has been used to feed step
four (refer to Figure 1) to build the structure of the indicators.

5. Creation and Outcome of the
Pool of Indicators

A bank of indicators is proposed from a pool of indicators
provided by the 12 frameworks discussed previously. All
indicators are obtained from the different layers, following
the detection of overlapping or replication attributes. All
indicators that are not related to water supply systems, such
as stormwater or wastewater, are eliminated. The final
output will determine the foundation for developing a ro-
bust resilience indicator bank for WSSs. Figure 3 shows the
selected global performance indicator systems systematically
reviewed and then funnelled into the indicator bank. The
total number of 534 indicators pooled is filtered by removing
similar and duplicated indicators, leaving 216 indicators
available in the new bank. The study then identifies the
structure of the proposed indicator systems. The indicators
will be categorised based on the proposed system.

6. Proposed Structure of Indicators

After understanding and analysing each indicator derived
from the pool of indicators and before structuring the pro-
posed indicator bank, a typical framework must be described.
Each code utilised a different classification system and specific
categorisation (refer to Figure 2). A framework of indicators
for the WSSs’ resilience must represent the policy, processes,
and strength to measure its performance. The foundation of
those indicators should ideally be based on a series of primary
criteria. These indicators should be specific [37, 45], consider
simplicity [34, 37, 45, 80-82], transparency [34, 45, 80-82],
objectivity [28, 37], sensitivity [28, 37, 81], and be distinctive.
A Dbrief description of these criteria is presented as follows:

(i) Specific: the indicator should be appropriate and
relevant

(ii) Simplicity: the indicator should be understandable
for decision-makers and experts

(iii) Transparency: it should be possible for other people
to recreate and check indicators

(iv) Objectivity: whether the indicator can be used over
time based on updated and reproduced data

(v) Sensitivity: whether the indicator reflects changes in
the situation

(vi) Distinctive: the indicator lacks redundancy and
does not measure something already captured un-
der other indicators

Other researchers define other criteria that are a proxy of
provided criteria or inappropriate in this study. Affordability,
for example, refers to the fact that data can be collected at a
reasonable cost, resources, and time [34, 45, 82] or availability
which refers that easy access to the data is eliminated since the
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FiGure 2: Conceptual design of selected codes.

purpose of this study is to take into account the most valuable
indicators irrespective of data concerns.

The indicator sets are gathered from the twelve codes
previously created. The structure of the proposed indicator
bank is classified into three layers here. The first layer is
named dimension which maintains a sector-based approach
in line with characteristics developed by [3, 51, 68, 73, 74].
Next, WSSs’ performance is measured at the attributes level,
reflecting a problem-based approach in which the main
issues of WSSs’ resilience that belongs to the sector, as
mentioned earlier, are addressed. Indicators are the third
and final level measurement to determine the essential
characteristics of water supply system resilience. Figure 4
shows the overall view of the proposed system.

The multidimensional idea of calculating resilience was
first identified by [22]. The four dimensions of Bruneau et al.
[22] include technical, organisational, social, and economic
(TOSE) to measure the resilience of communities. Many
other researchers modified or expanded this work to create a
framework to measure the system’s performance based on
their requirements. For example, the ecological dimension is
added by Vugrin et al. [83] to measure the resilience of eight
separate systems. Hughes and Healy used organisational and
technical dimensions to measure the transportation system’s
resilience. The environmental dimension is described and
added by Balaei [3] and Vugrin et al. [83], and later on, the

indicators of this dimension are proposed and applied by
Sweya and Wilkinson [42] to measure the resilience of the
water supply system in Tanzania. However, the authors
added smartness and advanced technology dimension to
present indicators relevant to this dimension.

The same approach is used to create attributes for each
dimension. In the technical dimension, for example, the ro-
bustness and redundancy attributes come from [4, 44, 68], safe-
to-fail attribute is extracted from [44, 68], and flexibility at-
tribute is extracted from [44]. After detecting overlapped or
replicated indicators, all the indicators are analysed and cat-
egorised for the last layer in the related attribute and dimen-
sions. The study’s scope is the collection of indicator bank of
WSSs, so the indicators that did not belong to this have been
removed. All dimensions, attributes, and indicators are analysed
and categorised independently. This approach can help to
measure the resilience of the system by each dimension or
attributes independently. The overall performance of the system
as a whole also can be measured by integrating each dimension.

7. Comprehensive Indicator Bank for the
Resilience of Water Supply Systems

The proposed indicator bank comprises six dimensions, 27
attributes, and 216 indicators. The water supply systems’
resilience indicator bank is presented in Table 2.
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indicator bank.

Technical dimension refers to the ability of a system’s
physical elements to operate at an acceptable level after a
catastrophe [4, 22, 84]. The technical dimension comprises four
attributes: robustness, redundancy, flexibility, and safe-to-fail.
The technical dimension totally has 49 indicators. For example,
interdependency belongs to the robustness attributes and refers
to the degree of water supply system dependency to other
lifeline systems such as power systems in pump stations.

The organisational dimension refers to the capacity of
organisations to help communities in disaster

preparedness, response, and recovery [45]. The organ-
isational dimension has four attributes and 61 indicators.
Change readiness, network and relationship, functioning
as a unified team, effective leadership, and governance and
strategy are the attributes of the organisational dimension.
For instance, the mutual aid and assistance indicator
belongs to change readiness attributes. The application of
this indicator is when a water company does not have the
capacity to provide all equipment/spare parts or facilities
in a disaster. Therefore, a mutual aid agreement can be
signed between the companies to support water companies
in emergencies, for example, an agreement between the
water company and power company to provide electricity
in pump stations.

The resources rooted in ones’ social network that can be
accessed or developed by bonds and interaction within these
networks are referred to as social capital [85, 86]. The social
dimension comprises nine attributes and 42 indicators. The
attributes of social dimensions include education, pre-
paredness, social structure, human health and wellbeing,
public participation, togetherness, equity of essential ser-
vices, violence rate, and trust. For example, community
capacity belongs to the preparedness attribute and refers to
communities’ capacity to prepare for and respond to ex-
treme disasters.

Economic resilience is categorised into static and dy-
namic resilience, according to Rose [87]. The static term
refers to the effective utilisation of resources at a given time,
while the dynamic term refers to economic repair and
restoration that influences the economy’s time path [43]. The
economic dimension has one attribute and 18 indicators. For
example, quick access to finance is recognised as an indicator
that can be applied in the restoration and recovery phase
when the damage occurs to water supply systems’ assets.

Environmental resilience aligns with ecological resil-
ience, which refers to the adaptation and adjustment of a
system in response to changing environment [42]. Envi-
ronmental resilience is classified into five attributes and 30
indicators. Ecosystem health, ecosystem health, climate
change policy, debris management, and delivering sus-
tainable energy and resources are the attributes of envi-
ronmental resilience. Protection of groundwater and surface
water resources is an indicator of improving ecosystem
health attributes.

Smart water systems are part of the larger group of
cyber-physical systems which combine physical and
software elements to perform data processing, system
control, and automated decision-making autonomously or
simultaneously [88]. Smartness and advanced technologies
dimension is categorised into four attributes and 17 in-
dicators. Information technologies, communication sys-
tems, advanced tools, and smart materials are the
attributes of this dimension. The application of early
warning systems is an example of utilising smart infra-
structure as an indicator.

The proposed comprehensive indicator bank is
extracted from twelve codes. The water companies can
utilise all indicators as a whole package to measure the
resilience of their system in all six proposed dimensions, or
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FIGURE 4: Structure of proposed indicator bank for the resilience of water supply systems.

it can be used to measure only one dimension or only one
attribute. However, the proposed indicators bank is
comprehensive; it needs to be finalised with experts within
water companies to select their suitable indicators. For

example, some companies may be interested in measuring
only one dimension rather than in all dimensions.
Moreover, the indicators set may vary in different locations
and for various disasters.
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FIGURE 5: Application of the proposed indicator bank.

8. Discussion

This section describes how the proposed indicators bank can
be applied in a case. The appropriate indicators need to be
selected before measuring the resilience of a water supply
system. More details are provided in the following
subsections.

8.1. Selecting Appropriate Indicators for a Specific Water
Supply System. A combination of top-down and bottom-up
approaches [50] is needed to finalise the indicators. The
proposed indicator bank is developed for global usage and is
applicable to different disasters. However, it is essential to
pick the appropriate indicators from the comprehensive
indicator banks as the indicators differ by scale (local, re-
gional, and others), location, and company vision and policy.
A water corporation, for instance, may not be interested in
improving the smartness of its system according to the size
and budget, which will influence the final collection of in-
dicators that they may need to work on to improve its water
resiliency standards. Similarly, a company may be only
interested in improving its system’s resilience according to a
specific disaster. In this case, some indicators may need to be
added or removed from the indicators bank to develop
relevant indicators for a particular disaster that the company
is addressing. For example, buried assets may affect dif-
terently in the face of flooding compared with earthquakes.

Therefore, a company needs to review its specific vision
and policies, look at the existing resilience situation, identify

the gaps, and set the company goals. The set of indicators
needed for a particular resiliency target should be refined
through a series of workshops with relevant experts and then
finalised. Figure 5 shows the top-down and bottom-up
approaches to finalise the suitable indicators for a specific
company.

8.2. Measuring the Resilience of a System. The proposed
indicator banks intend to measure the resilience of a system.
Therefore, a series of measurement scales are required for
each indicator to measure resilience. Each indicator includes
some criteria which can represent its performance level.
There are various types of variables with distinct scales to
measure resilience. To illustrate, some indicators are Boolean
data types that only have two possible values (true or false),
while some indicators can be measured by percentage, and
others can be measured by per capita. For the combination
of these values, a scaling process is necessary. Otherwise, the
Likert scale can be developed for each indicator where the
higher rank shows a higher level of resilience.

However, the result of the ranking does not show the
absolute value for each indicator since each dimension/at-
tribute/indictor’s weight needs to be considered alongside
these ranks. It is critical to assign weights to variables, so it
helps the user to decide which variables are more significant
than others. Various methods are available for extracting the
weights of attributes/indicators [89]. Mayunga [10] for
assigning weight to variables; identified five different ap-
proaches for the analysis, measurement, and mapping of
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community disaster resilience. One or a combination of the
above approaches can be applied to generate the weight of
each dimension/attribute/indictor.

The overall resilience of a water supply system will be an
index driven by aggregating the weighted values of each
dimension/attribute/indicator across the ranking of each
indicator.

The resilience measuring can be designed based on
benchmarking or baseline assessment. Benchmarking as-
sessment approach is being used to compare a system’s
resilience with its peers, for example, the resilience of a city’s
water supply system to be compared with that of another
city. The baseline or longitudinal assessment approach is
being used to compare the performance of a system over
time. The baseline provides a point of reference for mea-
suring the improvement of a system over time [29] by way of
illustration, tracking, and comparing changes in the resil-
ience of a water supply system over time.

The water supply systems are critical infrastructures that
are dependent on other lifelines like power systems. For
example, pump stations are highly dependent on electricity.
Therefore, the performance of water supply systems is not
only dependent on its own system but also on other systems.
The paper is recommended that these indicators should be
tested in a water company to measure the level of its de-
pendency. However, in the result section, these indicators
have been proposed, such as “interdependencies” and
“Mutual aid and assistance.” Interdependencies refer to the
dependency of WSSs to other lifelines such as power,
transportation, and communication systems, and mutual aid
and assistance refer to the agreement between the different
companies to support water companies in emergencies. For
example, an agreement should be signed between the water
and power companies to provide electricity in pump stations
after disasters.

9. Conclusion

The WSSs are consistently at risk from natural disasters.
Compared with conventional methods such as risk analysis,
the range of disasters and their adverse effects on WSSs has
prompted water companies and decision-makers worldwide
to look for alternatives to assess WSSs’ performance against
disasters. The WSSs’ performance against disasters can be
improved through the resilience concept. The indicator-
based approach is developed to measure the performance of
the WSSs for future disasters. Nonetheless, finding suitable
indicators to measure system performance remains a
challenge for water companies and decision-makers.
Therefore, this paper targets a more comprehensive indi-
cator bank to envision a groundwork solution towards the
WSSs’ resilience. The proposed indicator bank provides a
foundation for water companies and decision-makers to
improve their resiliency.

Due to WSSs’ complexity, many indicators exist
worldwide to measure the system’s resilience. With the
complexity of the WSSs” dependencies with other networks
such as transport, examining the entire array of available
resources to resolve resiliency may overwhelm this paper’s
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necessary theoretical exploration. Addressing this com-
plexity naturally constricted the research to contextualise a
smaller pool of references. Therefore, twelve indicator codes
are then referenced, chosen from international, national, and
individual bodies. To achieve its initial aim, it interprets the
chosen indicators into a more comprehensive framework by
filtering all the frameworks’ data, as detailed in Table 2.

The proposed comprehensive indicators bank comprises
three layers: dimensions, attributes, and indicators. Totally,
216 indicators are proposed within 27 attributes and six
dimensions. The water companies may use all or a part of the
proposed indicators to select suitable indicators based on
their needs. Therefore, the indicators need to be finalised
according to the requirements of a specific company. A
framework is presented to navigate this process with top-
down and bottom-up approaches. After finalising the in-
dicators, the resilience of a system can be measured by
ranking the measurement scales, weighing the dimension/
attributes/indicators based on their importance, and ag-
gregating the data. Benchmarking or baseline assessment
approaches can be developed when measuring the resilience
of a system.

Finally, the proposed indicator system needs to be
measured in an existing WSS. Further research may be
conducted in a practical case study. A revision may occur
mainly since the WSSs exist within the urban systems’
complexity and challenge the desired outcomes from its
theoretical approach. Despite this apparent limitation, it
offers more research possibilities as each case study must
address various issues, which adds value to the indicator
bank database towards refinement.
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