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Abstract: Most of the leakage in water distribution systems operating with plastic pipes occurs
at service connections (SCs), while the existing tools plan rehabilitation of pipes. With limited
water resources, intermittent supplies in arid regions further enhance the failure vulnerability of
metal fittings on water mains due to scale formation and large pressure transients. The present
research developed a risk-based methodology for the proactive maintenance of SCs in intermittent
water supply systems. A five-generation bottom-up hierarchical approach aggregated the basic
hydraulic, physical, and water quality factors to determine the vulnerability of structural failures
of SCs. Hydraulic parameters (pressure and velocity) were estimated by simulating a distribution
network of 366 water mains of diameters ranging from 110 mm to 225 mm serving 371 SCs in a
residential neighborhood located in the Qassim region of Saudi Arabia. Age, depth, and length of
SCs’ estimated the condition index, while soil corrosivity and condition of the water mains were
also counted when assessing the structural failure index for each SC. Water quality parameters, e.g.,
pH, turbidity, and iron, that can contribute to the vulnerability of an SC’s failure were also included.
Fuzzy-based methods first assessed the relative importance weights of the basic input parameters
at the bottom of the hierarchy and the risk factors in the middle of the hierarchy. Subsequently, the
performance and condition scores were aggregated to develop respective indices. As the consequence
of structural failure is high for the SCs serving households with a large number of residents, the final
risk index aggregates the vulnerability and consequence at the hierarchy’s top. The developed model
was effectively validated by comparing the SCs of high priority with the leaking and repaired SCs in
the past. The method will be a useful tool for planning proactive inspection and rehabilitation of SCs
of intermittent supply systems to minimize water losses (less than 8% of the national benchmark) in
Saudi Arabia and elsewhere.

Keywords: risk-based rehabilitation; service connections; water supply system; intermittent supply;
arid regions; fuzzy-based methods

1. Introduction

Water stress conditions prevail in arid environmental regions around the globe, partic-
ularly in some of the African and Gulf countries [1]. Ever-increasing rates of population
and industrial growth have headed to the overuse of limited freshwater resources in the
Kingdom of Saudi Arabia (KSA) [2], and the production cost of treated (i.e., desalination,
reverse osmosis) saline and brackish water is high [3]. Water losses of up to 40 percent were
reported in some cities of the KSA [4]. Unlike well-managed and relatively expensive public
and privately-owned suppliers in developed countries, it is challenging for the municipali-
ties to achieve the bare minimum of 8% of the KSA’s national water loss benchmark with
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generous subsidies for public water supplies [5–7]. At this point, adopting aggressive asset
management strategies for further water loss reductions is certainly ever more strenuous.
Facing limited water resources or energy-related issues such as those in other parts of
the world, the municipalities found intermittent supply (two to three days per week) as
an acceptable water loss solution [8,9]. Conversely, the reliance on intermittent supply
declines the reliability of buried infrastructure, leading to high losses and rehabilitation
costs [10,11]. With the existing environmental value, water loss reduction is a matter of
utmost importance for water utilities in arid regions, such as the KSA.

Predominantly, two types of intermittent water supply (IWS) systems exist, (i) a few
hours’ supply in a day, or (ii) a few days’ supply in a week. The first type prevails in
South-Asian countries mainly for energy saving [12], while the latter is common to reduce
water losses in the Gulf region for conserving diminishing natural resources [6]. Water
quality problems in IWS are frequently reported in the literature, such as increasing levels of
turbidity, heterotrophic plate count bacteria, and coliform bacteria due to water stagnation,
contaminants’ infiltration, and lack of residual chlorine due to long in-house storage [13,14].
Authors in a previous study evaluated the root causes of water quality failures from source
to tap for the IWS systems in Qassim, KSA. In addition to the above-stated problems, the
reoccurrence of total dissolved solids (TDS) and iron (Fe) in the distribution system through
soil intrusion was also observed during the no-supply period. Details can be seen in Haider
et al. [15]. As the present research focuses on the structural failure of service connections
(SCs) for leakage management, water quality parameters are considered in the context of
the structural performance of mains and SCs. As most of the water supplies in the KSA
have been using plastic pipes for more than three decades due to their superior reliability
(structure and water quality) over steel and cement pipes, this study considered the IWS
primarily operating with plastic pipes. Nevertheless, the developed concept is applicable
to all types of water mains with the required modifications.

Plastic retains most benefits over steel, cast iron, ductile iron, concrete, and asbestos
cement pipes, including corrosion resistance, lowest break rate, resistance to disinfectants,
easy installation, durability (up to 100-year life expectancy), low life cycle cost (due to less
breakage and easy repairs), sustenance against high traffic loadings, resistance to intrusion
of tree roots, low transportation cost due to being lightweight, and safe for public health
with non-toxic and inert polymerous characteristics [16]. The common causes of plastic
pipe failure include leaks of brass connectors (if used instead of plastic at junctions), the
existence of sharp rocks in backfill material, manufacturing defects, detrimental traffic
loading due to improper bedding or shallow trench depth, pipe freezing, poor jointing
due to the use of inadequate gluing procedures (e.g., insufficient humidity and ignoring
manufacturer’s specifications), overheating during jointing, water hammer due to pressure
variations (particularly in IWS), and insufficient tightening or inaccurate positioning of a
service connection (see details in the subsequent section) [17]. In addition, the corrosion of
metal fittings used at SCs on plastic pipes can also lead to structural failure and leakage
problems [18].

Identification of leakage points in a water distribution network is a daunting task. In
activate leakage control programs for reducing water loss in IWS, leaking points are located
with the help of acoustic equipment [19], pressure management through pressure and flow
monitoring [6] and sectioning of the network with pressure-reducing valves [20], and water
audits [21]. IWS systems reach higher water losses earlier than the continuous systems
after an active leakage control. For passive leakage control during the operational phase,
continuous pressure monitoring and the use of acoustic equipment is not economically
viable in most situations [10]. Reliability-based modeling approaches for water main
deterioration use past data of failure incidents to predict failure behavior [22]. When the
past data are limited, inspection and rehabilitation (I&R) planning of buried infrastructure
using a knowledge-based system is a practical water loss control solution.

Past studies have developed different types of risk-based rehabilitation planning tools
for the proactive maintenance of water mains. Some studies used multi-objective opti-
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mization as a tradeoff between the investments (rehabilitation, renewal, and replacement)
and the benefits of reduction in pipe bursts [23–26]. D’Ercole et al. [27] used an input–
output analysis model for the rehabilitation planning of water mains by optimizing energy
consumption, resource availability, and pressure deficit. Other studies used hierarchical ap-
proaches to consider physical, environmental, and operational factors that contribute to the
deterioration of water mains. Such index-based approaches used a weighting scheme for
estimating the relative importance and an aggregation scheme to combine the weights and
performance scores of the influencing factors. Finally, the Geographic Information System
(GIS) demonstrated the prioritization of all the water mains in the distribution network for
proactive rehabilitation. Some studies used the only vulnerability of structural failure [28],
while others included factors affecting consequences in risk-based decision-making, e.g.,
population density and land use [29].

As per the field investigations, most (up to 90%) of the leakage occurs at service
connections, including fittings on the water main and the service pipe that connect the
individual household to the main [30]. The same outcomes were also received through
personal communications with the operational staff responsible for leakage management in
the study area (as detailed in the following sections). In addition to energy savings due to
less frictional losses, easier installation, and recyclability, plastic mains are less susceptible
to leakage in comparison to metallic and cement pipes [31]. The existing rehabilitation
planning tools are more useful for metallic and cement pipes, while primary leakage in
plastic mains occurs at service connections.

The present study developed a risk-based I&R planning methodology for SCs func-
tioning in IWS systems of arid regions. The main objectives are to, (i) identify important
physical, hydraulic, and water quality factors that contribute to leakage at SCs, (ii) develop
a risk-based hierarchical bottom-up approach to estimate the risk of SCs’ failure using
fuzzy-based decision-making making methods addressing uncertainties due to impreci-
sions in data and expert judgment, (iii) verify the model results with field data of past SC
failures, and (iv) develop GIS-based risk maps exhibiting proactive I&R planning of SCs.
For pragmatism, the methodology was applied to a water distribution system of a residen-
tial neighborhood in Buraydah city of the Qassim Region in the KSA. The methodology will
aid the municipalities in passive leakage control in Qassim and other regions of the KSA.

2. Materials and Methods
2.1. Study Area and Baseline Data

The selected study area, shown in Figure 1, is an urban residential neighborhood that
lies on the East side of the City of Buraydah, which is the capital of Qassim Region in KSA.
The ground elevations of the study area lie between 598 m and 618 m above mean sea level
(MSL). Most of the city is served by the National Water Company (NWC). Groundwater
in the study area is brackish with TDS levels ranging between 800 and 1220 mg/L [3,32],
which is treated, through reverse osmosis, prior to supply. The type of water supply is
intermittent with 2 days supply per week. The distribution network within the boundaries
of the study area (see Figure 1a) consists of 366 water mains of size range between 110 mm
and 225 mm. All the water mains are made of plastic material and distributed as <1%
high-density polyethylene (HDPE), 2.5% unplasticized polyvinyl chloride (UPVC), and
over 96% polyethylene (PE) pipes. The age of the pipes varies from 20 to 27 years. Personal
communication with the NWC staff revealed that distribution networks in the city are
facing high water losses (supplied–measured) and need efficient solutions for water loss
control. A recent survey in 2020 conducted by the NWC found over 40% nonrevenue water
in the study area at test pressure ranging between 17 m and 21 m (personal communication
with NWC staff). Leakage at service connections and high operating pressures were the
primary reasons for such a high loss of supplied water.
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Figure 1. Study area and problem identification, (a) location of the study area the in Buraydah City 
of Qassim Region, (b) service connection details showing percentage contribution of each structural 
failure, 60% leaking service line, and 30% leaking connections. 
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Figure 1. Study area and problem identification, (a) location of the study area the in Buraydah City
of Qassim Region, (b) service connection details showing percentage contribution of each structural
failure, 60% leaking service line, and 30% leaking connections.

The distribution network serves 371 customers (households) through the service
connection shown in Figure 1b. All the service connections connect the water supply main
with the in-house plumbing system using allied fittings in the following sequence, (i) clips
connected with mainline, (ii) ball valve, (iii) male–female adopter, (iv) 25 mm diameter PE
pipe, (v) male–female adopter elbow, (vi) 3/4” diameter SS pipe, (vii) 3/4” brass elbow,
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(viii) 3/4” diameter brass or stainless steel nipple, (ix) 3/4” diameter ball valve, (x) 7 cm
long 3/4” diameter brass tank connector, (xi) 3/4” diameter water meter, (xii) 7 cm long
3/4” diameter brass tank connector, (xiii) 3/4” diameter brass elbow, (xiv) 3/4” diameter
stainless steel pipe (30 cm length), and a fitting of homeowner’s choice to underground
storage tank. After the infrastructure development of the neighborhood, service connections
were provided with the start of the construction of each house. Consequently, some of the
service connections are as old as 26 years old, while others were recently provided to newly
constructed homes around 6 years ago.

The Operation and Maintenance Division of NWC, KSA receives regular complaints
regarding service connection failure. As this division is serving most parts of the public
water supply in the entire city, the data for 21 complaints registered during 2019 and 2021
were obtained for model validation. The personal communication with the NWC staff
revealed that only 10% of the leakage complaints occur due to water main failure, while
the remaining 90% of complaints originate from service connection failure. In total, 30%
of these complaints (either reported by operational staff or customers) originate from the
failure of the first three components stated above, while the rest of the 60% register in case
of a service pipe break.

2.2. Risk-Based Inspection and Rehabilitation Methodology

Figure 2 illustrates the 5-generation hierarchical-based decision support system (DSS)
developed in the present research for I&R planning of CSs in IWS systems. The basic
structural and hydraulic parameters of Gen. 5 at the bottom of the hierarchy are the
primary inputs and essentially the main building blocks of the DSS. Structural integrity
of the water main plays an important role in the vulnerability of SCs as there is a lesser
chance of SC failure if the water main is structurally stable. Therefore, three sub-indices
at Gen. 4 are used to assess the structural integrity of the water mains. As the hydraulic
performance of the main network contributes to the vulnerability of SCs, high pressure
and velocity can result in high leakage at SCs. The other two sub-indices at this level are
soil corrosivity index (SCI) and main condition index (MCI). Hydraulic failure index (HFI),
structural failure indices of mains and service connections at Gen. 3 collectively estimate
the overall vulnerability index (VI) of an SC. For Gen. 2, the consequence index (CI) takes
in the number of consumers in a household. Finally, an overall risk index prioritizes each
service connection for proactive maintenance scheduling. Table 1 presents the universe of
discourse (UoD) of all the input parameters of Gen. 5. The baseline data were obtained
from the Office of Water Directorate in Buraydah.

Table 1. Baseline data and universe of discourse (UoD).

No. Parameter Units Low (1,2,4) Medium (3,5,7) High (6,8,10) Range Polarity
1.0 Hydraulic
1.1 Pressure m 0.5–5 5–15 >15 0.5–20 Positive
1.2 Velocity m/s <0.2 0.2–1 >1 <1 Positive
2.0 Service connection
2.1 Age Years <15 15–20 >20 6–26 Positive
2.2 Depth m >2 2–1.5 <1.5 1.5 Negative
2.3 Length m <3 3–10 >10 1–62 Positive
3.0 Water main
3.1 Age Years ≤20 20–25 >25 20–27 Positive
3.2 Material - Plastic Steel Cement - -
3.3 Diameter m <150 150–250 >250 110–225 Positive
4.0 Soil corrosivity
4.1 Clay % <20 20–40 ≥40 2 Positive
4.2 Gravel % <8 8–30 ≥30 4 Positive
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Table 1. Cont.

No. Parameter Units Low (1,2,4) Medium (3,5,7) High (6,8,10) Range Polarity
5.0 Water Quality
5.1 Turbidity NTU <1 1–5 >5 0.08–0.215 Positive
5.2 PH – >8 7–8 <7 7.75–7.76 Negative

5.3 Electrical
conductivity MS/cm <1000 1000–1200 >1200 1040–1117 Positive

5.4 Free residual
chlorine mg/L 0.3–0.8 0.1–0.3 OR

0.8–1.2 >1.2 OR <0.1 0.18–0.19 Positive/Negative

5.5 Iron mg/L <0.05 0.05–0.3 >0.3 0.005–0.02 Positive
6.0 Consequence

6.1 Number of
consumers served Person <8 8–12 >12 1–114 Positive
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Figure 2. Risk-based methodology of the decision support system (DSS) for service connections’
proactive maintenance planning.

2.3. Vulnerability of Service Connections

Vulnerability defines the potential failure of a service connection leading to leakage,
which can occur due to a hydraulic or structural failure or the combined impact of both. In
addition, some water quality parameters contribute to such failure. This section presents
the estimation and significance of basic input parameters (Gen. 5 of Figure 2) for each sub-
index. Weight estimation and aggregation process are explained in the following section.
High values of all the indices at Gen. 3 and Gen. 4 correspond to higher vulnerability.

2.3.1. Hydraulic Failure

Both the pressure at nodes and velocities in the pipes can increase the leakage at any
service connection. As the distribution system operates with intermittent supply, each
household essentially stores the water in an underground storage tank. Therefore, 5 m
pressure at a service connection is sufficient. As per a past study, doubling the pressure can
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theoretically increase the leakage by up to 40% in water mains [33]. Pressure higher than
15 m is considered “high” in terms of hydraulic failure. Likewise, velocities higher than
1 m/s in water mains may also contribute to leakage.

To estimate pressure and velocity at the SCs, hydraulic simulations were performed
using well-known EPANET 2.2 public domain software developed by the United States
Environmental Protection Agency [34]. Nodal demand at each junction was estimated
using the record of meter readings of all the service connections served by the node. For
nodal demand estimation, the Voronoi diagram method was adopted to allocate the service
connections to each node. Water main data, including pipe material, diameters, and lengths,
were obtained from the Water Directorate of Qassim Region. Figure 3 presents the summary
of hydraulic simulation results. Finally, hydraulic failure index (HFI) was estimated by
aggregating estimated scores at each service connection using corresponding weights.

2.3.2. Structural Failure

Structural failure of a service connection is subject to deterioration of the water main,
assembly used to make the service connection, and the supply pipe from the assembly to
the meter (also see Figure 2). The structural failure index (SFI) consisted of three sub-indices,
including the service connection condition index (SCCI), soil corrosivity index (SCI), and
water main condition index (MCI). The SCCI, caused by assembly or service line failure,
was estimated with the help of age (year of installation), depth of connection, and length of
service connection pipe. Installation age was reported as the most significant parameter
for structure failure [35]. Longer pipes can go through beam failure [36]. The depth of
the service connection defines the backfill height, which is important to distribute traffic
loading (thrust force) on the soil instead of the pipe. As the thrust force increases in the
case of larger diameter mains [37], the service connections in the study area are small-sized
25 mm diameter PE pipes, which potentially face low thrust forces at depths of 1 m or more.

Both the mains and service connection pipes are plastic pipes. Percentages of fines
(clay) and gravel play an important role in the structural performance of pipes. Clay
particles (<0.002 mm in size) define the drainage characteristics as well as the presence of
sulfate-reducing bacteria in soil, which cause corrosion of pipes. A percentage of gravel
with sharp edges can break the plastic pipes [38]. Therefore, SCI was estimated using the
percentages of clay and gravel in the soil of the study area.

The MCI, related to the water main failure, was estimated for each service connec-
tion using age of installation, diameter, and pipe material. Older and larger mains have
more potential for structural failure and consequently high leakage. Fortunately, all the
distribution networks in the study area operate with plastic pipes, resulting in a minimum
contribution of material to structural failure.

2.3.3. Water Quality Failure

There are several water quality parameters that can affect the structural condition of
water mains’ material. Out of the relevant parameters, the regular monitoring data at the
Water Directorate Office were available for the following parameters, Electrical conduc-
tivity (EC), pH, turbidity, residual chlorine, and iron. These water quality parameters can
potentially increase the vulnerability of a service connection failure. EC is a measure of
dissolved salts, cations (calcium, magnesium, sodium, potassium), and anions (chlorides,
sulfates, nitrates, carbonates, and bicarbonates). Scale formation on the walls of plastic
pipes due to precipitation of calcium carbonate was reported in a recent study in Alge-
ria [39], which further leads to corrosion and finally structural failure [40]. pH represents
the aggressiveness of water, which primarily causes wall leaching and deterioration in
cement and metal pipes [18]. Therefore, pH can also cause corrosion of metal fittings on
plastic pipes used for the SC in the study area.

Water with high turbidity contains suspended solids, which can deposit at the fittings
of SC and may contribute to structural failure. Moreover, turbidity > 1 NTU (Nephelometric
turbidity units) in supplied water demands high residual chlorine. As high residual
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chlorine can increase the rate of corrosion [41], turbidity indirectly contributes to corrosion.
Considering the importance of residual chlorine for pathogen control in water supply, both
the positive and negative polarities were considered in the present study (refer to Table 1).
Iron values higher than 0.05 mg/L may lead to the growth of an iron-based bacterium
(Crenothrix) due to accumulation in plastic pipes and corrosion of metal fittings at service
connections [42].

2.4. Consequence

The household units accommodating large family sizes (e.g., more than 8 residents or
multiple families living in two or more stories) generally consume large water quantities,
as reflected in their meter readings. The impact of the reduction in flow rate or head
due to a leaking connection is greater in the large household in comparison to a single
or two-story house with four to five residents. Using monthly consumption records of
meter readings and 250 L/capita/day consumption [43], the number of consumers for
each service connection was calculated. Consequence rating was established as low for a
service connection if the number of residents is less than 8 and high in the case of more than
12 residents. The range of residents based on consumption records was found between 1
and 114 (three-story residential apartments).

2.5. Risk Index

Finally, the risk index (RI) for each service connection was estimated by aggregating the
scores and weights of vulnerability and consequence indices. Based on the risk classification
given in Table 2, all the SC were ranked for proactive maintenance. The risk classification
used in the present study matches the classification used by Francisque et al. [41] for
rehabilitation and renewal planning of water mains in smaller Canadian utilities, i.e., low
RI < 0.30, medium RI = 0.30 to < 0.45, and high RI > 0.45. The SCs with high RI need to be
inspected and rehabilitate on the highest priority basis to minimize leakage losses in the
network as well as structural complaints.

Table 2. Risk classification and color-coding scheme.

Score Vulnerability/Consequence/Risk Index Color-Coding Scheme
0–3.5 Low

3.6–5.5 Medium
>5.5 High

2.6. Weighting and Aggregation Process

Fuzzy Analytical Hierarchy Process (Fuzzy-AHP) estimated the importance weights
of the input parameters and indices at each generation level. The Fuzzy Weighted Sum
Method (Fuzzy-WSM) aggregated the parameters and indices to generate the top-level
risk index (RI) of service connection (RI-SC) and ranked the SCs according to priorities for
proactive maintenance.

2.6.1. Fuzzy Analytic Hierarchy Process

Fuzzy-AHP performed a pairwise comparison amongst the risk factors, including
basic inputs at Gen. 5 and indices at other generations shown in Figure 2. The method
adopted linguistic terms (e.g., ‘essential important’ and ‘extreme unimportance’), charac-
terized by triangular fuzzy numbers (TFN) as shown in Figure 3, to establish priorities
and/ or posteriorities between the risk factors and basic inputs. TFNs are simple to use and
effectively approximated linguistically defined subjective judgments of decision-makers
(DMs) in past studies on water resources management [44]. Five DMs, who were highly
academically qualified and have several years of experience in water supply system design,
operation, and management, used TFNs to approximate their subjective opinions. The
present study used the α-cut based Fuzzy-AHP method to minimize the possible uncer-
tainties in the fuzzy numbers designated by the DMs. The α-cut approach checks the
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consistency of the pair-wise matrix established by each DM and sufficiently accommodates
the possible differences in the fuzzy ranges chosen by the DMs.
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The following stepwise procedure of Fuzzy-AHP method was used to estimate the
relative fuzzy weights of the inputs and risk factors [45].

Step 1: Pairwise comparison matrix.

Table 3 provides the 9-point rating scale used by K number of DMs to develop the
pairwise comparison matrix at each generation level. Initially, each DM completed one
fuzzy reciprocal judgment matrix Ãk as:

Ãk =
[
ãij
]k (1)

where i is the input or risk factor and j represents its number in the matrix, j = 1,2, . . . , n.

Table 3. Fuzzy scales and triangular fuzzy numbers (TFN) used for linguistic variables.

Linguistic Term Fuzzy
Number TFN (l, m, u) Linguistic Term Fuzzy

Number TFN (l, m, u)

Extreme unimportance 9̃−1 1/9, 1/9, 1/9 Intermediate value between
1̃ and 3̃ 2̃ 1, 2, 3

Intermediate values between
7̃−1 and 9̃−1 8̃−1 1/9, 1/8, 1/7 Moderate importance 3̃ 2, 3, 4

Very unimportant 7̃−1 1/8, 1/7, 1/6 Intermediate value between
3̃ and 5̃ 4̃ 3, 4, 5

Intermediate value between
5̃−1 and 7̃−1 6̃−1 1/7, 1/6, 1/5 Essential importance 5̃ 4, 5, 6

Essential unimportance 5̃−1 1/6, 1/5, 1/4 Intermediate value between
5̃ and 7̃ 6̃ 5, 6, 7

Intermediate value between
3̃−1 and 5̃−1 4̃−1 1/5, 1/4, 1/3 Very vital importance 7̃ 6, 7, 8

Moderate unimportance 3̃−1 1/4, 1/3, 1/2 Intermediate value between
7̃ and 9̃ 8̃ 7, 8, 9

Intermediate value between
1̃ and 3̃−1 2−1 1/3, 1/2, 1 Extreme importance 9̃ 9, 9, 9

Equally importance 1 1, 1, 1 - - -

A complete fuzzy reciprocal matrix R̃k was defined as:

R̃k =
[
r̃ij
]k (2)
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where r̃ij denotes the relative difference of importance amongst the inputs (or factors) i
and j and is a TFN as r̃ij =

(
lij, mij, uij

)
. Here, r̃11 = (1, 1, 1), ∀i = j and r̃ij =

1
r̃k

ij
, ∀i = j =

1, 2, . . . , n.

Step 2: Consistency check.

The following equation evaluated the consistency in each DM’s opinion on each
factor and the fuzzy positive reciprocal matrix, R̃k =

[
r̃ij
]
, was developed, where r̃ij =(

αij, βij, γij
)
:

CI =
λmax − n

n− 1
(3)

where λmax is the matrix’s dimension representing the maximum Eigenvalue.
Next, the following equation estimated the consistency ratio (CR):

CR =
CI
RI

(4)

where RI represents the random index obtained from Table 4, which corresponds to n
number of risk factors at each generation in Figure 2. A value of CR < 1 depicts the
consistency in DMs’ opinions.

Table 4. Randomly generated values of consistency index (RI).

n 1 2 3 4 5 6 8 8 9 10

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

Step 3: Fuzzy weights estimation.

For each decision maker, the following equation was applied to the positive matrix ‘k’:

T̃α = [(m− 1)α + l, u− (u−m)α], 0 ≤∝≤ 1 (5)

R̃k
m =

[
r̃ij
]k

m was estimated by setting ∝= 1, while the lower bound R̃k
l =

[
r̃ij
]k

l and

the upper bound R̃k
u =

[
r̃ij
]k

u were estimated by setting ∝= 0.
The weights for all risk factors allocated by all the DMs were estimated by means of

Equation (1) and the following equation:

wi =

(
∏n

j=1 aij

)1/n

∑n
j=1

(
∏n

j=1 aij

)1/n (6)

where wi represents the weight of each risk factor and W = (wi), i = 1,2, . . . , n is the
weight vector.

Equation (6) was applied to the l, m, and u bounds of TFNs to estimate the weight
vertices as Wk

l = (wi)
k
l , Wk

m = (wi)
k
m, Wk

u = (wi)
k
u.

The smallest and largest possible constants Sk
l and Sk

lu were determined to minimize
the weights’ fuzziness using the following equations:

Sk
l = min

{(
wk

im

wk
il

∣∣∣∣∣1 ≤ i ≤ n

)}
(7)

Sk
u = max

{(
wk

im

wk
iu

∣∣∣∣∣1 ≤ i ≤ n

)}
(8)
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Next, the following equation estimated the lower and upper bounds of the weight
vectors as:

w∗kil = Sk
l wk

il , i = 1, 2, . . . , n (9)

w∗kiu = Sk
uwk

iu, i = 1, 2, . . . , n (10)

Lastly, Equation (11) estimated the fuzzy-weighed matrix for each DM as:

W̃k
i =

(
w∗kil , w∗kim, w∗kiu

)
, i = 1, 2, . . . , n (11)

Step 4: Combined judgment of all DMs.

The fuzzy weights matrices from Equation (11) were combined as:

W̃i =
1
K

(
W̃1

i ⊕ W̃2
i ⊕ . . .⊕ W̃k

i

)
(12)

where W̃i is the aggregated fuzzified weight of the input (or risk) factor i based on the
combined judgments of K number of DMs.

2.6.2. Aggregation Method

Fuzzy Weighted Sum Method (Fuzzy-WSM) aggregated the estimated performance
scores (S) for each input (or risk) factor and their corresponding weights estimated by Fuzzy-
AHP. After obtaining all the performance scores for each service ranged between 1 and 10,
the indices at each generation level in Figure 2 were estimated using the following equation:

I = ∑n
i Ŝijŵi, i = 1, 2, 3, . . . , m. (13)

where I is the index value, Ŝij is the performance score of the input (or risk) factor as a TFN
given in Table 1, and ŵi is the corresponding weight from Equation (12).

2.7. Risk Prioritization Using Spatial Mapping

After estimating the indices, ArcGIS Version 10.8 spatially displayed risk priorities
(low, medium, and high) for all the SCs to help the field staff plan their inspection visits.

3. Results
3.1. Hydraulic Capacity

To develop the hydraulic simulation model for the study area, monthly water meter
records and the required data (length, material, and diameter of the water mains) for the
distribution network were obtained. EPANET 2.2 simulations generated the pressures at
each node and velocity in each water main. A Voronoi diagram apportioned the SCs served
by each node for pressure estimation, while the water mains connection stated the velocity
at a service connection. The hydraulic model was validated by comparing the estimated
pressure (13.1 m) with the measured pressure (13–14.9 m range) observed by the field staff
at the highlighted node in Figure 1. Figure 4 shows the percentage distribution of hydraulic
parameters at the SCs. It can be seen that the pressure lay in the medium range (5–15 m)
at 61% of the service connections, while the velocity was found low (<0.2 m/s) in over
75% of cases. Figure 5 shows that water consumption fits the Pearson five distribution.
Figure 5a illustrates that 85% of the households consume less than 5 m3/day and around
50% consume less than 1.5 m3/day in the service area.
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Figure 5. Water consumption in the study area, (a) probability density graph, (b) cumulative density
graph (drawn using licensed version of @Risk Version 8 software). Horizontal axis shows water
consumption (m3/day) and vertical axis represents probability values. Input data are shown in blue
color and red line represents the Pearson 5 distribution.

3.2. Performance, Condition, and Risk Indices

Figure 6a,b show the age of water mains and service connections. More than 85%
of the water mains are over 20 years of age, while around 50% of the SCs were installed
15 years ago. The fuzzy-AHP methodology described in Section 2.6.1 was used to develop
the weighting scheme at all generation levels. The CR values for all the decision matrices
filled by the DMs were found to be less than one. Figure 7 presents the estimated weights
for the input variables at Gen. 5 and indices at Gen. 2 to Gen. 4. It can be seen that
pressure was given higher importance weight over velocity as it plays an important role
in leakage management. For SCCI and MCI, age (estimated from installation year) was
given significant importance over depth, length, and diameter. Pipe material obtained less
weight than expected as the DMs were informed about the present practice of the use of
plastic pipes in the entire KSA.
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Figure 7. Weighting scheme by Fuzzy-AHP showing input data variables at Gen. 5, risk factors at
Gen. 2 to Gen. 4, and risk index (RI) at the top.

For each service connection, performance scores were determined by mapping the
actual values of hydraulics, physical condition, soil corrosivity, and water quality parame-
ters, determined from hydraulic simulations and monitoring reports, to the UoD defined in
Table 1. Table 5 presents an example of the performance scores translated to fuzzy scores
and aggregated indices using Fuzzy-WSM as described in Section 2.6.2 for the SCCI of
some selected SCs. The rows highlighted in red represent the SCs that have already been
repaired in response to a service complaint or routine maintenance.
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Table 5. Excel-based DSS results for service connection condition index (SCCI).
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Figure 8 summarizes the percentages of the low, medium, and high priority levels of 
all the indices estimated for 371 service connections in the study area. It can be seen that 
more than 55% of SCs achieved low HFI, while WQFI for the entire service area was found 
to be medium. The condition levels (low, medium, and high) were found to be equally 
distributed for the SSCI (also see Table 5 for examples). The year of installation (age) 
played the most significant (with an importance weight of 0.7) role in defining the SSCI of 
a service connection. The length of a service pipe widely varies from 1 m to around 62 m, 
depending on the siting of a house. 

Around 54% of the SCs obtained a “medium” score of WMI. Once again, the age of 
the mains was given the highest importance by the decision-makers in comparison to di-
ameter and material. The HFI was found to be “low” due to medium (5–15 m) pressure 
and low (<0.2) velocities for most of the SCs. SCI was found to be “low” throughout the 
distribution network. After integrating the SCCI, SCI, and MCI scores, SFI was found to 
be “high” for 34%, “medium” for 43%, and “low” for only 23 percent of SCs (also see 
Figure 8). VI, CI, and RI are explained in the following section with their geographical 
illustrations. 

Note: 1 Performance score (PS), 2 High (H), 3 Medium (M), 4 Low (L).

Figure 8 summarizes the percentages of the low, medium, and high priority levels of
all the indices estimated for 371 service connections in the study area. It can be seen that
more than 55% of SCs achieved low HFI, while WQFI for the entire service area was found
to be medium. The condition levels (low, medium, and high) were found to be equally
distributed for the SSCI (also see Table 5 for examples). The year of installation (age) played
the most significant (with an importance weight of 0.7) role in defining the SSCI of a service
connection. The length of a service pipe widely varies from 1 m to around 62 m, depending
on the siting of a house.

Around 54% of the SCs obtained a “medium” score of WMI. Once again, the age of the
mains was given the highest importance by the decision-makers in comparison to diameter
and material. The HFI was found to be “low” due to medium (5–15 m) pressure and low
(<0.2) velocities for most of the SCs. SCI was found to be “low” throughout the distribution
network. After integrating the SCCI, SCI, and MCI scores, SFI was found to be “high” for
34%, “medium” for 43%, and “low” for only 23 percent of SCs (also see Figure 8). VI, CI,
and RI are explained in the following section with their geographical illustrations.
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Figure 8. Summary of calculated indices. Risk index (RI), consequence index (CI), vulnerability index
(VI), structural failure index (SFI), hydraulic failure index (HFI), water main condition index (WMI),
and service connection condition index (SCCI).

3.3. Risk-Based Prioritization of Service Connections

Figure 9a–c displays the spatial distribution of VI, CI, and RI for all the SCs in the
study area. Figure 9a explains that VI was found to be “medium” for most (65%) of the SCs
and “high” for 19% (70) of the service connections. Conversely, 58% of the SCs achieved
a “low” CI in Figure 9b due to water consumption of up to 2 m3/day or less (also see
Figure 5). Finally, Figure 9c displaying VI informs about the final risk priority of SCs. It can
be seen in Figure 9c that 27% (around 100) of SCs are at a high risk of leakage. These SCs
need to be proactively inspected and rehabilitated (if required) for water loss reduction.

3.4. Model Validation

Data on some of the SCs repaired between 2019 and 2021 were obtained from NWC’s
office in Qassim and were used for model validation in the present study. Figure 9d shows
the locations of the 21 repaired SCs as a result of leakage detection by the operational staff
during leakage investigations or a complaint registered by the homeowner. The model
results rank all 21 SCs as “high” risk priority, showing these SCs have already failed in
the past. Therefore, the inspection and rehabilitation of the remaining SCs can be planned
with a reasonable level of precision and confidence. In the case of major rehabilitation
(replacement of the service line and all or most of the fittings), the age of the service
connection should be updated in the input data.
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4. Discussion

As per the Center for Clean Water and Clean Energy, around 35% of the supplied
water in the country is being wasted through leakage in distribution systems [46]. High
water loss (up to 35%) through leakage in water distribution systems is one of the primary
concerns of decision-makers, policymakers, engineers, and municipality managers in the
KSA. In the past, various efforts were made towards water loss management, such as the
use of plastic pipes in new systems, replacing old cement and metallic pipes with plastic
ones, intermittent supply, pressure management, and active leakage control (ALC) [6].
However, asset management practices are still in the development stage.

Reliance on IWS for water loss control has instigated other issues contributing to water
quality failure and leakage when the system is unpressurized, such as bacterial regrowth
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and contaminants intrusion [5,10], meter malfunctioning [47], operating pressures higher
than required in case of underground storage [6,8]. IWS systems in the KSA mainly operate
with plastic (PVC, HDPE, UPVC) water mains, which are less prone to leakage due to
higher reliability over cement and metallic pipes [31]. However, the metallic fittings used at
SCs cause leakage due to corrosion, water aggressivity, and careless workmanship. Similar
to the present study’s findings, the vulnerability of the service pipe from the connection to
the meter to leakage was identified as a major problem in past studies [48].

It is important to understand that a complaint registers as a result of significant leakage
noticeable to the naked eye due to a wet ground surface. A small leakage is difficult to
identify in the study area, where groundwater temperature and associated evaporation loss
are high due to the warm climate in arid regions. Long service mains of 25 mm diameter
are susceptible to damage from backfill material with spiky gravel, vehicular loading, and
possible bends in the case of houses not located at the right angle to the mains. Although all
the SCs are 1.5 m deep at the point of connection, depth varies along the length (particularly
for long service pipes) from the connection point to the customer meter. Hence, leaking
SCs may not be identified between the two planned ALC programs. A cumulative impact
of many leaking SCs can lead to the loss of limited water of very high environmental value
in arid regions [6].

The present study provides an efficient and cost-effective solution for water loss
control through proactive I&R of SCs in water distribution systems. The risk-based I&R
model can prioritize hundreds of SCs in a distribution network based on their potential
risk of leakage. Such data-driven decision-making tools not only enhance the service life
of infrastructure but these tools also provide a low-cost solution to water loss control [49].
It is suggested that a small team of two to three field personnel can visit and inspect the
SCs with “high” priority and make or plan (if the required parts are not available on the
same day) the desired repair. It is also suggested that the field staff should check the meter
operations and can note the pressure reading during the inspection. Such data can later be
used for planning for other controls, e.g., meter repair and pressure management. As an
IWS with underground storage in households can operate with low pressures, pressure
management by optimal reduction can reduce leakage at SCs.

The model inherits the main assumption, based on personal communication, the liter-
ature, and observations, that most of the leakage occurs at SCs, i.e., 30% at the connection
point on the water main and 60% at the service pipe. Hence, the I&R of service connections
can significantly minimize water loss. In addition, the model holds the following limita-
tions, (i) hydraulic parameters (pressure and velocity) were estimated through hydraulic
simulations and can vary from the values used, (ii) only two regular water quality monitor-
ing stations of National Water Company lay within the study area, which results in some
approximation for allocating water quality to SCs, and (iii) although soil behavior does
not change in smaller study areas, detailed soil data (i.e., multiple bore logs) can further
improve the level of uncertainty. Future research can improve the model’s precision with
more detailed data.

5. Conclusions

The municipalities in arid regions, including the KSA, operate water supply systems
with low water rates, which constrain taking up aggressive rehabilitation and renewal of
buried infrastructure. Consequently, the municipalities opt for intermittent supplies with
the intention of minimizing water loss by reducing the supply duration. Although water
savings are obvious, the intermittent supply adds to the deterioration of infrastructure
through the intrusion of soil and the growth of biofilm. Presently, most of the systems
in the KSA operate with plastic pipes, which have a low vulnerability to corrosion. The
primary (around 90%) water loss occurs at service connections, either at poor or corroded
metallic fittings on the water main or due to the failure of the service line.

The present study developed a new risk-based DSS to prioritize the SCs of intermittent
water supply systems for proactive inspection and rehabilitation. The age of water mains,
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the installation year of service connections, water quality, and the pressure are the main
contributing factors to the structural failure of SCs. The use of non-metallic fittings might
minimize the loss of water through service connections. The risk-based decision-making
entails the consequence of SCs′ failure on the number of consumers, which improves
customer satisfaction. The developed methodology can facilitate the National Water Com-
pany and municipalities for significant (lower than 8% national benchmark) water loss
reduction in water distribution systems in the KSA. Further, the DSS is adequately robust
to include additional data, if available in the future, to improve the reliability of results. In
general, the study established guidelines for risk-based asset management of buried water
infrastructure in arid environmental regions.
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