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Abstract: Leakages from damaged or deteriorated buried pipes in urban water distribution networks
may cause significant socio-economic and environmental impacts, such as depletion of water re-
sources and sinkhole events. Sinkholes are often caused by internal erosion and fluidization of the
soil surrounding leaking pipes, with the formation of soil cavities that may eventually collapse. This
in turn causes road disruption and building foundation damage, with possible victims. While the loss
of precious water resources is a well-known problem, less attention has been paid to anthropogenic
sinkhole events generated by leakages in water distribution systems. With a view to improving urban
smart resilience and sustainability of urban areas, this study introduces an innovative framework to
localize leakages based on a Machine learning model (for the training and evaluation of candidate
sets of pressure sensors) and a Genetic algorithm (for the optimal sensor set positioning) with the goal
of detecting and mitigating potential hydrogeological urban disruption due to water leakage in the
most sensitive/critical locations. The application of the methodology on a synthetic case study from
literature and a real-world case scenario shows that the methodology also contributes to reducing the
depletion of water resources.

Keywords: machine learning; Genetic algorithm; water distribution network; pipe leakage localization;
optimization; urban environment; human-induced sinkhole; urban ground collapse

1. Introduction

Nowadays, the strategic management of water resources is imperative to meet the
escalating demands of a continuously growing global population, a challenge exacerbated
by the alarming reduction of water availability [1]. Ensuring uninterrupted and safe water
provision is paramount for the sustainable management of drinking water distribution
networks (WDNs) [2,3]. WDN pipes are required to convey water with appropriate qual-
ity, quantity, and pressure, from available sources to end-users [2], but the subsurface
placement of pipes makes them highly susceptible to progressive deterioration due to
ageing and incorrect junction execution. This is a major concern, since many water supply
infrastructures were installed more than 50 years ago [4]. Damaged or deteriorated pipes
may lead to water leakage, with water escaping and flowing into the surrounding soil
from the pipe joints and through longitudinal/ circumferential cracks along the pipe [5,6].
Consequences of water pipe failures extend beyond WDN damage, leading to significant
economic losses and broader societal or environmental impacts [2,7]. It has been estimated
that the annual volume of water losses by water utilities worldwide amounts to about
126 billion m3, with a related cost of about 39 billion USD per year [8]. In Italy, the National
Institute of Statistics (ISTAT) estimated that, in 2020, the total volume of water losses
during the distribution to end users amounted to 3.4 billion m3, representing 42.2% of the
water introduced into the network [9], with the most critical situations concentrated in
the Central and Southern areas. Leakages in buried water pipelines may cause multiple
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additional problems, such as health-related issues (water contamination due to pathogen
intrusion [10]) and the formation of sinkholes [11].

A very hazardous form of sinkhole is the cover-collapse sinkhole, which occurs by the
sudden downward movement of soil, leaving an upward erosion behind [12,13]. The risk of
Hydrogeological Disruption due to Leakage (HDL) in populated areas is well-documented.
Among the causes that trigger anthropogenic sinkhole formation, we may find groundwater
level fluctuations due to groundwater extraction [14,15], or roof failure of existing man-
made cavities, such as catacombs, aqueducts, ancient quarries of bedrock materials [16-18],
and extraction of minerals from underground coal mines [19,20]. However, urban sinkholes
commonly originate from leaking WDNSs, due to internal soil erosion and washing off of
fine-sized sediments, or fluidization around the defective pipe [21,22]. These mechanisms
can later result in the development of cavities and the collapse of the soil layer above the
cavity [23,24].

Urban ground collapse incidents and sinkhole formation, attributed to water leakage
from unexpected pipe failure, have been increasingly documented worldwide [24-26].
These phenomena are insidious because they often remain undetected until the final fail-
ure, i.e., until it is too late to intervene. Since the sinkhole usually occurs with no or few
precursory signs, threats to human safety are possible (traffic accidents on the streets and
human injuries on the sidewalks), leading also to capital losses from damage to buildings
and utilities [26]. Given the ageing WDN:Ss, issues related to water leakages from defective
pipes are expected to aggravate [6]. For this reason, reducing, detecting, and locating,
water losses due to leakage in underground pipes have become significant challenges for
water management companies [11]. Sustainable water resources’ management requires an
integrated approach encompassing different activities, such as infrastructure revamping,
regular maintenance, and pressure management [5]. In addition to this, the implementa-
tion of monitoring and control systems for the timely identification of water pipe leaks
is essential.

Optimal sensor placement (OSP) for leakage detection within a WDN is a major engi-
neering issue. Casillas et al. [27] proposed a sensor placement that minimized the number
of non-isolatable leaks. Steffelbauer and Fuchs-Hanusch [28] optimized the placement of
pressure sensors for improved leak detection under uncertain user demands. In Cugueroé-
Escofet et al. [29], the deployment of the best sensor set for leak detection was based on a
sensitivity matrix. To prioritize the detection of leakage events at nodes with higher leakage
potential, Forconi et al. [30] proposed a risk-based method for optimal sensor placement
in which a higher leakage probability was assigned to leakage events that can result in a
greater leakage. For leak detection, Li et al. [31] used an OSP based on a semi-supervised
strategy, i.e., they considered that some leak positions were unknown. Hu et al. [32] pro-
posed an improved hierarchical algorithm for optimizing sensor placement that considered
various failure scenarios to ensure that information loss is minimal when sensor failure
occurs. Hu et al. [33] proposed a multi-objective optimization method for sensor placement
that relied on risk-based leakage functions, aiming to minimize the various negative effects
of a leak on the water distribution network. Cheng and Li [34] used a heuristic algorithm
for OSP that took advantage of feature selection and graphical signal processing theory.

From this short literature review, it is evident that the researchers have devoted much
attention to leakage reduction problems by considering the intrinsic characteristics of
the WDN while neglecting extrinsic aspects, such as the leakage impact on the urban
fabric due to sinkhole formation. The effect of leakages on the environment should not be
underestimated, given the current standards of sustainability and resilience required by
urban settlements [35,36].

For many years, the attention of researchers has mainly focused on the hazard, sus-
ceptibility and risk assessment of natural sinkhole formation with different approaches,
including GIS (Geographic Information System) environment and machine learning tech-
niques [37-39]. However, significantly less attention has been devoted to risk prediction and
the formation of anthropogenic sinkholes, especially when caused by leaks in underground
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water pipelines in urban areas [40]. In some experimental studies [40,41], small-scale
physical model tests have been performed to investigate soil erosion and ground collapse
mechanisms due to leakage from sewer and/or water pipelines, with the aim of evalu-
ating the risk of man-made sinkhole occurrence under different conditions. However, to
the best of the writers” knowledge, the existing literature seems to lack a comprehensive
framework for the optimal positioning of monitoring sensors for the reduction of hydro-
geological disruption risk (sinkhole formation and ground collapse due to leakages from
urban WDNs).

The implementation of a monitoring system across the WDN of an entire municipality
can be expensive and complex. Therefore, it is crucial to first identify the areas with a
higher risk of sinkhole occurrence and ground subsidence due to water leaks. Monitoring
these high-risk areas could optimize resource allocation, with saving of time, energy, and
costs. In this paper, we present a novel methodology for OSP for leakage localization where
the potential hydrogeological impact of leaks on the urban environment is considered.
In the proposed framework, a Genetic Algorithm (GA) is used for the optimization of
a set of sensors whose ability to localize the leakage is ensured by the application of a
Machine Learning (ML) approach. During the optimization process, the impact of leakages
on the urban fabric is considered based on the position of critical infrastructures and the
population density distribution. The methodology is demonstrated through its application
to (i) a case study from literature and (ii) a real-world case study involving the water
distribution network of a municipality in Southern Italy.

The rest of the paper is structured as follows. Section 2 presents the proposed sinkhole
risk-based methodology for the localization of leaks. In Section 3, two applicative examples
are shown, and the corresponding computational results are discussed. Finally, the study
conclusions are outlined in Section 4. Appendix A, which demonstrates the benefits of
Principal Component Analysis, and a Nomenclature, reporting the symbols” meaning,
complete the paper.

2. Materials and Methods

In this section, we present the methodology used to find the optimal set of pressure
sensors able to minimize the hydrogeological risk caused by leaks in WDNSs (see Figure 1).
In detail, this process is based on four elements:

i WDN zoning based on the risk from Hydrogeological Disruption due to Leakage
(HDL) (Figure 1, step 1);

ii. Use of a hydraulic simulator to generate WDN pressure data under different de-
mand conditions and different leakage scenarios (Figure 1, step 2);

iii. Use of a GA for the approximate solution of the OSP problem, aiming at maximizing
the likelihood of detecting leakages in areas at higher risk from HDL (Figure 1,
step 3);

iv. During the GA application, use of an ML model to train and evaluate the sets of

sensors, i.e., the candidate solutions of the OSP problem (Figure 1, steps 3—4).

The risk evaluation approach is discussed in Section 2.1, while the data generation
process is presented in Section 2.2. Finally, the approximate solution to the OSP problem is
discussed in Section 2.3.
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Figure 1. Summary representation of the employed methodology. R = risk, H = hazard,
V = Vulnerability, E = exposure. Risk classes range from the lowest (R1) to the highest (R3).

2.1. Risk Evaluation of Hydrogeological Disruption Due to Water Leaks

The WDN pipes flank and cross structures and infrastructures with different economic
and strategic values. For this reason, the risk associated with sinkholes caused by leaks in
WDNs depends on the leak location itself.

The risk quantification should consider:

- the hazard H: the likelihood of occurrence of the dangerous event, i.e., the hydrogeo-
logical disruption caused by a non-detected leak with a given magnitude at a given
location, ranging from 0 (null likelihood) to 1 (maximum likelihood);

- the vulnerability V: the expected degree of damage due to the impact of the hazardous
event (hydrogeological disruption due to leakage) on the system (soil, urban infrastruc-
tures and human elements), ranging from 0 (no damage) to 1 (total disruption) [39];

- the exposure E: the socio-economic importance of goods, structures, and infrastruc-
tures, as well as the presence of people in the at-risk area.

Based on these factors [42], risk can be quantified using the following product:
R=H-V-E 1)

In the present study, the risk is ranked on a scale of NR levels from R; (lower risk)
to Ryr (maximum risk). If Q = {1,2,..., NN} is the set of the NN junction nodes in the
WDN, the function R(i) = Rj, withi € Q and j € {1,2,...,NR}, associates the level of risk
R; to the node i.

From the definition of Equation (1), the risk assessment of sinkholes related to possible
leakage must be conducted through a detailed study of the characteristics of the WDN,
soil, sinkhole formation mechanism, and urban elements exposed to potential disruption.
Regarding natural sinkholes induced in urban areas by unstable travertine, an example of
such a procedure is available in the literature [39]. We briefly comment on some difficulties
that can be encountered in the case of leakage from damaged pipes in medium-large WDNSs.

Vulnerability. The vulnerability, whose evaluation is often uncertain and complex,
depends on the magnitude of the hazardous phenomenon and the resistance of the different
elements at risk [39]. In our case, the vulnerability evaluation requires detailed information
on the hydrogeological characteristics of the areas exposed to leakage, which is possible
only if detailed identification of soil layers is available. This type of study mostly concerns
limited areas, being hardly representative of the entire WDN vulnerability. On the other
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hand, geological maps provided by regional and national agencies do not have a resolution
sufficient to derive detailed zoning.

Hazard. Hazard estimation can be carried out when historical information about the
location and frequency of leaks, and the topological and hydraulic characteristics of the
WDN, are available to derive correlations. This information is generally more readily
available than vulnerability information.

Exposure. The exposure is the most easily calculable component of risk, regardless
of the network under consideration, as it is related to the value of the elements prone to
potential hydrogeological instability phenomena due to water leakage. Knowledge about
the WDN topology and the analysis of the exposed element value in its immediate vicinity
are sufficient to evaluate this risk component

In the present paper, without loss of conceptual generality, we adopt a numerical
simplification by assuming that hazard H and vulnerability V are uniform over the territory.
This implies that R = c-E, where ¢ = H-V is a spatially uniform constant. Note that the
assumption of uniform V is not unusual in the literature of sinkhole risk assessment [43]
and risk evaluation of leakages in WDNs [30]. On the other hand, the assumption of
uniform H may apply in the case that the information about the spatial distribution of pipe
damage probability is absent or uncertain. For the sake of simplicity, H=1and V =1 are
assumed in the following, leading to R = E. The procedure for the evaluation of the j-th
class of risk Rj is outlined in Section 3 considering two case study applications.

2.2. Pressure Data

This study utilizes synthetic hydraulic data generated with the open-source hydraulic
simulation software EPANET 2.2 [44], developed by the U.S. Environmental Protection
Agency (EPA). The availability of a dedicated library, Toolkit Python EPANET (EPyT),
originally developed by the KIOS Research and Innovation Center of Excellence (University
of Cyprus), allows the use of the Python programming language for the customized
simulation of the various leakage scenarios and the creation of the corresponding dataset.

In the present study, the following simplifying assumptions are made for the scenarios:

- leakages are considered at junction nodes only;

- each scenario is characterized by a single leaking node;

- the total number of leakage scenarios is equal to the number NN of junction nodes;
- each leakage scenario is evaluated over a simulation time of T = 50 days.

For each leakage scenario, the generated dataset consists of the pressure values at
junction nodes during the entire simulation time.

2.2.1. Demand Modelling

To produce the hydraulic simulations, we assume that each network junction node is
characterized by variable demand during the day. The demand g;(t) (1/s) at the junction
node i € () and time ¢ is given by the product of the node’s base demand gg; (1/s) by the
demand pattern coefficient DC(t), which is variable during the day:

qi(t) = DC(t) -gp; )

To consider the random component of the demand, the coefficient DC(t) has a log-
normal distribution with a constant coefficient of variation CV = 0.2 [45], while the mean
upc(t) is variable during the day, as represented in Figure 2.
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Figure 2. Variability of pupc(f). The averaged value of ppc(t) is represented with a red broken line.

2.2.2. Water Leakage Modelling

The EPANET software does not exhibit a native function to simulate leakages. For this
reason, emitters are often used in the literature to approximate the behavior of leakages at
junction nodes [46]. The flow rate Q; (1/s) through the emitter at the junction node i € (
is a function of the piezometric head #; (m) at the same node, according to the following
equation:

Qi = EC;-h}”® 3)

where EC; (1/(s-m??) is the emitter coefficient of the i-th node [44,46]. In the literature,
several works discuss the values of the emitter coefficient to be used for leak simula-
tion [46-49].

2.3. Pressure Sensor Training and Optimal Positioning

The precise localization of leakages is a difficult task, due to the intrinsic uncertainties
(demand, pipe roughness, network topology skeletonization) and the limited number of
sensors that can be deployed in real-world cases. It is reasonable that leakage is localized
when a sufficiently narrow set of junction nodes is correctly individuated as a possible origin
of leakage. After the individuation of the interested area, the exact position of the leakage
can be finally found by using on-field approaches, such as geophysical methods [50-52].
For this reason, the set (3 of the WDN junction nodes is usually subdivided into NC non-
overlapping subsets () called localization clusters, which are defined based on relative
proximity, network topology, and level of risk. Given a set P = {P;,P,,..,Pys} of NS
pressure sensors, with Py € (2, we assume that the scenario leakage from the node i € () is
correctly localized when the set P of sensors detects a leakage originating from the cluster
() containing the node i. In the present paper NC = NN, meaning that no node clustering
is assumed.

2.3.1. Data Pre-Processing

To improve the Machine learning model performance, the pressure data must undergo
a series of pre-processing steps before being used in the training phase [53]. In the present
case, the pre-processing steps include data partitioning into test and training sets, data
scaling, and Principal Component Analysis (PCA).

Machine learning models construct the relationships between input and output data
using the training set, while the test set, not involved in the training phase, is applied to
evaluate the accuracy of model predictions. For the present study, a stratified partitioning
was performed, with 20% of the data used as a test set and 80% as a training set, to ensure
that both the test and training sets have a balanced representation of all target classes
under consideration.
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Data scaling aims at improving the performance of machine learning algorithms. In
this study, the standardization technique is used to constrain the features to have a null
mean and a unitary standard deviation, using the following equation:

hi - ]’lh,'
0y.

1

hst,i = (4)

where i, and 0y, are the mean and standard deviation of non-standardized nodal pressure
h; and hg ; is the corresponding standardized value.

Finally, Principal Component Analysis (PCA) is applied. The goal of PCA is to
construct a meaningful basis to reformulate the data [54], disclosing the hidden structure of
the dataset by reducing its dimensions and filtering data noise. The reader is addressed to
Appendix A for further details. In the present application, the process is carried out using
the Singular Value Decomposition (SVD) [55-57].

2.3.2. Decision Tree Classifier

An appropriate algorithm must be used to enable the detection and the localization of
leakages. To this aim, different classification algorithms (Random Forest, Support Vector
Machine, Neural Networks, etc.) have been used in the literature [58-65]. In this study,
the Decision Tree (DT) is applied. The DT model used for the leak localization performs
supervised learning, which requires a data set containing both features and corresponding
labels (desired output). In the present case, the labels represent the leaking node, while
the features related to a given label are the pressures recorded at the sensor nodes in the
presence of the leakage (see Section 2.2).

The DT approach is based on the use of three logical elements, nodes, branches, and
leaves. The nodes represent the decision points, while the branches represent the outcome
of a decision by connecting the tree nodes. Finally, the leaves represent the output of the
model. In the present work, the DT training uses the Gini criterion to partition the training
set and find the features that better separate the target classes (the leakage scenarios). The
partitioning of the dataset is carried out until all the leaves are pure, i.e., when they contain
pressure values belonging to only one class, or the number of samples per leaf is less than a
given threshold (assumed equal to 2). Finally, each leaf is associated, based on its content,
with one of the leakage scenarios. Once the DT is trained, it can be used to make leakage
location predictions based on the pressure values belonging to the test set.

The localization accuracy My (P)

_ NA(P)

M (P) N

)
is used in the following to approximate the probability that the set P of sensors correctly
identifies leakages originating from the nodes of the localization cluster () in the test
dataset. In Equation (5), NAk(P) is the number of accurate predictions made by the set of
sensors P regarding the leakages originated from nodes of the cluster (3, and Ny is the total
number of leakage scenarios from the nodes of cluster ().

2.3.3. Sensor Position Optimization

The Genetic Algorithm (GA) is a popular optimization approach inspired by Charles
Darwin’s theory of biological evolution through mutation and natural selection [66]. The
algorithm starts with a population of potential solutions (called individuals) that are evalu-
ated in terms of their fitness; at each generation, the algorithm selects the best individuals
and forms a new generation of individuals through crossover and mutation operators,
improving the average fitness of the population and the fitness of the best individual. The
process is repeated until no additional improvement is obtained because the fitness of the
best individual stagnates.
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In the present work, the generic individual is a set P of NS sensors whose fitness M,,(P)
is defined as
Y R(Q%)-My(P)

RS R(y)
i.e., as the risk-averaged localization accuracy. For each generation, and for each individual,
the cluster localization accuracy values M(P) are evaluated using the test dataset after
training of the individual P within the process described in Section 2.3.2.

In Equation (6), the cluster risk R(()) attributed to the cluster () is the averaged value
of the nodal risks R(i) with i € (). The cluster risks act as weights, allowing the GA to
optimize the position of the sensors by increasing the probability of localizing leaks in areas
with high hydrogeological risk. The proposed formula is very generic and does not place
any constraints on how the nodal risks R(i) and the metric My(P) are defined.

The GA process is outlined in Figure 3 (left column). The DT process used for training
and evaluation of individuals is outlined in the right column of the same figure.

, (6)

Mp(P) =

CStar‘t Genetic AIgorithm)

NO

I . -
Initial population generation ’ *Fithess assessment > \
(sensorn-ples) f’ \
1
I .
Fitness assessment* for each I Individual (sensor n-ple) :
individual in the population 1 l I
|
|
1 Data splitting into training and \
Selection ofthe best individuals 1 testing set |
] : 1 :
Crossover and mutations | Standardization and PCA |
: of the pressure data 1
|
| : 1 l 1
New population : Instantiation and training of decision I
| tree model :
| l |
|s the pre-determined 1 |
number of generation 1 Model predictions |
reached ? 1 1
| l I
|
\ Weighted accuracy assessment of the !

Optimal solution (sensor n-
ple of highest accuracy) ~ -

-

predictions according to risk classes ’

s
Y

i
C End Genetic AIgorithm)

Figure 3. Flowchart of the GA process (left column), with the call to the fitness function evaluation of
the right column (DT model). The asterisk symbol (*) in the left column indicates that the routine
described in the right column must be executed.

3. Results and Discussion

In this section, the methodology is demonstrated using a simplified WDN from the
literature, the Hanoi network, and a real-world WDN of a municipality in Southern Italy,
called Real Network 1. Risk assessment of water distribution networks to HDL requires
the determination of hazard H, exposure E, and vulnerability V (see Section 2.1). Usually,
the factors H and V are not readily available, while the exposure information is more
easily collected based on census information and infrastructure delineation. Therefore, the
procedure is demonstrated, in a preliminary way, by assuming that the hazard and the
vulnerability are uniform over the territory taking H =1, V =1, and R = E (see Section 2.1).
The procedure outlined in Section 2 is applied to the two case studies using the GA
parameters of Table 1.
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Table 1. Genetic algorithm parameters.

GA Parameter Description
Crossover One point
Crossover probability 100%
Mutation probability 5%
Population size 60
Number of generations 500

3.1. Hanoi Network

The first case study is the Hanoi WDN, often used in the literature to validate algo-
rithms (see reference [67] for a description of the network). The network is characterized as
follows (see Figure 4):

- 32junction nodes;

- 34 pipes (links);

- linlet point (reservoir);

- pipe diameters from 304.8 to 1016 mm.

> T
%0
30 1 22 *s *% 5 *z 3 g %
M6
7
23 M7
029
[ s
28 27 2 15 * * %
0 '1
[ Low Exposure (E1) Links
1] Medium Exposure (E2) ® Nodes
[ High Exposure (E3) 21 S B Reservoirs

Figure 4. Hanoi network. Fictitious zoning of the surrounding area with three exposure classes E;
(yellow), E; (orange), E3 (red).

For demonstration purposes, it is assumed that the nodes 1, 10, 11, 12, 20, 21, and 32,
are not origins of leakage. The value used for the emitter coefficient is EC = 0.1 L/(s-m?%®).
The risk zoning based on exposure to Hydrogeological Disruption due to Leakage (HDL) is
totally idealized (as we have no information about the WDN position and the exposure
of the surrounding territory) and is simply used to test the proposed risk-based optimal
sensor placement (OSP) methodology. Therefore, a fictitious zoning of the surrounding
area with three exposure classes, ranging from the lowest E; to the highest E3, is created
(see Figure 4). A weight is assigned to each exposure class, which is inherited by the
WDN junction nodes falling in it. Using the exposure values (E1, E;, E3) = (1, 3, 5), the
corresponding risk classes (R1, Ry, R3) = (1, 3, 5) are obtained (see Section 2.1).

With these risk classes, the procedure of Section 2 is applied using NS = 2 sensors and
the GA parameters of Table 1, under the assumption that the number of clusters equals the
number of junction nodes where a leakage can be originated (NC = NN). The corresponding
results are reported in Table 2 (second column), while the position of the sensors of the
optimal set are represented in Figure 5 with green dots.
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E1=1

E2=3

E3=5

130 i 7

23
P29
R 7 2
Sensor Node

[ Low Exposure (E1) i links
] Medium Exposure (E2) ® Nodes
[ High Exposure (E3) M Reservoirs

Figure 5. Hanoi network. Optimal position of NS = 2 sensors based on fictitious zoning with different
exposure weights (E; =1, E, =3, E3 =5).

The exercise is repeated with homogeneous exposure parameters (Eq, Ep, E3) = (1,1, 1),
corresponding to the risk classes (R1, Ry, R3) = (1, 1, 1). This condition corresponds to the
case that no risk zoning is made, implying that the objective is the simple maximization of
the localization likelihood aiming at the reduction of the water resource depletion, without
regard to the leakage origin. The results of the optimization procedure are reported in
Table 2 (third column), while the position of the sensors of the optimal set are represented
in Figure 6 with green dots.

E1=1

E2=1

E3=1

50 1 2%

23

Oz

28 ) 2

@ Sensor Node

[ Low Exposure (E1) — iils
[ Medium Exposure (E2) ®  Nodes
[ High Exposure (E3) B  Reservoirs

Figure 6. Hanoi network. Optimal position of NS = 2 sensors based on fictitious zoning with
homogeneous exposures (E; =1, E; =1, E3 =1).

The comparison between Figures 5 and 6 shows that the optimal sensor position for the
case of inhomogeneous risk (Figure 5) is different from that of homogeneous risk (Figure 6).
In the latter case, the sensors are evenly distributed through the WDN, while their positions
concentrate in the higher-risk areas in the former case. The inspection of Table 2 shows that
the localization accuracy in the higher-risk areas increases for the inhomogeneous risk case
of Figure 5, while the average localization accuracy is slightly reduced with respect to the
homogeneous risk case (Figure 6).
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The results demonstrate the ability of the proposed methodology to deploy the sensors
in configurations that lead to increased leak localization accuracy in higher risk areas.

Table 2. Hanoi network. Optimization results with fictitious risk zoning. Inhomogeneous exposure
weights (Ey, Ep, E3) = (1, 3, 5) (second column) and homogeneous exposure weights (Ey, Ep, E3) = (1,
1, 1) (third column).

Eq, Ez, E3 1,3,5 1,1,1

Optimal sensor set 9,26 13,29

Average localization accuracy 0.890 0.896
Localization accuracy in E;-E3 0.896-0.890 0.895-0.857

3.2. Real Network 1

The second case study consists of a real-world WDN, here called Real Network 1,
consisting of a medium-sized municipality in Southern Italy. The municipality covers a
surface of nearly 5 km? and consists of approximately 35,000 inhabitants, with an average
population density of about 6600 inhabitants per km?. The town is located on a structural
depression dominated by alluvial and marine deposits, pyroclastics and pyroclastic surge
deposits derived from ignimbrites and tuffs or ignimbrite and tuff-forming eruptions. The
altitude of the territory ranges between 101 and 146 m above sea level. The climate is
Mediterranean, significantly influenced by tropical conditions. Summers are long and hot,
while winters are short, relatively mild, with intense precipitation from October to February.
The water utility of the considered municipality delivers drinking water to consumers
through a network of pipes with a total length of nearly 23 km, 74.9% of which is made of
cast iron, 17.3% of gray cast iron, 4.3% of iron, 2.8% of steel, and 0.7% of polyethylene. The
main features of Real Network 1 (see Figure 7) are as follows:

- 206 junctions;

- 231 links;

- 7inlet points with almost constant piezometric head;
- pipe diameters from 53.6 to 406.4 mm.

Diameters, @ (mm):
50 <@ =80
w80 < @ = 120
® oo 000 w120 < @ < 200
== 200 < @ =< 450
® Nodes
I Inlet points

Figure 7. Layout of the real-world water distribution network, Real Network 1. The pipe diameter
classes are denoted with different colors.

The inspection of Figure 7 shows that Real Network 1 is characterized by a certain
degree of central topological symmetry, with loops evenly developing around the city
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center. To derive a reasonable value of the emitter coefficient EC in Equation (3), it is
assumed in this case study that the leakage discharge equals 1% of the total discharge
entering the network [40].

3.2.1. Risk Zoning Based on Exposure to HDL

The evaluation of the network exposure component (Section 2.1) is carried out as

follows:

@
@)
®)

@)

©)

The census information (available at https:/ /www.istat.it/, accessed on 15 January 2024)

is used to evaluate the distribution of the population density through the municipality.

Information levels on structures and infrastructure at the municipality scale are

collected (from https://www.istat.it/, accessed on 15 January 2024).

Three municipality exposure classes are introduced as follows (see the brown areas in

Figure 8):

(@) class E; groups areas with low population density, where strategic infrastruc-
tures are absent, and areas with agricultural land uses;

(b)  class E, represents areas with medium population density and buildings,
mostly residential, with modest public or strategic functions;

(c) class E3 applies to areas with significant population density, or areas with
infrastructure, industries and buildings that have important public or strategic
functions.

A buffer area whose width is W = 25 m is constructed along the WDN pipe. The buffer
area individuates the municipality elements that can be potentially impacted by HDL
because they are adjacent to the WDN pipes. The exposure class of the municipality
elements is attributed also to homogeneous buffer sections (white and blue areas in
Figure 8).

The exposure class of the buffer section is inherited by WDN junction nodes falling
in it.

Municipal Limits
Network exposure
e
EE2
I E3
Municipal exposure
[ EL
B E2
I E3

Figure 8. Real network 1. WDN zoning (white and blue areas) based on the municipality exposure to
HDL (brown areas).

Based on the procedure above, the WDN zoning of Figure 8 is obtained. We observe

that, like the topological characteristics of the WDN, the network zoning exhibits a certain


https://www.istat.it/
https://www.istat.it/
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degree of symmetry, where greater exposure Ej is attributed to the central part of the
network, while a quite homogeneous exposure Ej is attributed around the centre.

Using the exposure values (E1, Ey, E3) = (1, 3, 5), the corresponding risk classes (R1, Ry,
R3) = (1, 3, 5) are obtained under the assumptions H =1 and V =1 (see Section 2.1). With
these risk classes, the procedure of Section 2 is applied to Real Network 1 using NS =3
sensors and the GA parameters of Table 1, under the assumption that the number of clusters
equals the number of junction nodes (NC = NN). The corresponding results are reported in
Table 3 (second column), while the position of the sensors of the optimal set are represented
in Figure 9 with red dots.

Table 3. Real Network 1. Optimization results with reference to risk zoning based on the municipality
exposure to HDL (Figure 8) with different exposure weights (E;, E, E3) = (1, 3, 5) (second column)
and with homogeneous exposure weights (Ey, Ep, E3) = (1, 1, 1) (third column).

Ey, Ep, E; 1,3,5 1,1,1

Optimal sensor set 46,74,173 74,105,173
Average localization accuracy 0.740 0.743

Localization accuracy in E;-E3 0.700-0.837 0.707-0.829

@ Sensor nodes

Municipal Limits
Network exposure
[JE1 =1
E2 =3
e =5

Figure 9. Real Network 1. Optimal position of NS = 3 sensors based on the municipality exposure to
HDL with different exposures weights (Eq, Ep, E3) = (1, 3, 5).

The inspection of Table 3 shows that the accuracy of leakage localization from the
generic node of the WDN (average localization accuracy) is equal to 0.740. If the focus is on
the localization accuracy on the zones with higher exposition (E3), the localization accuracy
increases to 0.837. The comparison confirms that the procedure is effective in biasing
the sensor positions towards a configuration where the likelihood to localize leakages
originated in zones with higher risk is increased. The inspection of Figure 9 shows that
the sensor positions of the optimal set are close to the central part of the WDN, where the
exposition is higher.

The exercise is repeated with fictious exposure parameters (Eq, Ep, E3) = (1, 1, 1),
corresponding to the risk classes (R1, Ra, R3) = (1, 1, 1). This condition corresponds to the
case that no risk zoning is made, implying that the objective is the simple maximization of
the localization likelihood aiming at the reduction of the water resource depletion, without
regard to the leakage origin. The results of the optimization procedure are resumed in
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Table 3 (third column), while the sensor positions of the optimal set are represented in
Figure 10.

@ Sensor nodes

Municipal Limits
Network exposure
[JEL =1
ENE =1
e =1

Figure 10. Real Network 1. Optimal position of NS = 3 sensors based on the municipality exposure to
HDL with homogeneous exposures weights (E1, E3, E3) = (1,1, 1).

The comparison between the second and third column of Table 3 shows that the
average localization accuracy slightly increases from 0.740 to 0.743 in the homogeneous risk
case, as expected. Nonetheless, the increase is very small, implying that, for the example of
Real Network 1 with NS = 3 sensors, the optimal positioning of the leakage localization
sensors aiming at the reduction of the risk from HDL (Figure 9) does not significantly affects
the objective of localizing the generic leakage without reference to the risk (Figure 10).

With reference to the homogeneous risk case, the localization accuracy in the central
part of the network, where Ej3 is predominant, only slightly decreases from 0.837 to 0.829
(third column of Table 3). Again, the optimal sensor positions cluster around the central
part of the network, showing that the topological symmetry of Real Network 1 plays a role
in constraining the sensor positions.

3.2.2. Fictious Risk Zoning

To better characterize the proposed method, an ad hoc fictitious exposure zoning
is represented in Figure 11. Contrary to Figure 8, Figure 11 is characterized by strong
asymmetry of the exposure distribution, with high exposure areas in the eastern part of the
settlement and low exposure areas to the west. In this case also, the exposure values (Ey, Es,
E3) =(1, 3, 5), corresponding to risk classes (R, Ry, R3) = (1, 3, 5) and NS = 3 sensors, are
used. The results of the optimization procedure are resumed in Table 4 (second column),
while the sensor positions of the optimal set are represented in Figure 12.

Table 4. Real Network 1. Optimization results with reference to risk zoning based on fictitious
municipality exposure to HDL (Figure 11) with different exposure weights (E1, Ep, E3) = (1, 3, 5).

Ell EZ/ E3 11 3/ 5
Optimal sensor positions 35, 62,150
Average localization accuracy 0.735

Localization accuracy in E,-E3 0.723-0.867
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Municipal Limits
Network exposure
== E1
B E2
[ E3
Municipal exposure
[JE1
B 2
Bl E3

Figure 11. Real network 1. WDN zoning (white and blue areas) based on fictitious municipality
exposure to HDL (brown areas).

@ Sensor nodes

Municipal Limits
Network exposure
[JEL =1
[ E2=3
I E3 =5

Figure 12. Real Network 1. Optimal position of NS = 3 sensors based on fictitious exposures to HDL
(Figure 11) with different exposures weights (E1, Ep, E3) = (1, 3, 5).

The comparison between Tables 3 and 4 shows that a strong asymmetry of the exposure
distribution influences the average localization accuracy throughout the water distribution
network, as expected. Nonetheless, the accuracy reduction is very mild (0.735), confirming
that the objective of reducing the risk from HDL has no negative influence on the objective
of increasing WDN sustainability by reducing the water resource depletion.

Interestingly, the comparison between Figures 9 and 12 shows that the strong asymme-
try of the exposure contributes to break the symmetry of the optimal sensor set positions.
Indeed, two of the tree sensors (nodes 62 and 150 in Figure 8) are now in the zone with
higher exposure (E3), while the last sensor (node 35) falls in the area with lower exposure
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(E1). This implies that the disposition of the sensors to the east and to the west of the
urban area is sufficient to monitor the leakages originating also from the zone with middle
exposure E; in the central part of the network.

4. Conclusions

Global estimates of water losses from water distribution networks, mainly caused by
faulty joints and damaged or deteriorated pipelines, are incompatible with sustainable
development goals, and have major environmental, economic, and social implications.
Leakages can cause not only water resource depletion but also the formation of cavities
in the urban soil that can subsequently collapse (sinkholes), with possible victims and
infrastructure destruction.

Leak detection and localization in water pipelines is an expanding research field
and industry, driven by the critical need to save a precious resource and mitigate the
consequences of leaks. Early leak detection can prevent significant water losses, soil
infiltration leading to sinkholes, minimize infrastructure damage, protect the surrounding
environment and people, and reduce costs. However, implementing a monitoring system
across the water distribution network of an entire city can be expensive and complex.
Therefore, it is crucial to first identify the areas with a higher risk of sinkholes and ground
subsidence due to water leaks. Monitoring high-risk areas can optimize resource allocation
by water network companies, thereby saving time, energy, and costs.

In this paper, we have proposed a novel framework for the optimal positioning of
pressure sensors aiming at reducing the risk of hydrogeological disruption due to leakages
from water distribution networks. The methodology is based on the use of a Genetic
algorithm for the optimal positioning of the sensors and a Machine learning model for their
training and evaluation.

The results show that:

- the proposed risk-based methodology that accounts for the adverse impact due to
hydrogeological disruption from undetected leaks is advantageous over conventional
non-risk-based methods (that treat all elements at risk equally), since it prioritizes
monitoring locations where more people and critical infrastructure could be potentially
affected in the event of a leak, increasing the likelihood of leakage localization in higher
risk zones due to sinkhole formation;

- the ability of the proposed methodology to detect generic leakage is not adversely
affected, facilitating the additional goal of reducing water resource depletion.

The model developed in this study can assist urban water management authorities in
predicting the urban areas that require urgent monitoring against adverse impacts caused
by leakages from underground pipelines, representing a valuable tool to strategically
deploy the sensors in the network, meeting hydraulic, socio-economic, environmental and
safety requirements.

Future research will focus on the broader utilization of real-world data at various
stages of the presented process. Efforts will be made to implement the proposed framework
using actual sensor pressure and flow data. Additionally, the different components of risk
will be assessed in a more comprehensive and detailed manner. Furthermore, class weights
will be analyzed and evaluated extensively to achieve more accurate characterizations
tailored to the specific case of interest.
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Nomenclature
Ccv coefficient of variation
DC(t) demand pattern coefficient at time ¢
DT Decision Tree
E Exposure
EC; emitter coefficient of the i-th node
GA Genetic Algorithm
GIS Geographic information systems
H Hazard
HDL Hydrogeological Disruption due to Leakage
h; piezometric head at the i-th node
hgt i standardized value of i;
ISTAT Ttalian National Institute of Statistics
M, (P) localization accuracy of the set of sensors P
referred to the leakages from the cluster Oy
ML Machine Learning
M, (P) fitness of the set of senors P
number of accurate predictions made by the set of sensors P
NAL(P) .
regarding the leakages from the nodes of ()
NC number of localization clusters
Nk number of leakage scenarios from the nodes of ()
NN number of junction nodes in the WDN
NR number of risk levels
NS number of pressure sensors
osp Optimal sensor placement
P set of NS pressure sensors
PCA Principal component analysis
Q flow rate through the emitter at the i-th node
qBi base demand at the i-th node
qi(t) demand at the i-th node at time ¢
R Risk
T simulation time
t time
USD United States dollar
W buffer area width
WDN water distribution network
\% Vulnerability
Oh, standard deviation of h;
Oy Subset (localization cluster) of Q)
U, mean of k;
upc(t) Average demand coefficient at time ¢
Subscripts
i Subscript for nodes

k Subscript for the generic localization cluster
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Appendix A

Figure A1 illustrates the transformation of standardized pressure data through the
application of Principal Component Analysis (PCA). PCA enabled the emergence of the
hidden structure within the dataset while simultaneously filtering out noise. Principal
Component 1 (PC1) is prominently identifiable as the direction along which the data exhibit
the most arrangement and dispersion, representing the maximum variance. In contrast,
Principal Component 2 (PC2) and Principal Component 3 (PC3) exhibit significantly lower
variance, as evidenced by the axis intervals in the PCA graph of Figure Al, right panel.
To preserve a substantial amount of the original data’s variance, all principal components
were retained, maintaining the original three dimensions corresponding to the number of
sensors, even after PCA application.

Standardized pressure data Application of PCA (Principal Component Analysis)

[ 00 [-vo8 b
~ c
F-25 o AR A~ - 006 2
s Q.
- -5.0 2 ~ ol 2 F 004 E
b O
F-75 & - 002 =
) P S
=10 3 - 0.00 S
F-12.5 L o0z =
=0 --0.04
0.7

10
Prine, 15
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Ponep, ¢ 25 -0.1

Figure Al. Transformation of standardized pressure data by applying Principal Component Analysis
(PCA): standardized pressure data with the identification of the PCA components (left panel), and

transformed data (right panel).
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