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Abstract: This thesis explores the application of the Analytic Hierarchy Process (AHP) and
Geographic Information Systems (GIS) in decision-making for the renovation and
rehabilitation of water distribution networks (WDN) in Algeria. The study encompasses two
distinct yet interconnected investigations. Firstly, focusing on the Arzew district water
distribution network in Oran, Northwest Algeria, the analysis combines various Decision
Support Systems (DSS), such as GIS, multi-criteria analysis, and hydraulic simulation models.
Through this integrated approach, an expert management system is established to optimize
WDN management in terms of renovation and rehabilitation. Findings reveal that 26% of the
network requires urgent rehabilitation. Secondly, the research delves into the development and
application of a scripting tool within ArcGIS for decision-making in WDN, using the drinking
water distribution network of Tlemcen, located in Northwest Algeria, as a case study. The study
demonstrates the effectiveness of the AHP tool in prioritizing infrastructure renovation and
rehabilitation efforts. Results indicate that 25% of the network is in critical condition and
requires immediate attention, while 62% and 13% are in medium and low states of emergency,
respectively. Key criteria influencing pipe prioritization include material, laying date, and
pressure, each contributing significantly to the overall weight. Additionally, the thesis validates
the results with observed data , implementation and validation of the tool. This thesis
contributes to the field by providing practical tools and methodologies that can be readily
adapted and applied by engineers, water management officers, decision-makers, and planners
for urban water management. The insights gained from these investigations can serve as
valuable guidance not only for the management of water networks in Arzew and Tlemcen but
also for similar contexts worldwide.

Keywords: Python; Scripting; Multi-Criteria Decision Analysis (MCDA); Analytic Hierarchy
Process (AHP); Modeling, Geographic Information Systems (GIS); Water Distribution
Network (WDN); Drinking Water Management.

Résumé : Cette these explore l'application de la méthode de hiérarchie multicritére et des
Systemes d'Information Géographique (SIG) dans la prise de décision pour la réenovation et la
réhabilitation des réseaux de distribution d'eau en Algérie. L'étude englobe deux investigations
distinctes mais interconnectées. Tout d'abord, en se concentrant sur le réseau de distribution
d'eau de la ville de Arzew a Oran, dans le nord-ouest de I'Algérie, I'analyse combine différents



Systemes d'Aide a la Décision, comme les SIG, l'analyse multicritére et les modeles de
simulation hydraulique. Gréace a cette approche intégrée, un systéme de gestion expert est établi
pour optimiser la gestion des réseaux de distribution d'eau en termes de rénovation et de
réhabilitation. Les résultats révelent que 26% du réseau nécessite une réhabilitation urgente.
Deuxiémement, la recherche se penche sur le développement et I'application d'un outil de script
au sein d'ArcGIS pour la prise de décision dans les réseaux de distribution d'eau, en utilisant le
réseau de distribution d'eau potable de Tlemcen, situé dans le nord-ouest de I'Algérie, comme
étude de cas. L'étude démontre I'efficacité de l'outil AHP dans la priorisation des efforts de
rénovation et de réhabilitation des infrastructures. Les résultats indiquent que 25% du réseau se
trouve dans un état critique et nécessite une attention immédiate, tandis que 62% et 13% se
trouvent dans des états d'urgence moyen et faible, respectivement. Les criteres clés influencant
la priorisation des conduites incluent le matériau, la date de pose et la pression, contribuant
chacun de maniere significative au poids global. De plus, la these valide les résultats avec des
données observées , mise en ceuvre et validation de 1'outil. Cette these contribue au domaine en
fournissant des outils et des méthodologies pratiques qui peuvent étre facilement adaptés et
appliqués par les ingénieurs, les responsables de la gestion de I'eau, les décideurs et les
urbanistes pour la gestion urbaine de I'eau. Les perspectives tirées de ces investigations peuvent
servir de précieux conseils non seulement pour la gestion des réseaux d'eau a Arzew et a
Tlemcen, mais également pour des contextes similaires dans le monde entier.

Mots-clés : Python ; Scripting ; Analyse décisionnelle multicritére ; Processus hiérarchique
analytique ; Modélisation, Systémes d'information géographique ; Réseau de distribution d’eau
; Gestion de I'eau potable.
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General Introduction

Water distribution systems (WDS) play a crucial role in ensuring a reliable and sustainable
water supply to communities worldwide. However, the management of these intricate systems
can become increasingly complex due to various challenges, such as leakage, pipe aging, and
deteriorating infrastructures. These issues are often exacerbated by water scarcity and growing
population demands, highlighting the need for effective decision-making tools and strategies.

(Brentan et al. 2022)

One of the paramount concerns in water management revolves around addressing the challenges
posed by aging and deteriorating water distribution networks. Water pipe corrosion is a grave
issue that managers must comprehend before deciding on solutions or new developments
(Amorocho-Daza et al. 2019). The use of multi-criteria decision models and decision support
systems (DSS) can address the complexity of decision-making for the rehabilitation planning

of water distribution networks (Aschilean et al. 2017a).

Several studies have explored the integration of Geographic Information Systems (GIS), Multi-
Criteria Decision Analysis (MCDA), and hydraulic simulation models to support effective
drinking water network management. These approaches have demonstrated their potential in
facilitating data-driven decision-making, enabling the diagnosis of network malfunctions, and
supporting the prioritization of pipeline renewal and rehabilitation efforts (Sener et al. 2010;
Aschilean et al. 2017a; Al-Ghobari and Dewidar 2021; Alrayess 2015; Chérifa Abdelbaki et al.

2014; Brentan et al. 2022).

In recent years, the use of mathematical models, software, and analytical tools has become
increasingly important in decision-making processes for water distribution networks. These
tools can provide valuable insights into complex systems and help identify the best courses of

action for network rehabilitation and management. Techniques such as the Analytic Hierarchy



Process (AHP) have shown promise in water management and can aid stakeholders in
developing more effective strategies. (Greco, Ehrgott, and Figueira 2016; Tarigan et al. 2018;

Amorocho-Daza et al. 2019),

This thesis aims to develop and apply a GIS-based multi-criteria decision support system for
the rehabilitation and management of water distribution networks. The proposed system will
integrate GIS, multicriteria analysis, and hydraulic simulation models to create a
comprehensive decision-making framework. The primary objective is to enhance network
management by identifying and prioritizing critical sections of the network for rehabilitation,

preventing potential problems, and optimizing resource allocation.

The research involved the development of a Python-based tool within the ArcGIS environment,
implementing the AHP method for decision-making in water distribution network management.
The tool's algorithm and script were designed to simplify the process of identifying pipes that
need rehabilitation or renewal by considering multiple criteria and conducting pairwise

comparisons based on Saaty's nine-point scale.

To validate the practical application and accuracy of the developed tool, it was applied to a case
study area in the southern urban agglomeration of Tlemcen, Algeria. This region faces severe
management challenges due to its aging water distribution network, high water losses, and
inadequate infrastructure design. The study provided a detailed walkthrough of the tool's
application, illustrating the step-by-step process of data preparation, criteria selection, weight

assignment, and decision analysis.

Furthermore, the results obtained from the AHP tool were analyzed and compared with existing
condition assessments or expert opinions to validate the tool's decision-making capabilities.
This process not only showcased the tool's practical utility but also identified potential areas for

improvement or future enhancements.



By developing and applying this GIS-based multi-criteria decision support system, this research
aims to contribute to the field of water infrastructure management by providing a
comprehensive and reliable decision-making framework for prioritizing rehabilitation efforts

and optimizing resource allocation in water distribution networks.

This thesis is divided into four main chapters:

1. Literature Review: This chapter provided a comprehensive review of existing literature
and research related to the use of Geographic Information Systems (GIS), Python
scripting language, Multi-Criteria Decision Analysis (MCDA), Analytic Hierarchy

Process (AHP), hydraulic modeling, and water distribution systems (WDS).

2. Decision Support System for the Management of Water Distribution Networks: In this
chapter, the AHP method was applied to the water supply network of the Arzew district
in Oran, northwest of Algeria, to demonstrate its applicability in decision-making for

water distribution network management.

3. Development of the Multi-Criteria Decision-Making Tool: This chapter focused on the
development of an algorithm and a Python-based script tool, dedicated to the decision-
making process related to water management. The tool was GIS-based and utilized the

AHP method for multi-criteria analysis.

4. Implementation and Validation of the Tool: In this chapter, the developed tool was
applied to another case study in the city of Tlemcen, northwest of Algeria. The chapter
aims to provide a detailed walkthrough of the tool's application, illustrating the step-by-
step process of data preparation, criteria selection, weight assignment, and decision
analysis. Furthermore, the results obtained from the AHP tool were analyzed and
compared with existing condition assessments to validate the tool's decision-making

capabilities.
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CHAPTER I: Literature review

I.1. Geographic Information Systems

GIS is becoming an increasingly important tool for spatial decision support system, due to its
diversity of applications in many areas such as military, tourism, agriculture, zoology and of
course, geography. The integration of geography information in computer systems was first
created by Dr Roger Tomlison “The father of GIS”, who worked as a photo-interpreter for
Spartan Air Services in Canada. He is the first one who could pass from the manual overlay to
the digital overlay. The Canada Geographic Information System was the first computerized GIS
in the world in 1963 by Dr Tomson. (Tomlinson, Calkins, and Marble 1976; Sebert 1999; Rura-

Porterfield, Marble, and Alvarez 2014).

The early growth of GIS happened in some principally different areas, and it was between 1960s
and 1970s .The need to integrate data and the relationships between features such as the Chicago
Area Transportation Studies, editing maps during the cartographic production represent a big
problem leading the government of Canada to make a major investment in this field.
(Tomlinson 1974; Goodchild and Haining 2003). In the late 1960s a group of archaeologists
used a primitive version of GIS to generate maps that interpolated the distribution of data based
on a limited number of observations.(Knoerl 1991) By the mid-1970s to the 1980s the
microprocessors were developed and improved and personal computer (PC) is lunched, the
progress in computer memory and graphic capabilities facilitate the use of the pc and this was
a reason of the increasing acceleration in the use of GIS and led to the creation of commercial
GIS Software. (Fazal 2008) This era is known as the commercialization. ARC/INFO, Esri's first
commercial software package is released to the public in 1982 , Esri is one of these GIS software
companies (‘The History of Geographic Information Systems (GIS) | BCS’, n.d.). At the
beginning of 1990s the internet became available in PCs which led to the use of data networks
for geographical data search and distribution. (Fazal 2008) The integration of remote sensing

technology, the data collected from space could be consumed in GIS (GISGeography 2015).
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CHAPTER I: Literature review

The Internet explosion of the late 1990s permitted the data sharing, Open Source GIS was born.

Currently, any individual can use GIS and spatial analysis.

1.1.1. Definition of GIS
Geographic information systems (GIS) are computer applications designed for the
acquisition, storage, analysis, modeling, archiving, and sharing of geographic information
in digital form. (Goodchild 2012) A GIS is a computer-based system that provides sets of
professional capabilities for capture, storage, manipulation and data analysis. (Aronoff 1989)
The difference between a GIS and a map-making program are the data, which are
geographically referenced, means can come from many sources, and can be manipulated and
analyzed in a variety of ways. Geographically referenced data are also known as Geospatial
data where the location and the attributes of spatial features are indexed. (Greenberg, Logsdon,
and Franklin 2002; Chang 2017) Many researchers defined GIS (Maguire 1991), however all
of the definitions have one thing in common which is a decision support system dedicated to

manage the geospatial data.

Other definitions

‘A geographic information system is a facility for preparing, presenting, and interpreting
facts that pertain to the surface of the earth. This is a broad definition . . . a considerably
narrower definition, however, is more often employed. In common parlance, a
geographic information system or GIS is a configuration of computer hardware and
software specifically designed for the acquisition, maintenance, and use of cartographic

data.’ - C. Dana Tomlin

* The purpose of a traditional GIS is first and foremost spatial analysis. Therefore,
capabilities may have limited data capture and cartographic output. Capabilities of

analyses typically support decision making for specific projects and / or limited
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geographic areas. The map data-base characteristics (accuracy, continuity,
completeness, etc.) are typically appropriate for small-scale map output. Vector and
raster data interfaces may be available. However, topology is usually the sole underlying

data structure for spatial analyses.” - William Huxhold

1.1.2. The nature of geographic data
Data format is how data element are presented and stored in records.(Tomlinson 1974) GIS data
are the information used which has geographical and non-geographical records. In GIS Systems

there are two types of data: Raster and vector data.

Raster data: Raster is a method for the storage of spatial data, it is a representation of the real
world where data is represented as a matrix of cells or pixels, each cell must be rectangular in

shape (Escobar et al. 2008) the square cells are the most commonly used.(Huisman 2009)

Grid extent

.—___ Grid Cell

Resolution

F— Y nS03n —»

*+— COLUMNS ———»

Figure 1.1 : Genetic structure for a greed (Fazal 2008)

Each pixel represents a geographical area, and the value in that pixel represents some

characteristic of that area.

Applications of raster data: Raster data is used in a GIS application when we want to display

information that is continuous across an area and cannot easily be divided into vector features.

8
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Vector data: a vector is used to represent points, lines and areas Figure 1.2 . Vector features

have attributes, each attribute has its description and geometry.(‘A Gentle Introduction to GIS

— QGIS Documentation Documentation’, n.d.)

X.Y X,Y
X,Y X,Y
X,Y X,Y
X,Y X,Y
X,Y XY
X,Y X,Y
X, Y X,Y

Figure 1.2 : The vector data model (Fazal 2008)

The points representation is defined as single coordination pairs compared to lines and polygons

representation which is defined by multiple coordination pairs.

Table 1.1: Comparison of raster and vector data formats(Fazal 2008).

Raster model

Vector model

Advantages

Simple data structure

Easy and efficient overlaying
Compatible with RS imagery

High spatial variability is efficiently
represented

Simple for own programming

Same grid cells for several attributes

Advantages

Compact data structure

Efficient for network analysis
Efficient projection transformation

Accurate map output




CHAPTER I: Literature review

Disadvantages

Inefficient use of computer storage
Errors in perimeter, and shape
Difficult network analysis

Inefficient projection transformations

Disadvantages

Complex data structure
Difficult overlay operations
High spatial variability is inefficiently

Not compatible with RS imagery

represented
Loss of information when using
large cells Less accurate (although

interactive) maps

1.1.3. Application of GIS
Geographic information systems support a vast range of applications. In commerce, they are
widely used to maintain inventories of distributed assets in the utility industry, to manage
marketing efforts and to determine optimal locations for retail businesses and services, and to
schedule delivery and pickup services. In science, they are particularly useful for examining
patterns of phenomena on the Earth's surface, formulating, and testing hypotheses about the
spread of disease, the distribution of plant species and the behavior of animals, and the spatial
organization of society. In government, they are used to make choices between alternative
planning options and to manage social services. In the military, they are essential to battlefield

control.(Goodchild 2009)

GIS can be used to map locations. Through automated mapping, data collecting, and surveying

analytic tools, GIS enables for the generation of maps.

10
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People map amounts to locate places that fit their requirements and act, or to see the links
between places, such as where the most and least are. This adds to the information provided by

directly mapping the positions of features.

While we may observe concentrations by simply mapping the locations of features, it can be
difficult to see which places have a larger concentration than others in areas with multiple
characteristics. A density map allows us to count the number of features in a uniform areal unit,

such as acres or square miles, so that the distribution may be seen clearly.

GIS can be used to determine what is occurring within a certain distance of a feature.

GIS can be used to map change in an area in order to predict future circumstances, choose a

course of action, or evaluate the consequences of an activity or policy.(Escobar et al. 2008)

1.1.4. GIS applications in water resources
The spatial nature of data related to water resources is the single most important factor
contributing to data management complexity. GIS software has the potential to revolutionize
the way engineers model water resources. GIS with and without model interface has been
applied to numerous areas including surface water hydrologic and groundwater modeling, water
supply and sewer line design, and stormwater and nonpoint source pollution modeling for urban
and agricultural areas.(Tsihrintzis, Hamid, and Fuentes 1996) Water network operators can use
a management tool that combines GIS and modeling to investigate problems, respond to any
incidents that may occur, and make it easier to understand the work done on the

network.(Chérifa Abdelbaki et al. 2017)

I.1.5. Automating GIS Work
When some of GIS tasks become repetitive, it is necessary to automate these tasks to save time
work. Spatial scripting languages are becoming increasingly important in automating

workflow-based geoprocessing and map production in the GIS domain.(Zhang, Yue, and Guo
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2014) Scripting allows tools to be run repeatedly by looping over the same part of code several
times.(‘How To: Use Scripting in ArcGIS Desktop to Run Custom Tools and Repetitive

Geoprocessing Workflows and Tasks’, n.d.)

Programming languages are typically used to create programs from scratch; however, scripting
languages are used to connect components written in various system programming languages.
There are numerous commercial software such as ArcGIS and open source tools such as
Quantum GIS using Python as a scripting tool, and developed package dedicated for each
software, Arcpy for example is a Python site package for ArcGIS includes tools, functions,

classes, and modules, which serves a tool development.(Zhang, Yue, and Guo 2014)

1.2. Python for scripting language
1.2.1. Definition

Van Rossum wanted to create a language that would allow for easier code development and
testing, easy (or at least understandable) grammar, and results with fewer lines of code in less
time. Python's first was released in 1991 and was freely available from the start.(Toms 2015)
Python is a computer language that is available for free. Python is a widely, high-level
programming language that is interpreted. Python offers a simple syntax and an integrated
development environment.(Dobesova 2011) Python shares the same set of features as other
general-purpose scripting languages but varies from others in its fundamental object-orientation
and because the core language provides class formation, multiple inheritance, method
declaration, operator overloading, and throw and catch exceptions.(Sorokine and Ackermann
2000) Python is a programming language that is object-oriented. An object-oriented program
is made up of interacting objects. Object-oriented programming is supported by many modern
programming languages. Python is compatible with ArcGIS since it is built to interact with
object-oriented languages.(Zandbergen 2015) Geometry classes in object-oriented languages

can represent spatial objects. Geometry classes (such as Point, Line, Polygon, MultiPoint,
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MultiLine, MultiPolygon, and so on)(Zhang, Yue, and Guo 2014) Scripting with Python seems
to be immensely beneficial to the users. Scripts also reduce the amount of manual work required

when processing big amounts of data.(Dobesova 2011)

1.2.2. Using scripting in ArcGIS
Esri developed a Python package dedicated to ArcGIS users named Arcpy, it permits the
coupling of ArcGIS and Python with the objective of making Python scripting simpler and more
sophisticated. Using the ArcPy module, Python may be used to manipulate ArcGIS tools and
Map Documents in order to produce geospatial data and maps in an organized and timely
manner. There are several Arcpy modules such as cartographic module (arcpy.mapping), spatial
analysis module (arcpy.sa), and the geostatistical analysis module (arcpy.ga).(Zhou et al. 2019)
Arcpy is a wrapper module, which means it allows Python to communicate with other programs.
Wrappers, for example, allow users to extract data from an Excel spreadsheet and transform or

load it into ArcGIS.(Toms 2015)

1.3. Modelling

1.3.1. Definition
A model, or something that simulates important components of the situation being examined,
is important to the theoretical and scientific analysis of a situation. A road map, a geological
map, and a plant collection, for example, are all models that represent different parts of the

earth's surface.(Bender 1978)

Models are descriptions of our ideas about how the world works. We transfer those views into

mathematical language in mathematical modeling. There are numerous advantages to this.

e Math is an extremely precise language. This aids in the formulation of concepts and the
identification of underlying assumptions.

e Mathematics is a clear and well-defined language with well-defined manipulation rules.
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e The access to all the results that mathematicians have proven over hundreds of years.

e Numerical calculations can be done on computers.(Marion, Lawson, and Marion 2008)
In addition to their success in physical system design, fabrication, analysis, and improvement,
modeling and simulation techniques are frequently used in organizational and operational

systems.(Yin and Mckay 2018)

Experimentation that would otherwise be difficult or impossible is also possible due to
modeling and simulation approaches. Computer simulations, for example, have aided several
advances in domains such as biology, meteorology, cosmology, population dynamics, and

military effectiveness.(‘Introduction to Modeling and Simulation’ 1995)

1.3.2. Classifications of models
Identifying model categories is important. One way to classify models is by the type of outcome
they predict. In deterministic models, the output of the model is well known so there is no
randomness in this system. Stochastic models possess some inherent randomness.(Marion,

Lawson, and Marion 2008) The hybrid model is mixture of both without any doubt.

1.3.3. Modeling process
There are many definitions of the steps to modelling or the process of simulation, but it is noted

that they all have some common steps where are given below:

e Define research problem

e Design experiments and collect data.
e Select simulation method

e Calibrate and Test the Model

e Validate the simulation model
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1.3.4. Modeling and simulation methods
Simulation models can be generally classified into one of three major types, namely, continuous
event simulation, discrete event simulation, and Monte Carlo simulation or Monte Carlo
methods (MCM).(Muralidhar 2003) One technique to develop models in a top-down
architecture and monitor time-based behaviors within a system is to use discrete-event

simulation.(Yin and Mckay 2018)

MONTE CARLO METHODS are a type of simulation approach that allows to study and
comprehend complicated situations. MCM can refer to any process that solves a problem by

using randomly generated numbers.(Muralidhar 2003)

Continuous simulations are used to represent physical events (processes, behaviors, and
situations) that are described by a set of constantly changing dependent variables.(Fortier and

Michel 2003)

1.3.5. Model Calibration and Verification
Calibration is determined by comparing the output of the model with the measured values. The
verification is a phase in the process of evaluating the model more globally, and it necessitates
a distinct set of measurable data for verifying the model's performance. The model validation
process consists of a combination of calibration and verification stages. The Figure 1.3

illustrates the process of model calibration.(Benedini and Tsakiris 2013)
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Figure 1.3: The mathematical model's calibration process (Benedini and Tsakiris 2013)

1.3.6. Hydraulic modelling of water supply distribution
Water distribution network (WDN) hydraulic models are excellent decision tools for
developing various management scenarios to improve the efficiency and reliability of existing
networks and to build new ones.(Kara et al. 2016) Water distribution system difficulties such
as deteriorating systems, leakage and pipe line disruption, inability to meet demand, poor
system design and water abuse/mismanagement have necessitated water distribution system
modeling, which is quickly becoming a crucial and critical aspect of the WDSs.(Awe, Okolie,

and Fayomi 2019)

1.3.7. Water modelling software
Water modeling software is a powerful tool for simulating and predicting water transportation
and behavior in distribution systems, which can assist preserve system resources, maintain

water quality, and meet consumer needs (Farina, Creaco, and Franchini 2014).

Progress in the field of water supply and the use of computers in it have inspired experts,

scientists, research scholars, developers, and programmers to create a variety of softwares for
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the design and modeling of water distribution networks such as EPANET, Branch, and LOOP,
as well as commercial softwares such as Aquis, H20 map, KYPipe, WaterCAD, WaterGEMS,

and others.(Sonaje and Joshi 2015)

I.4. Multi-criteria decision making
1.4.1. Background

Making decisions in the face of several different criteria is what Multiple Criteria Decision
Making (MCDM) is all about. MCDM has emerged as one of Operations
Research/Management Science's most important and fastest-growing subfields.(Kéksalan,
Wallenius, and Zionts 2011) MCDM is an ancient field and have been used for centuries. The
practice of decision making is ancient, Aristotle (384-322 BC) the Greek philosopher
established a link between rational decision-making and human desires (preferences) however
Benjamin Franklin (1706-1790), who had a simple paper system for selecting his judgement
on an important topic, is the first recorded reference to Multiple Criteria Decision
Making.(Koksalan, Wallenius, and Zionts 2013) The diversity of the MCDA applications is
due to the multiple researcher disciplines contributing in this fields. In politics, Antoine Nicolas
Caritat (1743-1794) presented several interesting results about the conduct of fair elections. In
economics Vilfredo Pareto (1848-1923), an economist, was most likely the first researcher
whose work may be formally classed as MCDM and conclude that 20% of the population of
Italy owned 80% of the property. Many other developments in the field were made by major
contributors such as mathematics, automatics, management science and other area.(Kdksalan,

Wallenius, and Zionts 2011; 2013)

1.4.2. Definition
MCDM is dealing with organizing and managing decision and planning problems using many
criteria.(Majumder 2015) The decision-making process is an activity in which the decision-

maker cannot avoid being influenced by a variety of variables that, in the end, determine what
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will become the winning decision.(Munier, Hontoria, and Jiménez-S&ez 2019) MCDM refers
to the process of selecting the best possible solution based on specified criteria and difficulties

encountered in everyday life.(Jahan, Edwards, and Bahraminasab 2016)

1.4.3. MCDM approaches
Some mathematical elements are shared by the following MCDM approaches: For each
criterion, values for alternatives are assigned, which are then multiplied by corresponding
weights and eventually combined to produce a total score.(Kabir, Sadig, and Tesfamariam

2014)

e Weighted sum model (WSM) (Fishburn, 1967),

e Weighted product model (WPM) (Bridgman, 1922;
e Miller & Starr, 1969),

e Compromise programming (CP) (Zeleny, 1982),

e Analytical hierarchy process (AHP) (Saaty, 1980),
e ELECTRE (Benayoun, Roy, & Sussman, 1966),

e TOPSIS (Hwang & Yoon, 1981),

e PROMETHEE (Brans & Vincke, 1985) and

VIKOR (Opricovic, 1998).
1.4.4. Classification of MCDM Methods
The MCDM methods can be classified in many ways.(Duzce 2017) This classification style is

expressed in Figure 1.4.
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Figure 1.4: Classification of MCDM methods (Tzeng and Huang, 2011: 3)

This classification has relation with the number of alternatives, if a decision problem contains
an infinite number of continuous alternatives, it can be considered as a MPDM method, if it
contains limited and discrete alternatives it can be considered as MPDM method. Other example
of classification ( Figure 1.5), MCDA techniques can be classified in categories such as
outranking methods, multi-attribute utility and value theories (MAUT and MAVT), pairwise
comparison methods, distance-based methods, and fuzzy set theory.(Amorocho-Daza et al.

2019)
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Figure 1.5: General multi-criteria decision analysis (MCDA) technique classification (Greco,

Ehrgott, and Figueira 2016)

1.5. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) is a theory of measurement based on pairwise
comparisons that depends on expert judgment to generate priority scales.(Saaty 2008) The
Analytic Hierarchy Process has been used to solve a wide range of decision problems since its
introduction in the mid-1970s. The AHP's capacity to rank decision alternatives based on both
qualitative and quantitative considerations has resulted in several applications in fields as
diverse as health care, politics, urban planning, and space exploration.(Golden, Wasil, and
Harker 1989) The AHP works fundamentally by defining priorities for alternatives as well as
the criteria used to evaluate the alternatives. A decision maker chooses the criteria. Priorities
are established for the criteria based on their significance in achieving the goal, and then
priorities are defined for the performance of the alternatives on each criterion. These priorities

are obtained from pairwise comparisons using judgment or measurement ratios.(Saaty 2001)
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To generalize, the AHP technique has eight primary applications. It enables the decision maker
to 1) design a form that represents a complex problem; 2) measure priorities and choose between
alternatives; 3) measure consistency; 4) predict; 5) formulate a cost/benefit analysis; 6) design
forward/backward planning; 7) analyze conflict resolution; and 8) develop resource allocation

based on the cost/benefit analysis.(Saaty 1988)

1.5.1. Methodology of AHP
The first stage in an AHP analysis is to create a decision hierarchy (Figure 1.6). This is known
as decision modeling, and it simply includes creating a hierarchy to analyze the decision.(Mu
and Pereyra-Rojas 2017) The decision hierarchy is structured from the top with the goal, then
the objectives from a broad perspective, via the intermediate levels (criteria on which following

elements depend) to the lowest level (which usually is a set of the alternatives).(Saaty 2008)

The second stage is deriving Priorities (Weights) for the Criteria and alternatives, to calculate
the weights of the priorities we need to do a pairwise comparison using the scale of Saaty (Table
1.2) Each element in an upper level is used to compare the components in the level below it to
it.

The final stage is the consistency checking, the consistency ratio C. R. provides a way of

measuring how many "errors™ were created when providing the judgments of the pairwise

comparison.(Golden, Wasil, and Harker 1989)
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Figure 1.6: Structure of the AHP model.(Badri 2001)

Table 1.2: Scale of Measurement for AHP(Golden, Wasil, and Harker 1989)

Numerical Values Definition
1 Equally important
3 Slightly more important
5 Strongly more important
7 Very strongly more important
9 Extremely more important

2,4,6,8 Intermediate values to reflect compromise

Reciprocals used to reflect dominance of the second

alternative as compared with the first.
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To check the reliability of the pairwise comparisons, (Cl) and (CR) allow us to know at what

point the judgments are consistent and they are calculated by Equation (I.1):

CI
CR== (1.1)

where:
RI: Random Consistency Index,

(R1) can be determined from Table 1.3

C] = Amax—n (1.2)

n—-1
where:
Amax - the largest or the principal eigenvalue of the matrix.
n: the order of the matrix.

Table 1.3: Saaty (Saaty 1980) values of random of random index

RI 000 |052 |089 |111 |125 |135 |[140 |145 |149 |152

1.5.2. Application of Analytical Hierarchy Process in Water field
Since its introduction in the mid-1970s the AHP method has been applied in several applications
in water field. In water policy, paper research was done about the application of the AHP to
help power company decision makers predict a national acid rain policy and which acid rain
policy will be selected for the United States. In water management the AHP was used to develop
a Master Plan for Research in surface hydrology and surface water resources for South
Africa.(Golden, Wasil, and Harker 1989) In 1987, a research was made by X. Mei et al. it was
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about using the AHP to solve the water scarcity so that the city of Beijing, China can resume
its normal cultural and economic growth activities.(Mei et al. 1987) In 2000 EI Awar et al.
combined GIS and AHP to rank possible reservoir sites based on a Reservoir Suitability Index
(RSI) calculated for each of these sites in Lebanon region.(EI-Awar et al. 2000) To avoid the
negative impacts of wastewater on the environment, Anagnostopoulos et al. (2007) present a
multicriteria approach based on the Analytic Hierarchy Process (AHP) for township wastewater
facility selection.(Anagnostopoulos, Gratziou, and Vavatsikos 2007) From 2010 to now the
application of AHP method have been increasingly used in different fields not only in water
management with the combination of other decision support system tools such GIS. In 2010 a
research by Sener et al. demonstrate the use of AHP and GIS to examine several criteria,
including geology/hydrogeology, land use, slope, height, aspect, and distance from settlements,
surface waters, roads, and protected areas, to determine the most suitable landfill site.(Sener et
al. 2010) Another paper in the same field was about the determination of the most suitable water
storage locations using a multi-criteria evaluation technique based on GIS(Ahmad and Verma
2018). The AHP method was used also in water supply Infrastructure, a research made in 2019
by Amorocho et al. to determine the preferences of various stakeholders to enable the ranking
of alternatives to provide water in the city of Santa Marta, Colombia.(Amorocho-Daza et al.
2019) The AHP method has become wildly used in water management, wastewater, hydrology,
drinking water supply network, and have been combined with several methods and models to

support the decision making and to have the best alternative choice.

1.6. Water distribution systems

1.6.1. Definition
A water supply system transports water from sources to customers and offers services critical
to the operation of a modern civilization.(Wang 2013) Water distribution systems are big and

complicated networks that are designed and built to meet an urbanized area's water supply
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needs.(Christodoulou et al. 2018) Water distribution systems (WDSs) have a long and
interesting history. As early as the second millennium B.C., the first piped water supply,
including pressure pipes, were recognized in ancient Greece.(Mala-Jetmarova, Barton, and
Bagirov 2015; Crouch 1993) Pipes, pumps, valves, storage tanks, reservoirs, meters, couplings,
and other hydraulic equipment that connect treatment facilities or water supplies to

consumers are classified distribution system infrastructure.(National Research Council 2006)

1.6.2. Pipe-Network Configurations
Branched and looped network systems are the most common types of water supply systems.
The major difference between these two systems is that the flow inside each pipe in a branched
network system is a known value, whereas the flow within each pipe in a looping network
system is an unknown value.(Yoo et al. 2015) Smaller pipes branch off bigger pipes across the
service area, creating a branch system similar to that of a tree branch, allowing water to travel
only one path from the source to the customer. In rural locations, this type of system is most
employed. The most common configuration in big municipal areas is a grid/looped system,
which consists of connected pipe loops throughout the region to be served. Water can go
through numerous paths from the source to the user in this type of system.(National Research
Council 2006) Looped systems are preferred over branched systems because, when combined
with adequate valving, they can provide an extra level of reliability. Considering a main break
near the reservoir in each of the systems represented in Figure 1.7 That break can be isolated
and fixed in the looped system with minimal impact on consumers outside of the immediate
vicinity. Customers downstream from the break in the branching system, on the other hand, will

have their water service stopped until the repairs are completed.(Alrayess 2015)
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Figure 1.7: Looped and branched networks after network failure (Alrayess 2015)

1.6.3. Water distribution networks management
Water services must be planned and maintained in a way that combines the goals and interests
of various user groups as well as external service providers to meet people's diverse water
needs.(Dlamini 2009) Advanced techniques and strategies for the analysis, monitoring,
planning, and operation of water distribution networks are required for efficient and sustainable
management of water distribution systems (WDNs) (Kanakoudis and Tsitsifli 2019). Within
the WDN domain, sustainable management is defined as the use of strategies for the operation
and management of WDNs that allow them to thrive while benefiting both current and future
generations and limiting water resource depletion.(Christodoulou et al. 2018) Deep
understanding of a distribution system's infrastructure is required for operation, maintenance,

extension planning, and adaptation to changing restrictions.(Klingel and Deuerlein 2009)

1.6.4. District Metered Area (DMA)
Water supply networks should be separated into parts named "District Metered Areas” for the
best and most simplified network management. These sections can be thought of as network
parts that contain independent regional water meters.(Christodoulou et al. 2018) Place isolation
valves along select pipes linking one DMA to another (closed links) and a flow meter in the

remaining connecting pipes to create these districts (open links). It is possible to determine the
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DMA's water balance and monitor minimal night flows using the measured inflow and

outflow.(Alvisi and Franchini 2014)

By creating DMAs in an existing network, several criteria are taken into account. Some of the

criteria or factors to consider when forming DMAs are as follows:

e The number of users or connections: typically ranges from 1000 to 2500.

e Topography: It is recommended that DMAs be formed using naturally occurring
topographical features such as rivers, lakes, geographical differences, and even
important roadways, since these will enable easy isolation.

e Isolation and inter - connectivity: the DMAs should be well isolated from one another
for precision in measurements, they should also be interconnected using Isolation

Valves .(Solutions 2019)

1.6.5. Data Loggers and Modeling
The goal of data loggers is to capture meaningful information from the pipeline system for
continuous monitoring of the network state. They are permanently fixed onto crucial points of
the network. The volume of water flow, the water pressure within the pipeline, and the water
quality within the pipe are all examples of data acquired by data loggers. Pressure data loggers
have to be installed at critical points in DMA however the flow data loggers must be at the
interval.(Alves et al. 2014) There is utilization of data logger which is measuring and
monitoring the water lever in a tank. Data loggers were also used to characterize real-time
hourly and daily consumption profiles that represented residents' lives.(Guragai et al. 2018)
Additionally, data loggers that also serve as noise correlators are employed to locate water

leaks.(Christodoulou et al. 2018)
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1.6.6. Water Losses
Water loss occurs in all distribution systems; the amount of leakage varies. This is dependent
on the pipe network's features and other local conditions.(‘Understanding and Managing Losses
in Water Distribution Networks’ 2003) The volume of water flowing through the distribution
system is divided into two categories: "revenue water" and "nonrevenue water." The
nonrevenue water which refers to water losses due to network problems, as well as other criteria
that result in revenue loss for water authorities, such as unbilled or unauthorized water
consumption.(Christodoulou et al. 2018) The losses caused but the network problems are called
Real losses.(AL-Washali et al. 2020) The volume lost will be mostly determined by the pipe
network's characteristics.(‘Understanding and Managing Losses in Water Distribution
Networks’ 2003) However unauthorized water consumption caused by the illegal connections

which are unknown parameters so it is difficult to quantify them.(Klingel and Deuerlein 2009)
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I1.1. Introduction

Water distribution networks (WDNS) are intricate hydraulic systems that comprise nodes that
are connected by pipes with non-linear hydraulic behavior. Making decisions for such a
complex system requires accurate data on the hydraulic state and other relevant variables. The
task of preventing pipeline renewal and diagnosing network malfunctions can prove to be
challenging, and it requires competent network managers equipped with the necessary decision-
making tools. These decision-making tools are mostly reliant on models such as hydraulic
simulation models that simulate the behavior of WDNSs to evaluate their hydraulic state, and
geographic information systems (GIS) that support decision-making in WDN management. As
per the study by (Patel and Mehta 2022), the design of a water distribution network capable of
meeting the growing demand for water as the population increases is of utmost importance. A
water-efficient distribution system is necessary to ensure a continuous water supply service

24/7 throughout the year.

According to (Pandey, Mishra, and Chauhan 2022), there is potential for utilizing sensor
technologies to monitor and identify issues in water distribution networks. Their study focuses
on implementing a real-time smart water supply management and water quality monitoring
system. By continuously monitoring water quality and flow rate, pipeline defects can be
detected early, enabling prioritized maintenance and repair activities to prevent further

deterioration and ensure a dependable water supply system.

In recent years, the use of mathematical models, software, and other analytical tools has become
increasingly important in decision-making processes. According to studies conducted by
(Greco, Ehrgott, and Figueira 2016; Tarigan et al. 2018; Amorocho-Daza et al. 2019), these
tools can provide valuable insights into complex systems and help identify the best courses of

action. For instance, (Zyoud et al. 2016) found that the analytic hierarchy process (AHP)
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method was particularly useful for water management and could help stakeholders develop
more effective strategies. Meanwhile, (Blindu 2004) explored the use of multicriteria analysis
and geographic information systems to evaluate behavior rehabilitation programs over different
timeframes. Another study by (Aschilean et al. 2017b) recommended the use of AHP to

prioritize water distribution network rehabilitation projects.

In this chapter, we explored. the creation of a knowledgeable management system that merges
GIS, multicriteria analysis, and a hydraulic simulation model. The system is intended to make
informed and strategic decisions when it comes to renovating and rehabilitating a water
distribution network. Its primary objective is to enhance network management while preventing

potential problems.

11.2. Study Area

In this chapter, we studied the water distribution network in the East Arzew district, which is
strategically located in the Western Mediterranean and lies about 350 km west of Algiers and
40 km east of Oran (see Figure I1.1). The Gulf of Arzew surrounds the region, which has a
semi-arid climate characterized by moderate winters and dry, humid summers (El Abidine and
Abdelmansour 2019; Chabi et al. 2023). The district has a population of 86000, according to
data provided by ONS 2019. The area is characterized by a rugged terrain with altitudes ranging
from 1 to 200 meters above sea level. The urbanized area represents 50% of the total surface in
this region (5.25 km? from 10.2 km?), the vegetation represents only 5% of the total area and
the rest 45% are Bare ground and range lands. The East Arzew sector receives its water supply
from an elevated tank. The water distribution network stretches across a distance of
approximately 35 kilometers and comprises pipes made of cast iron, steel, and polyethylene

high-density (PEHD) with nominal diameters ranging from 63 to 300 mm.
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Figure 11.1: Geographical location of the study area (Algeria Map - Resources |

Simplemaps.Com, n.d.) (Google Earth, n.d.)

Land use resolution: 10m, Elevation resolution: 30m

11.3. The application of the AHP in the water distribution networks of East Arzew

district

The water distribution network in East Arzew district is one of the fundamental infrastructures
that serve the community. It is crucial to ensure that the network operates efficiently and
effectively. The AHP method is a reliable tool that can help achieve this goal. Divided into two
primary categories, namely data collection and decision-making, the AHP method utilizes
various tools and methods such as databases, GIS, hydraulic modeling of the network, and
multicriteria studies, as illustrated in Figure 11.2. The hydraulic modeling process is a crucial
aspect of designing databases for managing the water distribution network. By collecting the
characteristics of the system's components, such as tanks, pipes, and junctions, the flow of water
through the pipes can be simulated, reflecting the physical characteristics of the system
(Abrunhosa, 2015).. With the help of mapping data, the pipe sections can be identified and
categorized according to their priority, leading to significant advancements in network
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management. Thus, the AHP method can be an effective and persuasive way to manage the
water distribution network in East Arzew district, ensuring it serves the community efficiently

and effectively.
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Figure 11.2: Implementation of AHP in Managing the Drinking Water Supply Network

11.3.1. Hydraulic modeling

In this study, we used MIKE URBAN software to simulate the behavior of the DWS network
in East Arzew district. MIKE URBAN is a highly effective program for modeling urban water,
as it covers all kinds of water networks in a city, such as water delivery, stormwater and sewer
systems (Abrunhosa 2015). Ingeduld et al. 2008 revealed that MIKE URBAN was more
appropriate for modeling the water delivery system in Dhaka, Bangladesh, than traditional
EPANET-based models. This was because of the low pressures and dry pipes in the city. The
research indicated that MIKE URBAN is able to model complex and hard water networks.
(Hountondji and Codo 2019) reported that the application of EPANET software allowed the
evaluation of the current functioning of the Monzoungoudo drinking water delivery network

and the recommendation of necessary actions. The characteristics of the network under study,
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such as the digital elevation model and the properties of pipes, nodes and tanks, are given by
Oran Water and Sanitation Company (SEOR), which uses ArcGIS and MIKE URBAN
software. MIKE URBAN is an EPANET-based calculation model that has many advantages
over typical modeling tools. For example, standard data formats, the integrated interface under
GIS and the calculation engine used for modeling is EPANET. Connecting MIKE URBAN
with ArcGIS offers a number of new beneficial GIS functionalities focused on topological data

analysis (Metelka 2006).

11.3.2. The hierarchical structure of multicriteria decision making

The goal is to define the emergency levels of pipes to rehabilitate the water supply network.
The AHP method is used to break down the goal into hierarchical criteria and sub-criteria. These
criteria and sub-criteria are then weighted based on their importance to the overall goal. Finally,
the alternatives (different pipes) are evaluated against the criteria and sub-criteria, and a score
is calculated for each alternative. The alternative with the highest score is considered the most

in need of rehabilitation, the hierarchical structure is illustrated in Figure 11.3

o Goal: Identify pipes that are most in need of repair or replacement.

o Criteria: 2 criteria are used to evaluate the condition of the pipes, hydraulic, and

physical structure

The five sub-criteria are:

1. Pipe Material: Different pipe materials have varying lifespans and susceptibility to
corrosion. Cast iron pipes, for example, may be prioritized for replacement compared

to PVC pipes.

2. Laying Date: The age of the pipes is a major factor. Older pipes are more likely to have

deteriorated and require maintenance.
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3. Pipe Diameter: The diameter of the pipe is crucial for water flow. Bigger diameter

pipes are more important when it comes to rehabilitation of the network

4. Water Pressure: Water pressure is essential for delivering water to consumers. Low

pressure can indicate leaks or inadequate pipe size.

5. Water Velocity: Excessively high or low water velocity can damage pipes and lead to

problems like bursts or mineral buildup.

Each sub-criteria is further divided into levels. For example, the sub-criteria for pipe diameter
is divided into three levels: less than or equal to 50 mm, 50 mm to 100 mm, and greater than

100 mm.

Goal: Defining the emergency levels of pipes to rehabilitate water
supply network

Diameter
@
5 Materials Pressure
= Levels
<
E
7] Pipe laying Velocity
date
P<2bar,
D<50mm 2<P<4,5bar
£ Steel 50<D=<100mm 4,5=P<7bar
s Cast Iron 100mm<D
= PEHD
V<0.5 m/s

10 years 0.5<V<IL.5m/s

15 years 1.5<V<3 m/s

20 years

Figure 11.3: The hierarchical structure of multicriteria decision making
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11.3.3. Pairwise comparison

A crucial step in AHP involves pairwise comparisons, reflected in Tables I1.1-11.8, which
establish weights for various criteria influencing pipe condition assessment. This analysis
divides the potential content of these tables and their contribution to the overall decision-

making process.

Tables 11.1-11.8 represent the pairwise comparisons undertaken for the main criteria, sub-

criteria and indicators.

Table I1.1: Comparison of the main criteria

Criteria (c) Hydraulic structure Physical structure
Hydraulic structure 1 1/3
Physical structure 3 1

Amax=2 and CR=0

Table 11.2: Comparison of Sub-criteria 1

SC1 Materials  Pipe laying date ~ Diameter  Weight
Materials 1 1/2 3 0.333
Pipe laying date 2 1 3 0.528
Diameter 1/3 1/3 1 0.140

Amax=3.0536 and CR=5.15

Table 11.3: Comparison of Sub-criteria 2

SC2 Pressure Velocity Weight
Pressure 1 3 0.75
Velocity 1/3 1 0.25

Amax=2 and CR=0
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Table 11.4: Comparison of indicator 1

Indicator il.1 PEHD Cast Iron Steel Weight
PEHD 1 1/4 1/3 0.122
Cast Iron 4 1 2 0.558
Steel 3 1/2 1 0.320

Amax=3.018 and CR=1.73

Table I11.5: Comparison of indicator 2

Indicator i1.2 10 years 15years 20 years Weight
10 years 1 1/3 1/5 0.105
15 years 3 1 1/3 0.258
20 years 5 3 1 0.637

Amax=3.038 and CR=3.65

Table 11.6: Comparison of indicator 3

Indicator i1.3 <100mm  100<D<150mm 150<D<300mm \Weight

<100mm 1 1/4 1/5 0.097
100<D<150mm 4 1 1/2 0.333
150<D<300mm 5 2 1 0.570

Amax=3.0246 and CR=2.36

Table 11.7: Comparison of indicator 4

Indicator i2.1 P<2bar 2<P<4.5bar 4.5<P<7bar Weight
P<2bar 1 2 1/3 0.249
2<P<4.5bar 1/2 1 1/3 0.157
4.5<P<7bar 3 3 1 0.594

Amax=3.0536 and CR=5.15



CHAPTER II: Decision support system for the management of water distribution networks

Table 11.8: Comparison of indicator 5

Indicator i2.2 v<0.5 m/s 0.5<v<1.5m/s 1.5<v<3m/s Weight
v<0.5 m/s 1 3 2 0.528
0.5<v<1.5 m/s 1/3 1 1/3 0.140
1.5<v<3 m/s 1/2 3 1 0.333

Amax=3.0536 and CR=5.15

To demonstrate how pairwise comparisons of various criteria were calculated, matrix A was
formed by regrouping the elements of Table 11.4. This approach was adopted to determine the

relative importance of indicator 1.

The elements of table 6 are regrouped in matrix A.

1 1/4 1/3
A=|4 1 2] (I1.1)
3 1/2 1

The weight of these elements is calculated by summing the columns of matrix A then dividing
each of the values in the column by the sum of the columns. The weight is obtained by

calculating the average of each row.

The sum of each column: [8 1.75 3.33] (1.2)

Dividing each of the values in the column by the sum of the columns:

1/8 (1/4)/1.75 (1/3)/3.33 0.13 0.14 0.10
4/8  1/1.75 2/3.33 = [aso 0.57 aeo] (11.3)
3/8 (1/2)/1.75  1/3.33 0.38 0.29 0.30

The weight is the average of each row:

0.558
0.320

(11.4)

0.122‘

The equation of the Det |A — AI| =0 allows to find the eigenvalues of the matrix A.
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Where:
I: the identity matrix
A: the eigenvalues of the Matrix

1 1/4 1/3 100
Det [4 1 2]—7\.[0 1 0]

3 1/2 1 00 1

=0 (11.5)

1-2 1/4 1/3
Det| 4 1-A 2
3 1/2 1-2

=0

o H-r 2 4 2 4 1-2
‘1‘”'|1/2 1—;\|‘1/4'|3 1—A|+1/3|3 1/2

= 1-A[(1-0). (1-0)-((2).(1/2)]- VA[(4).(1-1)-(2).(3)]+L/3[(4).(1/2)-( 1-1).(3)]

1-A [(1-0)%-1] - (1) 32 +  2/3-(1-0)

(1-2)3-(1-1) - (1-)) -( 1-)) +3/2+2/3 = (1-1)*-3(1-)) +13/6
=A3+302-30+1 -3+ 30+ 13/6 =23+ 30%+1/6 =0

2=3.018

n: the order of the matrix, n =3,

RI: Random Consistency Index, Rl = 0.52,

A_max: the principal eigenvalue of the matrix, A_max = 3.018,
Consistency index: CI=(A_max-n)/(n-1) = (3.018-3) / (3-1) =0.009
Consistency ratio: CR=CI/RI = 0.009/0.52 = 1.73%

Once weights are assigned to all indicators, a scoring system is likely implemented. Each pipe

segment is evaluated based on the specific indicators it exhibits (e.g., cast iron pipe laid 15
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years ago). The weights (Figure 11.4) are then factored into the scoring system to arrive at a
final score for each pipe segment. This process is efficiently conducted within ArcGIS, utilizing
its analytical capabilities and spatial data handling features. Pipes with higher scores are likely

ranked as being in greater need of rehabilitation compared to those with lower scores.

€0

¢o0

I

o Illlll

m 15 years m Caste lron m 4.5<P<7bar

m 10 years m Steel B [50<D<300mm

m <2bar m 5 years B 100<D<150mm
<0.5m/s PEHD 2<P<4.5bar
1.5<v<3 m/s <100mm 0.5<V<1.5 m/s

Figure 11.4: Ranked Indicators for Water Pipe Rehabilitation Prioritization using AHP

11.4. Spatial Prioritization of Pipe Rehabilitation (mapping)

To rank the alternatives, ArcGIS is used to select features that match the selection criteria. One
of the selection methods used to select features in a layer is to select features using an attribute
query. Displaying the results as shown in Figure 1. 5 helps to identify the sections and rank
them in order of priority to generate real progress in network management. The maintenance

action's priority sections can be identified based on their order and emergency category. These
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sections are color-coded into three classes, as shown in Figure I1.5. The three classes are: level

3 low in yellow, level 2 medium in orange, and level 1 high priority for intervention in red.

After displaying the map, the linear of each category is divided into 3 levels. The concept of
urgency level allowed to classify the pipes into short-, medium-, and long-term categories for
the rehabilitation of the water distribution network. The first level represents 26% of the
length of the network, which is the most critical and requires immediate attention. The second
level comprises 32%, while the remaining 42% constitutes the last level. This classification

aids in prioritizing rehabilitation efforts, with a focus on the most critical sections, as

illustrated in Figure 11.6.

Figure 11.5: Ranked pipes for Water Rehabilitation in East Arzew district
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H[evell
42%
14.9 Km
| evel2
Level3

Figure 11.6: Linear of sections by emergency level

In Figure 11.7, it can be seen that 97% of the pipes in level 1 of the network are made of cast
iron, which accounts for all pipes that are 100 mm and below in size. The majority of the failures
occur in cast iron (Cl) and steel (ST) pipes, which are no longer used in the water network. On

the other hand, the newer polyethylene (PE) pipes have fewer failures (Tscheikner-Gratl et al.

2017).
3%
0.5
m PEHD
= Cast Iron
0.122
Emengency Level 1 !Veight

Figure 11.7: Percentage and weight of each material
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Figure 11.9: Percentage and weight of velocity
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Figure 11.10: Range of different flow velocities in the pipes
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Figure 11.8 illustrates the emergency level of pipes based on their diameter, while Figure 11.9
depicts the emergency level based on flow velocity. Figure 11.10 combines the results from
Figures 11.8 and 11.9, showing different diameter sizes alongside various flow velocities. It's
noteworthy that over 50% of the pipe length exhibits low velocities below 0.5 m/s, particularly
in pipes with diameters of 100 mm and smaller. The network is a combination between loop
main pipes and branched sections, the looped sections have pipes with diameters ranging from
100 mm and larger. The branched sections are flowing ends with a decreasing diameter. Pipes
located at distribution dead-end mains typically experience low flow velocities and prolonged
stagnation times (Barbeau et al. 2005). This scenario can lead to the settling of suspended
materials within the pipes when flow velocities drop below approximately 0.06 m/s (Vreeburg
and Boxall 2007). Prolonged residence times within pipes can exacerbate issues such as iron
uptake due to corrosion and the reduction of disinfectant residuals (Mutoti et al. 2007),
potentially allowing microbial pathogens to regrow (Abokifa et al. 2016). Furthermore, aging
pipes may exhibit increased concentrations of particulate elements, highlighting the importance

of analyzing suspended particle composition for detecting pipe deterioration (Fujita et al. 2014).

It is observed that diameters less than 100 mm often cause stress on the network. A considerable
portion of the network (4.8 km) is made of cast iron, and around two-thirds of it experiences
speeds lower than 0.5 m/s. This is due to the number of branches or dead-ends on this part of
the network. In terms of pressure. Figure 11.11 indicates that 84% of the network maintains
pressure standards between 2 and 4.5 bar. Additionally, the minimum pressure in a network is
generally set at 2 bar at the point of connection to a house or dwelling. It's important to note
that these indicators are interrelated, which means that changes in one can affect the others in a
complex way. For instance, the velocity can affect the aging of the pipe and material, and the

diameter can affect the velocity, among other factors.
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Figure 11.13: Number of leaks per year per level
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Once the priority sections for maintenance have been identified, it is crucial to verify the
system'’s reliability and ensure that the results accurately reflect the network's actual state. This
involves confirming the appropriateness and reliability of the chosen emergency levels by
analyzing leak occurrence dates and locations. Since leaks in the network indicate potential
failure, they were used to identify areas requiring current, medium, and long-term maintenance
without being introduced as indicators in the study. The appearance of leaks is directly related
to the hydraulic and physical network structure (Pérez-Pérez et al. 2021), so corrective and
preventive application is necessary to reduce leakage rates (Carnero and Gomez 2018). We
imported leakage data as nodes into ArcGIS, which allowed us to determine the location and
date of each leak and classify them by urgency level. Figure 11.12 shows the total number of
leaks distributed across the three levels. Note that Emergency Level 1 has the highest number

of leaks. Figure 11.13 displays leak frequency over the past eight years, categorized by level.

It has been observed that the number of leaks in the three levels of emergency decreases over
time as repair and rehabilitation applications are carried out on the networks. The analysis
results indicate that the method used provides good consistency between the network evaluation

and its actual condition. We compared our findings with the technical report of SEOR (2021).

11.5. Conclusion

This section discusses the development of a method for decision-making to renovate and
rehabilitate distribution water networks. To simplify the complexity of the system, a
combination of decision support tools such as geographic information systems (GIS), multi-
criteria analysis, and hydraulic simulation model were used. The method utilizes physical
characteristics of pipes like diameter, materials, and laying date, along with the hydraulic

structure of the network such as water velocity and pressure to select criteria. By applying the
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AHP method, dimensions, criteria, and indicators were classified. The priority sections for
maintenance action were identified based on the emergency levels category and colors, where
level 3 is low priority, level 2 is medium priority, and level 1 is high priority for intervention in
red color. The result showed that 26% of the network is critical and requires immediate

rehabilitation.
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1.1 Introduction

Water network management faces a significant challenge in maintaining and dealing with
ageing and deteriorating infrastructures, as per (Aschilean et al. 2017a). Water pipe corrosion
IS a grave issue that managers must comprehend before deciding on solutions or new
developments, as stated by (Amorocho-Daza et al. 2019). Therefore, dependable decision
support processes are an essential tool in this regard, as highlighted by (Chérifa Abdelbaki et
al. 2017). Drinking water network management studies have been reported that use decision
support systems (DSS) such as multi-criteria decision analysis (MCDA) and geographic
informatics systems (GIS). (Aschilean et al. 2017a) examined technologies for the
rehabilitation of water supply systems using multi-criteria analysis. Similarly, (Amorocho-
Daza et al. 2019) developed a methodology using MCDA for systematic evaluation of
alternatives in water supply planning. (Chérifa Abdelbaki et al. 2017) reported that introducing
GIS to water infrastructure management allows for the diagnosis of the network and prediction

of future situations.

Decision-making systems and models have been developed for numerous applications. (Curry
et al. 2020) for example build a science framework to support a decision-making process for
large dam renewals and removals. The authors noted that the review and decision-making
processes at these large scales are complex and having a science framework ensures there is a
foundation to support successful and quicker integration and sharing of information among
multiple sectors, decision-makers, and stakeholders, and adaptation of new information or
social directions for the project. (Lima et al. 2021) carried out a multi-voiced multicriteria
analysis that integrated the preferences of local researchers and decision makers in a process
aimed at prioritizing watersheds that require the implementation of groundwater management

instruments. The authors argued that the model is at its best when used as an aid in the decision-
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making process and not as the only or final approach. In a related study, (Zolfaghary, Zakerinia,
and Kazemi 2021) employed geographic information system (GIS) and multi criteria decision
making (MCDM) in investigating the suitability of using urban treated wastewater as irrigation
water. They concluded that due to the desirable effects of wastewater irrigation on crop yield,
the improvement of criteria that had the highest effects on the suitability of using wastewater

can play an effective role in reducing environmental and health hazards.

While many programmers have worked on the development of such a tool, only a few have
implemented this tool in the water field specially on renovation and rehabilitation of water
distribution networks. Oswald Marinoni (Marinoni 2004) described the implementation of an
analytical hierarchy process in ArcGIS using the Visual Basic language to facilitate land use
assessment. (Boroushaki and Malczewski 2008) focused on the integration of GIS and an
extension of the analytical hierarchy process (AHP). They extended the work (Marinoni 2004)
on the AHP method for spatial multicriteria decision analysis. As an improvement of the
previous works on this field (Elhaj 2018) created a python tool to implement the analytical
hierarchy process in ArcGIS. The Python programing language is actively used by many

people, both in industry and academia, for a wide variety of purposes.

The main goal of this tool was to take data from the pipe layer and identify the sections that
must be rehabilitated or renewed by using the Analytic Hierarchy Process (AHP) method
without using any other calculating programs. The algorithm and the script used for creating

this tool and verification of its results was also discussed.
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1.2 Methodology

The research methodology of this chapter includes 3 phases, the algorithm phase, the AHP tool
development phase and the application of the tool phase, Figure Il1.1 illustrates the 3 main

phases of this work.

The algorithm phase showed the main instructions and operations used to run the tool, the AHP
tool development phase illustrated how to create a tool and combining it with the AHP method
with the use of python modules dedicated by ArcGIS, this phase also showed the script used
for this tool. The final phase is the application of this tool in a study area to attempt to test and

verify the results of the AHP tool.

Algorithm > AHP tool
development

Creating the Execution and }

{ scripting tool > validation of the tool
Tool parameter Scripting Application of the tool Results obtained
process in a study area by the tool

Figure 111.1: The three phases in the development and application of a multicriteria

decision making tool: algorithm, AHP tool development and application of the tool

I11.3. Creation of the AHP python tool

The main goal of this tool is taking data from the pipe layer and calculate the emergency level

by using the AHP method. As known this method is based on the binary comparison of several
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criteria and must be represented in matrices of weights. The idea is to consider these matrices
as tables because they are supported in ArcGIS and can be displayed on the table of contents.
The algorithm shown in Figure I11.2 indicates the main instructions and operations used to run

the tool:

Input layer Creating tables of Pairwise comparison & Test of
network criteria & sub - = assign weight of tables consistency
criteria (matrix) created created

|

Output weighting of Summing all Creating fields Assign each weight in
criteria in layer —| weightin the of each corresponding field
network fields indicator

Figure 111.2: The algorithm utilized to run the AHP tool in ArcGIS

111.3.1.  Adding a script tool in ArcGIS
The first step of creating a tool is to add it by entering a name for the script tool, a label
and optionally, a description for the script (see Figure 111.3). This tool will act as the
interface for users to execute the Python script. Secondly, an empty Python script must
be created - AHP_DrinkingSupply.py - in the same folder as shown in Figure 111.4.
Serving as an initial template, this empty script sets the groundwork for the future

incorporation of the Analytic Hierarchy Process (AHP) script.

111.3.2.  Tool parameters
The tool needs parameters and must be set on the wizard panel to be called after that in
the source code and executed as an input. The parameters are the link between the user
and the program. Each parameter has a name which will be displayed in the tool dialog
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box, a data type to indicate the parameter if it is a table, a layer, or a field and lastly has
parameter properties as type if it is “required” or “optional”. This is employed if the
parameter needs to use data from another parameter. It is a filter is utilized when the
user wants to enter only certain values for a parameter. Multivalue is applied if the user

wants to enter a list of values rather than just one value in a parameter.

Add Script X| | Add Script X
Name: Script File:
DrinkingSupplyNetworkAHPAnalyzer —
i C:\Scripting tool\AHP_DrinkingSupply.py “‘__:‘
Label:
AHP_DrinkingSupply '
8 Run Python scriot in process
S @ open X
The "Drinking Supply Network AHP Analyzer®is a Look in: Seripting tool v @ 2 Er| &
geoprocessing tool designed to fadilitate decsion-making in 7.
the context of drinking water supply networks. Leveraging Vo Name Type
the Analytic Hierarchy Process (AHP), this tool assists water [# AHP_DrinkingSupply.py Python Fi
resource professionals, urban planners, and dedsion-makers Home 3 Toolbox tb ArcGIS T
in systematically evaluating and prioritizing various criteria oolbox.thx s i
Stylesheet: Desktop
=
=
— Libraries
|__| Store relative path names (instead of absolute paths)
Always run in foreground =
This PC
g File name: AHP_DrinkingSupply | Open ‘
Network [
Files of type: Al files (*.%) Cancel
[C)Open as read-only
i_ < Back \ Next > Cancel < Back Next > Cancel

Figure 111.3 : Name for the script tool, label Figure 111.4 : Linking the Python Script to the
and description for the script AHP Tool in the Toolbox

111.3.3.  Creating the script tool

Five phases were created in the Python program to work with ArcGIS, the steps are

given below:

The 1% phase was to create a table with the same columns and row names and creating a domain
to use for ranking the criteria after asking the user to input the name of network layer and to

select the fields so the program can take the name of each field and consider it as a criterion.
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To create a table the function CreateTable was applied. The following Python script

demonstrates how to use this function:

import arcpy

arcpy.env.workspace = "C:/folder"

out_path="C:/folder"

out_name = "pipe.dbf"

arcpy.CreateTable_management(out_path, out_name)
To create a table with the same columns and row names, the for loop is employed to iterate over
the members of a sequence in order. This meant that the program would create fields each time

in this table. The function AddField was used to add a field in the table which represented the

name of the criteria. The following script demonstrates how this function was utilized:
for lyr in listlyr:
arcpy.AddField_management(Tablepath,lyr,"DOUBLE")
n=n+1

By designing the domain with CreateDomain, which is the scale proposed by Saaty (Saaty
1980), the user can make a pairwise comparison between the criteria in the table created by the
first phase. The comparison is made using a scale to indicate which element is important to
another element. The nine-point scale includes: [9, 8, 7, ..., 1/7, 1/8, 1/9] (Figure 2). Note that
the domain is a dictionary in python language, to create a glossary for the scale of Saaty (Saaty

1980) , the following script was used:
#Create domaine

domName = "AHPdomaine"
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arcpy.CreateDomain_management(GDBpath, domName, "domain_AHP",

"DOUBLE", "CODED")

#Create domaine dictionary

domDict = {"0,5":"1/2", "0,333"; "1/3", "0,25": "1/4", "0,20": "1/5", "0,1666": "1/6",
"0,142857": "1/7","0,125": "1/8","0,11111": "1/9", "0,1"; "1/10", AL, 2 2 3
"3", "4t 4t e e et e, T T, e g, e o, 10" 10"}
The 2" phase was to calculate the weight of each criterion in the table by creating a python
program to calculate the sum of the columns of the table and then dividing each of the values

in the column by the sum of the columns. The weight was obtained by calculating the average

of each row.

To get access to the data of the table the function Cursor was applied to read and update
attributes of the rows in this table. The following script demonstrates how to calculate the

geometric mean of the rows:
#Calculate the geometric mean:
with arcpy.da.UpdateCursor(fc, fieldNameL.ist) as cursor:
for row in cursor:
row[-1] =product(row[2:-1])**(1./len(row[2:-1]))
cursor.updateRow(row)

The third phase of the program involves adding indicator fields to the main layer, where the
user's selected criteria and sub-criteria are weighted and the rows updated accordingly. This
task was accomplished using three primary functions: AddField, SelectLayerByAttribute, and
CalculateField. The below script serves as an example of how to utilize these functions.
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arcpy.AddField_management(layer,field,"DOUBLE")
arcpy.SelectLayerByAttribute_management(layer, 'NEW_SELECTION',exp)
arcpy.CalculateField_management(layer,field,value,"PYTHON_9.3")

The 4" and the last phase were to calculate the sum of all fields added by the user so that the
program consisted of calculating the sum of the columns selected. This value was divided by
the max value of the sum to give the absolute weight of the indicators. The function
SearchCursor was employed to read-only on a feature class or table. The script below

demonstrates how to calculate and find the max value of the sum:

arcpy.AddField_management(layer,field,"DOUBLE")
arcpy.CalculateField_management(layer,field,value,"PYTHON_9.3")
arcpy.AddField_management(layer,”Absolute”,"DOUBLE")
with arcpy.da.SearchCursor(layer,field)as cursor:

a= max(cursor)
foriina:

i=float(i)
value2="I"+field+'I'+'/"+str(i)

arcpy.CalculateField_management(layer,”Absolute”,value2,"PYTHON_9.3")

111.4.Conclusion

The Python-based AHP tool developed in this study leverages the capabilities of ArcGIS to
update the decision-making process for identifying pipes that require rehabilitation or renewal
in water distribution networks. The tool's algorithm follows a well-defined sequence of

operations, including creating tables, defining criteria, calculating weights, and applying the
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AHP method. The script, written in Python, consists of five distinct phases including the
integration of various ArcGIS functions and modules, such as CreateTable, AddField,
CreateDomain, UpdateCursor, SelectLayerByAttribute, CalculateField, and SearchCursor,

contribute to the tool's efficiency and versatility.
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CHAPTER IV: Implementation and Validation of the Tool

1V.1. Introduction

A Python-based tool was created in the previous chapter to implement the Analytical Hierarchy
Process (AHP) in the ArcGIS environment for decision-making in water distribution network
management. The tool's algorithm and script were designed in the previous chapter to simplify
the process of identifying pipes that need rehabilitation or renewal by considering multiple

criteria and conducting pairwise comparisons based on Saaty's nine-point scale.

Although the development of the tool is a significant contribution to the field of water
infrastructure management, it's essential to evaluate its practical application and verify the
accuracy of its results. To accomplish this, we'll apply the AHP tool to a case study area,

allowing for a comprehensive demonstration of its functionality and capabilities.

This chapter aims to provide a detailed walkthrough of the tool's application, illustrating the
step-by-step process of data preparation, criteria selection, weight assignment, and decision
analysis. By working with a real-world water distribution network, the tool's ability to handle
complex scenarios and integrate various spatial and non-spatial factors will be thoroughly

evaluated.

Furthermore, the results obtained from the AHP tool were analyzed and compared with existing
condition assessments to validate the tool's decision-making capabilities. This process did not
only showcase the tool's practical utility but also identify potential areas for improvement or

future enhancements.
IV.2. Study Area

The developed AHP tool was applied to the water distribution network (WDN) of the southern
urban agglomeration of Tlemcen, Algeria, encompassing the towns of Tlemcen, Chetouane,

and Mansourah. This region, situated in the western part of Algeria, covers an area of
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approximately 112 square kilometers, forming the Tlemcen inner basin (Chérifa Abdelbaki et
al. 2019). The basin's boundaries are delineated by the Lalla Setti cliff to the south, Ain El
Houtz hills to the north, Oum EI Allou to the east, and the small volcanic cone mountains of

Beni Mester to the west (Chérifa Abdelbaki et al. 2019).

The research site, located in the southern region of the urban agglomeration of Tlemcen,
occupies an area of 3.4 square kilometers, as illustrated in Figure IV.1. The study area's
topography is characterized by a rugged terrain and semi-rocky soil, featuring steep inclines
with elevation differences ranging from 800 to 1100 meters (Berrezel, Abdelbaki, and
Benabdelkrim 2022). The WDN of the study area exhibits a significant rate of water loss
exceeding 50% due to various factors, including aging pipes, inadequate construction or repair
practices, and insufficient maintenance and replacement of pipelines (Chérifa Abdelbaki et al.
2012). The water supply system lacks proper structural design, resulting from unplanned
extensions made without adhering to basic design principles (Chérifa Abdelbaki et al. 2012).
Several deficiencies have been identified in the network, such as frequent water supply
interruptions, high levels of water loss due to leaks (60%), and a lack of attention to the aging
and outdated piping infrastructure (Chérifa Abdelbaki et al. 2014). Consequently, the water

networks in this region are facing severe management challenges..

IVV.3. Data used

The database of the water distribution network (WDN) utilized in this research was acquired
from multiple sources, including the works of (Chérifa Abdelbaki 2014; Berrezel, Abdelbaki,
and Benabdelkrim 2022). The main data consisted of the water pipe network. The analyzed
network (main pipes) spanned a length of 65 kilometers, comprising pipes with diameters
ranging from 40 to 600 millimeters and constructed from various materials such as steel,

galvanized steel, and high-density polyethylene (HDPE). The water distribution system
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operated on a gravity-fed principle, utilizing 11 storage tanks with capacities ranging from 1500

to 2000 cubic meters, situated at altitudes between 800 and 1000 meters. The background map

of the study area was obtained from Google Earth Pro and calibrated using the georeferencing

tool available in ArcGIS software (Herbei et al. 2010).
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Figure 1V.1: Location of the study area: Water distribution network of Southern part of the

Tlemcen town urban cluster in Algeria.
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IV.4. Navigating the Tool: A Practical Guide using the tool

The primary objective of this tool was to utilize data extracted from the pipe layer to determine

sections requiring rehabilitation or renewal through the application of the Analytic Hierarchy

Process (AHP) method, exclusively without relying on additional computational platforms, the

validation of its results, were also elaborated upon.

To effectively employ the AHP tool for analyzing and prioritizing elements within a pipe

network, it is essential to understand its operational procedures. This tool comprises five distinct

sub-tools, each designed to facilitate specific aspects of the analysis process. Consequently,

executing five scripts is necessary to yield the desired outcomes. The following guidelines detail

the sequential steps required to navigate the AHP tool effectively:

1. Matrix of Criteria: The initial script, "Matrix of Criteria,” serves as the foundation for

the analysis process. It allows users to define and specify the criteria and options

relevant to each level of the hierarchy. This step is pivotal in establishing the framework

for subsequent evaluations as show in figure 1V.2.
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Figure 1V.2: Creating the criteria table
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The output of the first script, involves the creation of tables that reflect the structure of the
binary comparison matrices (Figure 1V.3). These tables feature identical column and row names
corresponding to the criteria and indicators defined by the user. Subsequently, the tool utilizes
these tables to facilitate binary comparisons and compute the weights associated with each
criterion and indicator. This structured output streamlines the subsequent analytical processes,
ensuring consistency and accuracy in the assessment of criteria importance and priority levels

within the pipe network analysis framework.
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= 3 CA\Users\hp\Decuments' Tablel.gdb

- ERI AL ]
=0 Table1_of creteria i e x
OBJECTID* | layername | Cyear | Diameter Material
b/ Crear 3 2
/VZFameter <Hull v 1| <Nutk
3| Material Nul> | <Mul: 1
[ 110
19
- . 18
Criteria }g
15
E—— 104
Saaty Scale —] -
1

Figure 1V.3: Pairwise comparison

2. Inthe second script, named "Weighting," (Figure 1VV.4) the user inserts the weights of
the parent criteria, also known as "higher-level criteria.” These are the criteria that have
sub-criteria beneath them. Therefore, when assigning weights to the sub-criteria, it is
essential to consider the weight of their parent criteria. The weighting tool automatically
calculates the weight associated with each criterion based on the inputs provided by the

user.
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Figure 1V.4: Judgment weight calculating

3. In the third script, known as the "Matrix of Subcriteria," users can generate a
comprehensive table including indicators essential for assessing different alternatives
within the pipe network (Figure 1V.5). This script builds upon the criteria table

established in the preceding step, allowing users to specify and weigh indicators crucial

for the evaluation process.
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Figure 1V.5: Creating the Sub-Criteria Table
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4. In the fourth script, referred to as "Creating the Alternatives,” (Figure 1V.6) the table of

indicators generated in the previous step is utilized. This involves the creation of fields

within the main layer of the pipe network dataset. Specifically, each field corresponds

to the weight assigned to one sub-criterion. In our scenario, where we have 5 sub-criteria

and 15 indicators, this process ensures that all relevant criteria and their associated

weights are accurately represented within the dataset. Query Builder allows the selection

of indicators and the creation of fields for the weight assignment of each section as

shown in Figure IV.7.
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Figure 1V.6 Creation of alternatives on the network layer
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Figure 1V.7: Expression of the selection and weight assignment for selected sections

5. The summing tool, integrated into the fifth script, facilitates the calculation of the total
weight assigned to each pipe section. This is achieved by summing the values across the
weight columns generated in the earlier steps. Figures 1V.8 and V.9 provide a visual
guide on utilizing the tool to compute a new field that aggregates these weights. This
final weight determination process ensures that each pipe section is appropriately

evaluated based on the collective importance of its associated criteria and indicators.
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Figure 1V.9: Field calculator

Once the final weights of each pipe section are calculated, the user can proceed to classify them
based on their respective weights to prioritize maintenance actions or other decision-making

processes pertaining to the pipe network. The proposed classification system categorizes the
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sections into three classes: green for low priority (level 3), yellow for medium priority (level
2), and red for high priority (level 1). This systematic classification enables the identification
of priority areas for maintenance actions and facilitates the classification of pipelines into
immediate, intermediate, and long-range repair categories within the water distribution

network.
IV.5. Geospatial Analysis for WDN Prioritization

The primary pipeline under examination is 65 kilometers long and has a diameter range of 40
to 600 mm, made of different materials such as cast iron, PEHD, and steel. The pipes have been
classified based on their weight, which has allowed the network to be prioritized based on their
level of emergency. Each pipe has been assigned an order, category, and color to reflect its
emergency status. Pipes with higher weights are given higher priority status, with more urgent
categories and more distinctive colors (such as red) as shown in Figure 1V.10. Similarly, pipes
with lower weights are assigned lower orders, less urgent categories, and less distinctive colors

(such as green) to reflect their lower priority status.
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Figure 1V.10: Ranked pipes using the AHP tool

In Figure 1V.11, a detailed analysis is presented regarding the factors that play a role in
determining when pipe renewal is necessary. The evaluation assigns weights to various
indicators, with "Cast Iron" and "20 years" being assigned the highest values compared to other
factors. This prioritization indicates that cast iron pipes that were installed two decades ago are
the most likely pipes to require rehabilitation or replacement. This prioritization is based on two
main factors. Firstly, cast iron pipes are known to be vulnerable to corrosion and wear and tear
over time, which increases the risk of blockages and leaks (Tscheikner-Gratl et al. 2017).
Secondly, pipes that have reached the 20-year mark are likely approaching the end of their
expected lifespan, making them ideal candidates for preventative maintenance before major

issues arise.
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Figure 1V.11: Ranked Indicators using AHP tool

This strategic approach ensures that resources are focused on the most critical areas of the pipe
network, which maximizes efficiency and minimizes disruption. steel pipes experience more
water losses compared to polyethylene pipes, which have fewer failures in the water distribution
network. The results can also be impacted by the pressure criteria and the indicator "4<P<7
bar", as it is widely accepted that water pressure for domestic use should not exceed 4 bars
(Aschilean and Giurca 2018). If this value is exceeded, water leaks can occur (Abdelbaki et al.

2014).

According to the findings presented in Figure 1V.12, it can be inferred that a significant
proportion of the network, that is, 25%, is presently in a critical phase (level 1), thereby
necessitating urgent rehabilitation measures. Moreover, it has been observed that 62% of the
network is currently facing a medium degree of emergency (level 2), while the remaining 13%

has been classified under the low level of emergency (level 3).
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Figure 1V.12: Weights of each emergency level obtained by the AHP Tool.

An effective way to analyze the distribution and importance of specific indicators on a network
is by using ArcGIS to display their location on a map. For instance, the "material” criterion and
its sub-criterion, the "PEHD" indicator, can be examined to understand its contribution to the
overall prioritization of pipes. By displaying the distribution of this material on the network,
decision-makers can determine its presence in high-priority areas and take informed decisions
about rehabilitation and maintenance actions. This method helps decision-makers follow each
indicator and observe its influence on the network, enabling them to classify network zones and
select pipes with higher rehabilitation priorities. When sufficient network information is
available, it is essential to choose effective criteria, including technical and non-technical

criteria such as climate and special requirements.

Figure 1V.13 illustrates this distribution, indicating a relatively low presence of PEHD pipes
(3.5 km) in the high-priority areas. This spatial analysis aids decision-makers in strategically
planning rehabilitation and maintenance efforts, considering both the relative weight and

geographic context of specific indicators on the network.

71



CHAPTER IV: Implementation and Validation of the Tool

e e
o N b

Linear network (km)

1 2 3
Emengency levels

o N b~ O ©

Figure I1V.13 Linear network of PEHD pipes.

1°20'0"W 1°19'0"W 1°18'0"W

Birouana

Boudghene

El Kalaa Inferieur!

Sidi Tahar

34°52'0"N

Tanks

34°52'0"N

1°19'0"W

1°20'0"W 1°18'0"W
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IV.6. Validation of the tool

The validation process is built upon the research of previous researchers (Abdelbaki et al. 2014;
Abdelbaki et al. 2016; and Berrezel et al., 2022 and 2023). These researchers have looked into

different aspects of drinking water network operations such as conducting surveys and
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diagnosing issues arising from water supply disruptions. By incorporating the insights and
findings from these studies, a more comprehensive and nuanced understanding of the

emergency levels within the study area (Figure 1V.14) was developed.

(Abdelbaki et al., 2014) utilized field surveys in their study, conducted in 2014, to validate and
ensure the accuracy of their results with the actual ground conditions. This helped to increase
the credibility and robustness of the study. The survey was designed to assess the quality of
service provided to subscribers, which included evaluating the quality of repair work and
customer complaints. To evaluate the satisfaction levels of customers with the current water
supply service and to identify areas of improvement, both customer and manager surveys were

conducted.

The conducted study involved surveying a total of 100 participants, consisting of 30 employees
of Algérienne Des Eaux (ADE), the water company, and 70 subscribers residing in the urban
area of Tlemcen. The satisfaction levels reported by the respondents in the surveyed regions,

namely Birouana, Boudghene, El Kalaa Inferieure, and Sidi Tahar, varied.

According to the survey results in Figure V.15, Birouana has a majority of respondents (50%)
reporting moderate satisfaction, followed by good satisfaction (27%) and poor satisfaction
(23%). Boudghene, on the other hand, has a higher percentage of moderate satisfaction (45%)
with good satisfaction (25%) and poor satisfaction (30%). El Kalaa Inferieure experiences a
majority of poor satisfaction (61%), lower levels of good satisfaction (24%), and moderate
satisfaction (15%). Sidi Tahar stands out with the highest percentage of good satisfaction
(40%), followed by moderate satisfaction (45%), and the lowest percentage of poor satisfaction
(15%). It is noteworthy that the Analytical Hierarchy Process (AHP) rankings closely
correspond to the levels of satisfaction reported in the survey for the majority of cases, thereby

indicating a consistent pattern of prioritization.
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We found that our classification of emergency levels matched 90% of the results obtained from

the survey, indicating that our findings are valid. Additionally, the technical indicators

presented in (Abdelbaki et al. 2014) study were crucial in validating our results. For example,

the non-revenue water indicator in the survey revealed a high percentage of water losses, which

corresponds to the high emergency level category areas we identified. Similarly, the customer

complaints indicator showed a high number of complaints in certain areas, which was also

consistent with our classification of high emergency-level areas. It's worth noting that we

should provide more detailed information about our methodology in the relevant section.
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Figure 1V.15: The validation outcome comparing the surveys with the AHP tool

IVV.7. Conclusion

The application of the developed Python-based AHP tool in ArcGIS for decision-making in

water distribution network management has demonstrated its practical utility and effectiveness.
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The implementation of the tool in the case study area of the southern urban agglomeration of

Tlemcen, Algeria, has provided valuable insights and validated the tool's capabilities.

The results of the study revealed that 25% of the analyzed network is in a critical state,
necessitating immediate rehabilitation, while 62% exhibited a medium state of emergency, and
13% was found to be in a low state of emergency. The primary criteria that significantly
influenced the prioritization of pipes for rehabilitation were material (26% of total weight),
laying date (26% of total weight), and pressure (20% of total weight). Among the indicators,
cast iron pipes (26% of total weight) and pipes with a laying date exceeding 20 years (26% of
total weight) were assigned the highest weights, reflecting their criticality in the decision-

making process.

The validation phase of the study played a crucial role in ensuring the accuracy and reliability
of the obtained results. Field surveys confirmed the effectiveness of the GIS-based approach in
identifying potential water infrastructure failures in the study area, further strengthening the
credibility of the findings and reinforcing the tool's potential to guide water management

decision-making processes in Tlemcen and other regions.

The developed tool offers a user-friendly interface that can be utilized by scientists, engineers,
and water management professionals as a comprehensive guide for urban water management in
Tlemcen and potentially other regions worldwide. This study represents a novel approach to
the management of water distribution networks by seamlessly integrating GIS and multicriteria

decision analysis (MCDA) techniques to prioritize rehabilitation and maintenance actions.
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Conclusion

General Conclusion

This study discusses the development of a novel method for decision-making to renovate and
rehabilitate distribution water networks. To simplify the complexity of the system, a
combination of decision support tools such as geographic information systems (GIS), multi-
criteria analysis, and hydraulic simulation models were utilized. The method employs physical
characteristics of pipes like diameter, materials, and laying date, along with the hydraulic
structure of the network such as water velocity and pressure, to select relevant criteria. By
applying the Analytic Hierarchy Process (AHP) method, dimensions, criteria, and indicators
were classified, enabling the identification of priority sections for maintenance action based on
emergency levels and color-coded categories, where level 3 is low priority, level 2 is medium
priority, and level 1 is high priority for intervention in red color. The results, obtained from a
case study in the East Arzew district, showed that 26% of the network is critical and requires

immediate rehabilitation.

The Python-based AHP tool developed in this study leverages the capabilities of ArcGIS to
streamline the decision-making process for identifying pipes that require rehabilitation or
renewal in water distribution networks. The tool's algorithm follows a well-defined sequence
of operations, including creating tables, defining criteria, calculating weights, and applying the
AHP method. The script, written in Python, consists of five distinct phases and integrates
various ArcGIS functions and modules, such as CreateTable, AddField, CreateDomain,
UpdateCursor, SelectLayerByAttribute, CalculateField, and SearchCursor, contributing to the

tool's efficiency and versatility.

The application of the developed Python-based AHP tool in ArcGIS for decision-making in
water distribution network management has demonstrated its practical utility and effectiveness.

The implementation of the tool in the case study area of the southern urban agglomeration of
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Tlemcen, Algeria, has provided valuable insights and validated the tool's capabilities. The
results revealed that 25% of the analyzed network in Tlemcen is in a critical state, necessitating
immediate rehabilitation, while 62% exhibited a medium state of emergency, and 13% was
found to be in a low state of emergency. The primary criteria that significantly influenced the
prioritization of pipes for rehabilitation were material (26% of total weight), laying date (26%
of total weight), and pressure (20% of total weight). Among the indicators, cast iron pipes (26%
of total weight) and pipes with a laying date exceeding 20 years (26% of total weight) were

assigned the highest weights, reflecting their criticality in the decision-making process.

The validation phase, involving field surveys, played a crucial role in ensuring the accuracy and
reliability of the obtained results. It confirmed the effectiveness of the GIS-based approach in
identifying potential water infrastructure failures in the study area, further strengthening the
credibility of the findings and reinforcing the tool's potential to guide water management
decision-making processes in Tlemcen and other regions. The developed tool offers a user-
friendly interface that can be utilized by scientists, engineers, and water management
professionals as a comprehensive guide for urban water management in Tlemcen and
potentially other regions worldwide. This study represents a novel approach to the management
of water distribution networks by seamlessly integrating GIS and multi-criteria decision

analysis (MCDA) techniques to prioritize rehabilitation and maintenance actions.
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