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ABSTRACT

Water Distribution Network (WDN) is the most important element in water supply
systems. According to the Canadian Water and Wastewater Association (CWWA), there
are more than 112,000 kilaters of water mains in Canada and their replacement cost is
estimated to be $34 billiosince majority of pipelines are frequently above 100 years old,
they are prone to failure and outbreaks of disease derivable to drinking water are inevitable.
Breaka@ in water infrastructure can result in disruptions and damage to other surrounding
infrastructure such as road networks or structures. Moreover, unschesodgdency
rehabilitation works can cause interruption to trafflftouseholdsand businesses
Therdore, it is important to assess theknowncondition of WDNSs to find their respective

rate of deterioration in order to prevent disastrous failures or sudden shutdowns.

Determining pipe condition through cesffective assessments will grant very poor
condition pipes to be considered first in order to avoid related risk and devastating failures.
The problem here is that in most cases, there are limited data about condition of water
mains due to the underground location of the pipelines and their resattessSeveral

pipes were installed 100 yeargoaand they have not been examined until a problem
occurred. An extensive literature review shows the absence of comprehensive and
generalizedmaintenancemodel for scheduling therehabilitation and replaceent of
individual pipelinesin the whole networlbased on theiremaining useful life. Previous
research efforts concentrdtmostly on developingnodels, whichutilize longterm data

and consider solely the pipe segments not the whole netBorke pipe segments are
connected together, the performance of one pipe affect the performance of other pipes in

the neighborhood. This is the reason that pipes should be considered as a network rather
i



than individual pipelineThis shows the need for a oe which could forecast the behavior

of eachpipeline and the whole network based on available data simultaneously.

This study aims to develop a model that can predict remaining useful life to optimize the
needed intervention plans based on the availbbtiget. For this purpose, a statistical
condition model is developed which utilizes characteristics of a pipeline to predict its
condition. In this model, Delphi study identifies the most important factors affecting
deterioration of water pipelines atdir through three rounds of questionnaires sent to
selected experts. The findings show that important factors are mainly physical factors such
as pipe age, pipe materiatc. After that, Fuzzy Analytical Hierarchy Process (FAHP) and
Entropy Shannon are groyed to prioritize the selected factors in previous step and
calculate their weights based on their relative importance. Results reveal that pipe
installation, age and material are the most effective parameters in deterioration. These
weights are used tind the condition index of the pipeline from pipe characteristics, soll
and water properties. Upon determining the condition index, the remaining useful life is
estimated using the developed artificial neural network (ANN). Ultimately, the budget is
allocated efficiently and different repair and replacement strategies are scheduled based on
the remaining useful life and breakage rate of the pipelines utilizing the developed near
optimum Genetic Algorithm (GAbased model. Data of the water distributiotwoek of

the city of Montréal is used to develop, train and validate the developed models. Results
indicate that 30.7 km of the pipelines of Montreal should be replaced in the next 20 years
and 2610 km are in need of both major and minor rehabilitatidns ré&search proposes a

framework for optimized replacement and maintenance plans based on the remaining



useful life and condition of the pipelines which will help operators for efficient budget

allocation and better management of needed intervention plans
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1.1.Problem statement and research motivation
Water Distribution Network (WDN) is reported to be the most expensive part of water
supply systems (Giustolisi et al. 2006)nce itis largdy spreadunderneath the ground
surface WDN is also the significant element in providing thealthydrinking water
Accordingtothe2 013 ASCEOGs report car d2iffcenturyid mer i ¢
specified aghe end of useful liféor most of the water distribution networks in the WS.
is predicted that 240,000 breaks will happen per year and the cost of replacement estimated
to be $1 trillionassuming every pipe needs to be repladéareover, he recent2016
Canadian Infrastructure report card for drinking water stipulateatof the drinking
water systemall over Canada isated fair to very pooand the replacement value of these

assetss estimated to be $24.5 billion.

Therefore, it ismportant tomonitor and assess the condition of these netwbrksighout

the time since&knowing the longterm conditionof pipeline helps in finding therate at

which it depreciatesldentifying the deterioration rates and themaining useful lifewill

help in performing more economical aedstefficient replacement and maintenance
measure such as preventing from premature renewal of excellent condition pipes to save
money and timen a number of cases, data needed for generating and estiotatdigon

and subsequentiemaining useful life may be insufficiert.could be of the reason that
pipelines are located underground and access to them is res8idbsequently, prediction

models should be employed to forecast the behavior of then@pdlased on the available



data such as pipe desigdonsequently, it is supposed to be a high demand for these

assessmemhodels over the next two decades.

Although this subject has been studied extensively in the literdtowesver the existing
studieshave undergone several limitations. As a way of illustration, anlgw of the
reported studies focused on the whole netwoskead ofindividual pipe segmenttor
developing amaintenance and replacement prograviureover, they rarely entailed
applicaton of bothremaining useful lifeandbreakage rat& identify anddeterminethe
segments opipelinethatneedto undergo a measur€his study aims to developbaudget
allocation and residual life prediction models for water distribution netlwaskd on the
condition and breakage rate of pipe segmédrismodelswill be utilized in developing a
comprehensivevaluedriven optimized intervention plansand ease selecting the

rehabilitation and replacement strategies efficiently.

1.2.0bjectives
The man objective of this researdhl to study current practices, optimization tools and
techniquesused inprediction ofleakage inwater distribution networks and ultimately
develop an integrated optimization model for vadineen budget allocation at network

level to achieve the following sutibjectives:

1 Developamulti-attributedconditionindex
1 Predict the remaining useful life of pipe segments

1 Establishrehabilitation and replacement planning model



1.3.Research methodology
The methodology of this researchbroadly described inChapter3. It consists ofthe

following mainstepswhich are summarized below:

1. Literature Review

The existing researchasereviewed to find tbseworks that are similar to performance
prediction models in water distribution networkch as condition rating, deterioration
and life prediction of pipe segments. It also covers the different techniques that have

been used in model development of this research.

2. Delphi Survey

Delphi survey is performed to find the moshportant factors &écting the
deterioration of water pipelingased omlifferentperspectives of experts. To figure out
the factors, several questionnaires were distributed ammelegtedexperts and their
viewpoint were collected and analyzed. Three rounds of survey weiemped until

the experts reachexktonsensus on the most important parameters.

3. Condition Index Model

The factors selected in Delphi sunagprioritized and ranked based on threilative
importance througmtegration otwo ranking methods dfuzzy Analytical Hierarchy
Process and Shannon Entrapgthod. Resultareemployed to estimatéhe condition

of the pipe segments and edisiba condition index model.



4. Remaining Useful Life Model

This steputilizes artificial neural network to predicgmaining useful life of irservice
pipelinesfrom their condition and physical properties. Different training algorithms,
number of neurons and hidden layers are employed to find the most accurate model

which estimates the residual life precisely.

5. BudgetAllocation Model

This step deals with constrained budget for yearbintenanceplans of the water
distribution network. It chooseme scenaridor each segment considering the future
breakage rate and the relative costliffierentscenarios. Geneticgdrithm is applied

to maximize use of budget through minimizing the difference between total cost and

constraint budget.

1.4.0rganization of thesis

This research proposal consistsixfChaptes as follows:

Chapter 2coversthe literature review The reviewfocuses on the related aspect of the
methodology includingl) Facbrs affecting the deterioration, 2xigting leak detection
methods along withhieir advantages and limitatior®y,Performancenodels ther basics

inputdataand results4) Selected remarch technique$) FAndings, limitations and research
gaps.
Chapter 3 describei¢ research methodologyntainingmodek developmentit first

defineshow condition index is estimateddm the parameters selected through Delphi

study and rankedby Fuzzy Analytical Hierarchy Procesand Shannon Entropylhen,

4



different steps of predicting remaining useful life are explained. Chapter 3 is wrapped up

by demonstrating thieudget allocation model

Chapter Zxplainsthe data collection anahalysis. It expesse$ow data is collected from

literature,questionnairgsmunicipality of Montrealnd the way data is analyzed.

Chapter Selaborates the developmenftthe models previously described in chaptelt 3.
describes each model individually and disclos®lel implementation to the case study of

city of Montreal.

Chapter 6wraps the studwp by highlighting theconclusions anaontribution It also

emphasizes othe limitations andorings up a fewecommendations for future works.



2.1.Chapter overview
This Chapteraims to provide a comprehensive and thorough literature review ahtert
distribution networks and deteragion models. It starts with a completeplanation abut
factors influencing failurend deterioratiorand ges ovetthe entirefactorsone by one
(section 2.2). It continues with describing theurrent non-destructive leak detection
methodsclassifiedbased on the technologies usamuad highlights the advantages and
drawbackf each(section2.3). After that, theexistingdeterioratiorand remaining useful
models are briefly explained and their inpaihd outputs armtroduced Furthermorethe
limitations of each class of models are brought(sattion2.4). Next section comes with
thoseresearchiechniques, whiclvere used duringhts studyincluding Delphi technique,
Analytical Hierarchy ProcessShannon EntropyArtificial Neural Networkand Genetic
Algorithm (section2.5). Finally, overall findings and limitation of this review will be

demonstrated (sectich?).

2.2.Factors influencing deterioration
There are several factors in literature whigbved to be effectiven pipe deterioration.
According to National Guide to Sustainable Municipal Infrasture, these effective
factors can be classified as physical, environmental and operational faeloles2-1 has
summarizedall of the factorsfrom Best practice (2003) along with other factors in

literature



Table2-1.Important factors in deterioratiaf water pipe (Bst practice, 2003)

Factor

Explanation

Pipe material

Pipes madéom different materials fail in different ways.

Pipe wall thickness

Corrosion penetrasg¢hin-walled pipe more quickly.

Pipe age Effects of pipe degradation become more apparent over time
Pipe vintage Particular time and place in which pipes arade
Pipe diameter Small diameter pipes are more susceptible to beam failure.
Eég?irl]'g'ng and Lined and coated pipes are less susceptible to corrosion.
o . _ Process of installationoor installation practices can damg
5 | Pipe installation : . .
= pipes, making them vulnerable to failure.
g Defects in pipe produced by manufacturing errors can make
8 | Pipe manufacture | vulnerable to failure. This problem is most common in olde
_g\ cast pipes.
o Pie lenath The length of pipe between two sectiptie possibility of failure
'pe feng increase with increasing in length.
Pipe location Migration of road salt into soil can increase the rate of corros
- £ioint Some types of joints have experienced premataitare (e.g.,
ype ot joints leadite joints).
Thrust restraint Restrain to bear longitudinal stressesiadequate restraint cg
rust restrain increase longitudinal stresses.
o Connection of twopipes with different materialsDissimilar
Dissimilar metals : . .
metals are susceptible galvanic corrosion.
Some soils are corrosive; some soils experience signif
_ _ volume changesn response to moisture changesulting in
Bedding Soil type L g . P ge 9
changesn pipe loading. Presence of hydrocarbons and solver|
soil mayresult in some pipe deterioration.
" Backfill material Some backfill materials are corrosive or frost susceptible.
g Soil pH Low pH reduces the strength of the PCCP
g Groundwater Groundwateican beaggressive toward certain pipe materials.
g Climate influences frogienetration and soil moistureermafost
o | Weather/temperatur . .
£ must be considered in theoNh.
§ Changes in the support arldading structure on theige,
= _ Underground disturbances in the immediate vicinity of an exjis
5 | Disturbance

pipe can lead to actual damagbangean thesupport and loadin
structure othe pipe.

Stray electrical
currents

Occurrence of electrical currents between two objects thatyd
should not have anggtray currents cause electrolytic corrosiof

Seismic activity

Seismic activity can increase stress ipe and cause pressy
surge




Traffic distribution/ Effect of externalstatic and dynamimad on pipes

Landuse

Water pressure Changes to internal wett pressure will changgresson the pipe.
Water quality Some water is aggressive, promoting corrasion

Water pH Low pH and low alkalinity cause loss in strength

Water velocity Rate of internal corrosion is greater in unlined deaded mains
Leakage The leakage ratend size if there is any

Unwanted flow of water in the reverse directiofross
Backflow potential | connections withinfrastructurethat do not contain potable wat
can contaminate water distribution system.

Quality of the performance obperation and maintenan
practices.

Oxygen content Oxygen helps in corrosion

Operational factors

O&M practices

All these factordead todeterioration of pipnes. Severaldifferentfactors are studied in
most of the researches perfornmtdeterioration modeldn the next sectigreachfactor

is explained brieflyvhere applicable.

2.2.1. Physical/Sructural factors

Pipe material: There are variety of materials such as cast iron (Cl), ductile iron (DlI),
stainlesssteel, asbestos cement, reinforced concrete (RGitaesed concrete aytier

pipe (PCCP), plyethylene (PE)andPVC for pipeline. ey can be classified as three
main groups of cemeiiitased, plastic and metallic pipes. Each material has its own
features benefits and limitatins Best practice (2003jonsideredpipe material as an
important factor in deterioration process aegortedthatpipesmadeof diversematerials

fail in different ways. According to AWWSC (2002), cast iron pipes whieheprevalent

before 194006s, become | ess popul ar after
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Pipe thickness Rgstum (2000) reported that in some cases, older pipes fails less than
younger pipesHe believedtiis because of the fact that newer pipes have thinner wall

thickness. Thirwall pipes are more susceptible to corrosion and external stress.

Pipeage As pipe becom&older,it requiresmore attention and rehabilitatidhis reported
that age should be considered along with other factors to assess the condition of the pipe.
Many studies showed that arahbreak ratebave direct relation with pipgge andncrease
with aging It is believedthat pipe ageéhasthe mat influence on pipe condition (Al

Bargawi and Zayed, 2006; Davis et al., 2007; Wang et al., 2009, 2010)

Pipe length As the length of pipe increases, there will be more connectmmthe pipe

and the possibility of confronting a problem throughout the length will grow up as well.
On theother hangdlonger pipelines armostlyused in rural areas in which the situaton
areconstantwhile shorter pipelines are used in urban areas wbessibility of beakage

is highe (Wang, 2006).

Pipe diameter. There are three groups of diametensidering the sizesmall diameter

(50 mm to 200 mm), medium diameter (240 mm to 750 mm) and large diameter (900 mm
to 1800 mm). Best practice (2003) has reported that small diameter pipes are more
susceptible to failure. Kettler and Goulter (198Ssumedhat the relationship between
diameter and failure is because of the greater wall thickness of larger diameter pipes.
Rgstum (2000) reported that high possibility of failure in pipes with diameter less than 200
mm is due to the reduction in pipe strength and wall thickness. Hengistbonedthat

lower velocitiesof longer pipegesultin sedimentation of suspended mateasad may

provide great place for growth of bacteria. Rajani and Makar (2000) and Park and



Loganathan (2002) have shown that detation of smaller diameter pipe is faster than
larger onebecause i p srdckural resistance is influenced by size of theottwd area.

Rajani and Tesfamariam (2007pped that level of bedding losss a great influence on
small diameter pipes whereas large diameter mains are affected by external loads. In
contrast, since larger pipelines have larger surface, they are moeptsle to corrosion

throughtheir contact with soil.

Pipe lining and coating: Lined and coated pipes adess susceptible to corrosiong&
practice, 2003). In son@sessuch as asbestos cemeaitrosion of pipeénteriorwall leads

to release of asbes fiberin waterwhichis highly detrimental to heal{{©ssai et al, 2015)

2.2.2. Environmental factors

Soil type/Backfill material : Clay, sand, silt and crushed stone are varigpsstof
surroundilg soil This factor is one of the primary factors affectindghe structural
deteriorationthroughexternal corrosionThe external corrosion in metallic pipes occurs
mostlybecause of the electrochemicahctionswhile cement bsed pipes deteriorate due
to degeneration chemical reactions (Wang, 2006). The surmogrgbil and backfill

materialcanbe highly aggressive or shrinkable which causes corrosion or breakage.

Groundwater: Watson (2004) reported thgtoundwatercould be deteriorativeoward
certain pipe materials. ABargqawi (2006 200§ and Fares and Zayed (2010) have

considered groundwater level as input data for feiformancenodels

Traffic distribution/L and use This parameter is utilized to model tekect of external

load on pipePelletier et al. (2003) used land use asrdritiuting factor in failureRecent
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studiessuch ad/anrenterghenRaven (2007), Poulton et al. (20pandDavis et al. (2008)

used traffic distribution and daily traffic index instead of land use.

Temperature/Climate: Researchers havebserved that breage rate increases during
winter. It is because the pipends to contract due to the cold weather andsequently
tensions are causefieegrov et a[1999) reported thdirealage ratencreassin summer
because of the drying and shrinkage of the sailce&Spipes are weaker in tensithran
pressurefailure will happen (Wang, 2006).ikewise, frosttravelsfrom surface to deeper
part beause of the cold weather acauses breakage. Moreover, drought and heavy rain
lead to unstable ground condition whigsults in failure of water mair{caucelli et al.,

2012)

Disturbance: Underground disturbances in the immediate vicinity of an existing pipe can
lead to actual damage or changehe support and loading structure on the pgtadies
show that impropebedding may result in premature pipe failure. Geem et al. (2007) and

Wang et al. (2010) studieadisturbanceas a variable in condition rating.

Soil pH: Rajani and Makar2000)reported that low pH reduces the strength of the pre
stressed concrete pipes (PCCP). It decreases the pH value of the cement resulting in

corrosion of prestressing wires.

Soil Redox potential: The redox potential describes the likelihaafdan environmento
receive electrons and therefore become reduced which results in corrosion. Najjaran et al.

(2006) utilized redox potential to find deterioration rate using a fuzzy model.
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2.2.3. Operational/lnternal factors

Water quality : Water quality is an important factor condition assessment of piijpe,
however not enouglhresearchhasbeen performed to figure out tleéfectrelated tothis
factor.If waterqualityis aggressivet increase corrosion(Best practice, 2003As a way

of illustration,aggressivenessdex is the best indicator in asbestos cement pipe to check
the internal corrosion. After dischargirfagh quality water intonetwork, there is no
accurateanonitoringsystem to measugiality reduction of water due to the deterioration.
American ChemistrZouncil (1999Yyepored thathosebio-films growing onpipe interior

wall include layers of bacteria whiclwould beattacled to the wall anderodeinternal
surfacewhich cause corrosion at the end Furthermore, coliforms, disinfection by
products, pssible presence abpper, lead and iron in raw or finished water lead to slight

corrosion and respectiwetleterioration of the pipelingrigg, 20086.

Water velocity: Best practice (2003) specified that rate of internal ciorois greater in

unlined ccadendedmains.

Backflow potential: Cross connections witbther infrastructurenot contaiimg potable

water such as sewedssable tacontaminate water distribution system (Best practice, 2003).

Corrosion: In metallic pipelines such as steel, ductile aast iron, corrosion is a critical
factor in pipeline failure. linvolvesboth internal and external corrosion. Internal corrosion
is a function opropertiesof insidewater such as pH, bacteria and oxygen contents. On the
other hand, external corrosiae governed by soil characteristics such as moisture,

electrical resistivityand pH
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Water pH: Rajani andKleiner (2001)reportedthat when asbestos cement (AC) pipe
carries water with low pH and low alkalinity,it loses strength and deteriorate
Conseguently,asbestos fibers are released and distributed over water network which are
detrimentalto health.Therefore, ihing is necessaryo prevent corrosion of pipes due to

low water pH.

Cathodic protection: Cathodic protection is used for metallic pipelines such as ductile
and cast ironlt decreasethe ceterioration of water pipelines anddtclassified asvhether
it is applied to water distribution networks not The system needs monitoring and

frequen inspection and rehabilitation (Gadala et al., 2016)

As can be seen, there are many factors which affect pipeline deterioration and failure in
studies. Some of the fact@msach as pipe age, diameter and matéaak been considered
in mostof the studiesindthere aretherfactorswhich have beestudiedsolelyin a couple

of analysis

2.3.Leak Detection Methods
Based on themployedechniquen the inspection tools, thexistingmethods are clustered
into 4 differentcategories(1) visual, (2) electromagnetic and radio frequency, (3) acoustic
and vibration, (4) ultrasound techniques. Those that do not belong to one of the identified

classesere are grouped under others.
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2.3.1. Visual techniques

1. Closedecircuit television (CCTV)
CCTV is a real time assessment technique which is a cheaper and safer alterdatee
humanentry into pipes. It basically comprises a television camera and illuminating
appliances mounted on a carrier. It travels through the pipes with help of a wirphilagd
system. The operating steps of a CCTV camera are as following; first, the carrier and
CCTV are inserted into the pipe via a manhole. Then, the carriersralmrg the pipe and
the CCTVis set to take pictures and videos of the interior pipe. Atiedwthe data will be
transmitted to computers (Liu & Kleiner, 2013).
When a lek is observed, the carrier stops allow@@TV to inspect the area completely.
Thereforethe total inspection time of a pipe is directly dependent on the number and size
of detectedleaks. This makes the CCTV a slow and time consuming methgd:es
images of interior surface of pipeline. The problem here is sidjgcof manual
interpretation. Tie operator should detect, judge and classify the I&akse Is judgment
will be affected by his experiendewould be completely subjectiv®ne natural limitation
of CCTV is that it is not able to work in water, thus for a comprehensive inspection of the
pipe, the pipe interior needs to be emptied and access to pipe isdeguea if the pipe
is emptied, limited information will be extracted from images of pipe intéHao et al.,
2012).
One feasible solution for subjectivity is automatic assessment of images using image
processing technigseSarshar et al. (200pjoposed serreutomatic software that extracts
condition information from CCTV files. Besides, Cherqui et al. (2008) suggested an
algorithm for calibrating malfunction indicators based on visual inspection geghile
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Yang et al. (2011) proposed a qualitdex of luminance and contrast distortion to improve

the accuracy and confidence when compared to original images. Recently, various CCTV
cameras are available for different applicasion industry. The problem of manual
interpretation has not been obs=d yet and more efforts are needed for a better level of

automation.

2. Laser scan
Laser sanis able toidentify the profile of interior side of pipe through the length
accurately This method could also help in finding the corrosion loss and amount of
leftovers along with pipe side deflections. This technology consists of a continuous laser
beam around the pipe interior which highligland profileghe pipe at any point of the
length only above the waterline. Since there is possibilitgs#rdiffraction in water, this
techniquds only usedduring the lowflow timeslike night orin dewatered pipeJhere is
no report of underwater laser scanning until today (Liu et al., 2012).
Laser scan basically comprssa spinning apparatus which control the laser beam. There
is no need of illumination and the survey could be doremplete darkness. Thmage
resolution is affected by carrier 6ssandel oci |
color of the pig interior wall. Separate images could be compiled together with pattern
and marks on the surface througgrtainsoftware. By the aid of 3D laser scanning, it is
possible to provide 3D profile of the pipe along with 2D images of cross sections (Liu &

Kleiner, 2013).
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2.3.2. Electromagnetic and radio frequency techniques

1. Magnetic Flux Leakage (MFL)
The MFL method uses magn® initiate magnetic &ld around the metallic pipes.
Anomalies such as circumferential and longitudinal cracks and corrosions will change th
uniform distribution ofthe magnetic flux. Sincelamagedareas cannot support magnetic
flux as well as undamaged areiasyill be altered in damagezbnes The flux is recorded
by magnetic sensors asdnsorgould detect the perturbation in the fieldu & Kleiner,

2013).

Figure2-1.MFL equipment inserted inside the pipe (adopted from www.emtek.us)

Basic principle of MFL is that a pig (pipeline inspection gauge) is inserted into the system,
it moves &ong the pipe and records defects of the interior wall. It is designed to minimize
obstruction of the flow and has the ability to detexhor leaks (Costello et al., 2007).
Wilson et al. (2008) proposed a pulsed excitation for MFL to acquire more informat
from wider frequency band. This technique was developed recently to get data about depth
of anomalies. Efforts have been made to develop the performance of MFL. ENfOEK

has combinedlifferent sensors with extra high resolution MFL to conduct a thorough

inspection of both internal and external anomalies (Hao et al., 2012).
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2. Eddy current technique
Eddy current technique is used for small cast iron and steel pipes of less than 10 cm in
diameter. In this method, a periodical magnetic field is induced in the pipe. This magnetic
field creates electrical currents which produaasthemmagnetic field consequently. The
new generated field opposes the nfeefd which results in alterinheimpedance of the
coil. When the coil moves along the pipelatedcharacteristics will be identified with
measuring the impedance (Costello et al., 2007).
Eddy current technique does not requiresel contactvith pipe but there is a problem with
wall thicknesswhich affectsthe induced frequency. Remote field eddy current technique
(RFEC) was proposed to ease this problem. This method is based on the fact that the remote
field signal is larger than direct eddy current signal and works through the Wadre is
an emitter coil inside the pipe and its axisasghlel to the axis of pipe. pickup detector
is also positioned inside the pipe in the distance of 2.5 pipe diameter away from the emitter.

(Hao et al., 2012, Costello et al., 2007)
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Figure2-2.Remote eddy current basiadppted fronLiu & Kleiner, 2013

McDonald and Maker (1996) evalealtthe accuracy of RFEC and reported that RFEC i

able to detect defects of 3600 fwith precision of £0.55m. It is reportedthat adding
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extra coil to RFEC makes it more precise. They gismposeda commercial device
workingunder water for 156m pipe RFEC is also used for Rstressed concrete cylinder
pipes (PCCPs) sindbey have two metallic elementscyinder and a prstressing wire.

Both metallic elements are involved in magnetic field. Analyzing the results of this
technique in PCCPs requires a skilled person which makes the method roughly subjective

(Hao et al., 2012)

3. Hydroscope technology
The bag principle of Hydroscope technology is the sameR&EC In this method, an
electromagnetic signal is transmitted through pipe wall. By receiving the signal through a
detector and measuring the changihe electromagnetic signal, this method assdhses
pipeline condition. The whole system is inserir the pipe va an access poimind is
travelingthrough the pipe with water flow. This technology is able to inspect 1000 m per
day. It was reportethosedefects less than 3000 mrm size are not dectable in this
technique. This method records dateery1.5 mm and transmitis to the field computer
through a cabldt is able tovork under watettherefore there is no neemlemptythe pipe.
It also covers the limitation of RFEC about lining aadble totest through lining with

variablethicknessflao et al., 2012).

4. Ground Penetrating Radar (GPR)
Ground penetrating radar was first used in 1911 in Germany. This trenchless method is
based on transmitting EM waves into ground, receikakthereflections of underground
objects and interpreting them.dtable taidentify leaks through detecting voitigat have
beencreated by leaking water. GPR system comprises a transmitter and two or three

receiving antennas with different frequencies. GRiRects asset lotian as well as its
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condition tilldepth of 5 m. The distancé objecs to GPR is computed frothe time taken
for a pulse to travel back drorth. Although GPR is a retime assessment technique, it
needs a skilled operator to analyhe data. Pulses lose strength quickly while traveling
through conductive soils (Costello et al., 2007).

There are different types of GPR named traditional afpipe GPR. The traditional GPR
is categorized in three groups; time domain, frequency doaralrspatial domain. As for
in-pipe GPR there are two modes for inspectlonk-through and loolout (Hao et al.,
2012). In lookout mode, both the transmitter and receiver are inserted inside the pipe while
in look-through mode only the transmitter isen®d inside the pipe and the receiver is on
the surface. Thedgpes of installatiorprevent EM waves from attenuation through soil.
Recently, a new method called GrouRénetratingimaging Radar (GPIR) has been
developed. GPIR creates sharp, 3D imagesderground assets with image resolubf
less than 50 mm. ttetecsleaks in all types of pipe material aassociategurvey velocity

is roughly 0.36 km/h (Liu & Kleiner, 2013).
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Figure2-3.GPR resultnmap indicates location of assets (www.edenbros.com)
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5. Time domain ultra -wideband (UWB)
Time domainultrawideband(UWB) is a condition monitoring method whichovks in
wider range of frequencieand outputs better image resolution. The frequency is in the
range of 1000 to several billion in a second (Sachs et al., 2008)yMbst used for leak
detection in notferrous pipelines. It transmits and receives a pulsation in Bradane
second® detect voids in soBurouncedthe pipe. Results show that UWB system is able
to identify slight voids (Hao et al., 2012). Jaganathan et al. (2010) reported that the
technique is very accurate since it detects all the characteristics of a defectlsoaticas
size and orientation. It also identifiegall thickness of pipe and detects corrosion. A

commercial prototype is still under research and is expected to be available in near future.

6. Broadband electromagnetics (BEM)/Wave impedance probe (WIP)
The WIP technique is a combined technique of GPR and electromagnetic methods. It is
based on detecting changes in electromagimapedance of the inspected material. It is
applicable for all pipes ranging from 0.2 to 5 m in diameter and 0.5 to 10 m ineepibt
ferrous pipelines This method is available in both surface angipe systems. Data
extracted from received signals must be analyzed after inspduotiaever large defets

could be detecteinh field (Hao et al., 202).

2.3.3. Acoustic and vibration techniques

1. Sonar profiling system
Sonar profiling system is an acoustic method for leak detection which has the advantages
of working underwater antheasuring theorrosion loss along with volume of debiiis.
consists of a scanner unit, skid set, saijaron float, processor unit and cables. The theory
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behind this system is that it measures the time thkes sound signal to travel from a
transmitter to the target and back. Having this time and speed of sound in travelling
medium, the distance betwettie target and transmitter is calculated. The velocity of sonar
signal is approximately 0-:Q.2 m/s and the rate of signal transmitting is one per 1.5
seconds Every received signal has data about specific ceesgion of pipe. Since the
velocity of soud is different in water and air,ig not able tavork simultaneously in both

air and water. Therefore, the imagasthe sectionshould be taken separately and be
merged at the end of inspection (Costello et al., 2007).

Sonar profiling system uses dffent frequencies fovarious applications. For better
resolution, it operates with high frequency and for higher penetration, low frequency is
employedConsequentlythe problem for low frequency is poor image quality and for high
frequency is low penadtion. Small leaks and clear water condition are favorable for high
frequency pulses whereas low frequency is appropridtebid water.Thereforea multr
frequency system gains the best information (Liu & Kleiner, 2013). Recently, researchers
are workng on a system comprises a sensor. This sessoeserted into the pipe from
manhole and covers a wide range of frequencies. Then, it starts transmitting signals along
the pipe length anceceivingthem back. There is also a processing unit which estamate
the cross section changes in pipe. This syssaeported to be efficient in comparison to
visual techniques and is more economical siheeassociatedost is a function of pipe

diameter (Hao et al., 2012).

2. LeakFinderRT
A newly developed LeakfinderR3ystem consists of a rga of acoustic sensossich as

an accelerometer, hydrophone, wireless signal tratesrand computer. These sensors are
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installed in two different access points such as fire hydrant or manhole. The basic principle
used in this system is creserrelation function. Crossorrelation function is a measure of
similarity of two waveforms when a tirlag function applied to oneof them. The
computer used this f uncths lmetveen two seresdrsc The at e

equations related to this method drei et al., 2012):
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Figure2-4.Principle of LeakfinderRTgdopted from Liu & Kleiner, 2013

c is the propagation velocity of sound in the pipe and is determined experimentally. D is
the distance between two access poinisarid L. are positions ofhe leak respect to the
access points and are calculated from the equadiomge Leak sounds are recorded and
analyzed in a few minutes. In case of background noise, it takes more time to analyze the
data.This methodwvhich gives improved resolution image warrowband leak signalss

not applicable in discontinuity ansl not able tdind the leak sizéLiu & Kleiner, 2013).
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3. Sahara §stem
Sahara system is a sensitive leak detection method consists of a hydrophone, sensor, cables
and locatorTo record nase thesensor is inserted into the pipeline with a parachute which
helps in moving with flow. The sensor is connecigith cableto the surface and transmits
data simultaneously and gives real time result. There is also a locator absueftlce
which is connected to the sensor and tracks and loleaties exactly for further excavations
(Costello et al., 2007).
If a pipeline pas®s through an environmental obstacle such as riversmunicipal
construction like lghways, the operatois not able todetect leaks on the ground.
Consequently, there should be some adjustsifentthe system to locate defects on the
ground correctly. Recent Sahara systems have video and lighting sensors for more accuracy
inside the pipe. This technique is rdestructive, sice it uses existing taps of 5 dm
enter pipe The method isery accurate and sensitive thatable todetect small leaks of
0.005 gpm. It works in all pipelines irrespective their size and matérial& Kleiner,

2013).The procedure of this technigiseillustrated inFigure2-5.
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Figure2-5.Sahara leak detection technique (adopted from www.puretechltd.com)

23



4. Impact echo
This technique is mainly used for structurahdiiion assessment of pstressed concrete
pipes. It is developed based on the waves transmitted througargigéeir reflectionit

comprises a system generating waves from set of controlled impadtgeophones

(Costello et al., 2007).The equatiorbehind the impact echo is&Y — in which T is

thickness, V is wave velocity angiB peak frequencylhis equation is computed between
the transmitter and receiver. The system transméges through wallthen reflected
waves with different speeds, frequencies and rates of penetratienrecognized by
geophones. Theutputsgive information about overall condition of the pipe. This method
is applicableo all pipe sizgLiu & Kleiner, 2013).
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Figure2-6.Basic principle of Impact echo (adopted from Liu & Kleiner, 2013)

5. Smartball
Smartball is aecentlydeveloped leak detection tool which consists of a range of sensors

such as magnetometer, ultrasonic transmitter, acceleronetaperature sensors and
24



power source. All th sensors are encased in a core wisiaiside an outer shell. This shell
protects the core and eliminates generaedesfrom penetrang inside the pipe. The
diameter of Smartball is normally less than -timied of the pipe diametehowever,it

should meet the limitations of size of valves and accessories which it is inbsedegh

and exitedrom. Smartballis able to tavel and collect information through pipelines for

up to 12 hours. It is inserted into the water pipeline via an access point and moves towards
the pipelinewhile transmitting and recording souegery3s. The receiver sensor is used

to find the locatiorof the Smartball by analyzing the arrival time of the acoustic signal.

The recorded data are analyzed to locate the lgdksl m of accuracyLiu et al., 2012).

Figure2-7.Smartball deployment and recoydadopted from rebar.ecn.purdue.edu)

6. Correlator and listening stick for leaks
This method is mostly used in suspected areas. The sticks are used near the assumed leak
for listening to the sounds and calculating time delay based on the sound spegibi@.the
This method is mostly used in metallic pipes and is not good for plastic pipes. Also, access

to pipeis required (Hao et al., 2012).
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2.3.4. Ultrasound techniques

1. Guided wave
This methods based on propagation of wattegough pipeline. When the guided waves
confront an anomaly, they will reflettack to transducers. Time for each sign of anomaly
is used to calculate the distance to the transducer. The amplitude of the sign is used to
determine size of the leak. Thereeawo kinds of wave; torsional and longitudinal.
Torsional wave mowewith a shearing motion, attenuatess by water and coatings,
requires two transducers operating in puseho configuration, andorks in in-service
pipes
Longitudinal waveravek via compressional motion and needs three to four transducers.
It uses three transducers for a single frequency wave while-fragtiency waves are
generatedvhenfour transducers are used. This improves the quality of inspectiorsresult
The technique ispplicable in situations where diameter is more thamsn and wall
thickness is less tha#D mm. This method is able to detect corrosion and needssattce

pipes (Liu et al., 2012).

2. Discrete dtrasound
A discrete ultrasound system comprises a transitnéteiver, transducer and monitor. The
transmitter transmits a pulse and the transducer produces <rdudgency ultrasonic
energy wavevhich moves through pipe. When this energy wave encounters an anomaly,
portion of energy will be reflected back andwastructed into an electrical signal. It holds
data about size, location and other features of the anomaly. The results are divea in t
different view ofcrosssection, Plainview and side view. The time taken up by the pulse to

travel forth and bacls used with wave speed to calculate the distance of the defect from
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the transmitter. This inspection is performed botarnallyandexternallyand is accurate;

howeverwaves need water or a material to propagate through it (Liu & Kleiner, 2013).

3. Phasedarray technology
This technique uses an arrangement of sensors which are individually set and ready to be
used. The sensoceuld be formed in different statghich are calledirtual sensors. It is
easy to program a virtual sensor to transmit sound beatmslifferent aperturg shaps
and directios. e.g, a virtual crack detection sensoiinsludinga group of sensors which
transmit waves with definite time shift from sensor to sensor (Liu & Kleiner, 2013). The
ability on clarifying complicated defectich as cracks, metal lesor hook cracks is a
major benefitof this tedinique. It déects discontinuityand require less time to analyze
data. Although this technique is commercially available, but there is no evidence of its

application in watemains (Liu et al., 2012).

4. Combined utrasound inspection
This technique detextcrack and identifiesnetal loss at the same time. It employs
innovative and optimized sensors to perform both inspections at a same tinsensoes
work in pulseecho moded perform high repetition frequencies (Liu & Kleiner, 2013).
This technique was first deloped for oil and gapipelines;however,it is applicable in
water pipeas well. The only problem is thttis techniquaeeds access to pipe to perform

the test.
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2.3.5. Other techniques

1. Radiographic methods
Radiographic technique uses Gamma era¥(s to radiate throughipe materials The
radiations pass through the material and affect a photographic film on the opposite side of
the pipe.Changes on the film show possityilof defect There are thredifferentseups
for this method; single wallingle image, double wadlingle image and double loading.
Those defects that can be identified are pitementitiousmaterial, inclusions and
corroson in metallic pipes. Gamaray isused for metallic and concrete pipes whereas X
ray is applicable in plastic pipes. This method is accuraeever,pipes with diameter

more than 38.1 cm should be emptied (Liu & Kleiner, 2013).

2. Infrared thermography
Infrared thermography isdsed on the energy transfer theory i.e. energy circulates from
warmer to cooler places. Any object abe2&3 °C (0 °K) radiates infrared energy. The
amount of radiated energy is a function of temperature and emissivity (Hao et al., 2012).
Infrared thermorpphy system consists of an infrared scanner and a camera. The scanner
measures temperature changes and produces thermographic images. When a defect
happens in pipe, the water starts passing through thevplpmside the soilwhichcauses
a decrease itemperature of the surrounding s@langenehmadar and Moselhi, 2015)
Sometimes, the system includes an external heat source to reheat the objects. Therefore,
cooling characteristics are scanned and images are produced basexhomfrared
thermography is sensitive, reliable and accurate and needs minimum instrumentations
since it is trenchless. The major problem is its failure to measure the depth and the size of

the leak becauseéffirent soil types and pipmaterials have various amount erfiergy.
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Ground cover, moisture content and wind speed are reported to influence the results (Liu

et al., 2012).

3. Continuous wave Doppler sensing technique
This system is made ud a 2.45 GHzcontinuous waveappler sensing unit, transmitter,
receiverand a digital signal processing unit. The sensing unit sends a signal and receives
the reflecton which has been shifted through wattieatleaks out. This method works in
all environmental condition, soil types and pipe materials. It detects and lotidtes a
leakage points accurately. The method is expected to work alongthvithleak detection
methods to provide comprehensive inspectiesults for water leak detectionOne
problem is the medium speed of inspection; it takes more than 3 minutatifyiddeak
also the depth is between 1 to 2 metBesearches are ongoing tagrovethe inspection

speed.

4. Acousticfiber optics
This method consists of fiber optic sensors located along the length of the pipe and are
connected tanoptical data otaining systemThe optical data obtaining system has a laser
which produ@sa light through the fiber. Acoustic waweposes stress on the fibewhich
causes reflection in the light through the fiber. This reflection is analyzed by data obtaining
systemand the outcome is inspection data. The system is susceptible to physical damages
and special test equipment is often required for installation which makes it costly.

However, this method is used when early detection of leaks iseaseatiathan the cas
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2.3.6. Summary

As pipelines deteriorate, they are more exposed to failure from internal and/or external
causes. Failureauses leakagend affects water qualityl his sectiomeviewed 22 methods

of leak detection. These methods were grouped in 5 classes of visual, ultrasound,
electromagnetic and radio frequency, acoustic and othigual methods frequentlyeed

pipe to be dewatered amdquire anexperienced operator to interpret the images. This
limits their usagean inspection Acoustic methodgetaccess to pipe through fire hydrant

for inserting the sensors. They are the nooshmonly usednethods among the 5 classes
because of their relatively lower costs and more-trgandly systems. Sahasystem and
Smartball provide exact data about leak size and location, howewrerdseof inspection

is relatively high (vary between 14 to 17 thousand dollars per kilometer) comparing to the
cost of the LeakfinderRT system which is $25 000; excludibgrlaost.

Electromagnetic and radio frequenogthodsexcept GPR are only applicable in metallic
pipdines. Eddy current technique and MFL are good for small pipes while hydroscope
technology and RMPS are able to detect defects in large metallic pifgbi dategory,

only GPR detecs defect during inspection independent of pipe material and size.
Ultrasound methods detect corrosion and metal loss in addition to ledksgeost of

some of the methods are summarizedlable2-2. The diverse limitations and capabilities

of the methods presented in tidbaptercalls for joint use of more than one method for
efficient inspection as in the proposed two tiers inspection mathdangenehmadar and

Moselhi 014).
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Table2-2. Cost of different leak detection methods

Method Type Cost($) Company comments
Radiodetection RD100 | 8,700 Opti-cal
oko-2 (central processing 22,450 accurate
locators
oko-2 (antenna AB100) | 7,330
oko-2 (antenna ABL700) | 8,020
oko-2 (ABDL triton) 8,591
o_k(}2 (transportation + 1,250
displacement
Zond (Control unit + 15.026 accurate
software) locators
Zond (Antenna system) | 3,980
GPR Zond (100 MHZ 6,280
Antenna)
Zond (300 MHZ 2.892
Antenna)
daily 10-50 Tecterra
weekly 10-250
monthly 50-1,020
GPR sencion 30,00050,000 | Sencion
radioteam cobra locator 17,750
(new)
radioteam cobra locator
(used) 16,350
mobilization and
o 20,00630,000
demobilization
Sahara/ project planningnd site 5.00010,000 pure _
Smartball review technologies
inspection fee / km 10,000
written report fee 7,500
200 $/km +
Thermal camera 10,00050,000 | Inspectahire 120 $/km
Infrared
labour cost
thermography Adent
Thermal camera 40,000 bt
marketing
leaknoise correlator 18,000 Gutermann
aquascan TM 30,000 Gutermann
aguascope 3 3,400 Gutermann
surveying
aquaphon 9,084 SEWERIN 75-100%/km
Acoustic Aquatest T10 3,150 SEWERIN
secorrphon AC06 20,744 SEWERIN
secorr 08 13,360 SEWERIN
secorr 460 7,400 SEWERIN
50 $/km +
LeakfinderRT 25,000 echologics 100 $/km
labour cost
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2.4.Existing performance models
Proposingagenerakedand reliablgperformancenodel to be usei all conditions is very
difficult andmaybeimpossible. The existingater pipe condition, deterioration and failure
ratemodelsaregrouped in 5 different ctses of deterministictaistical and probabilistic,
artificial neural network, heuristic and fuzzy logic models. Tolélowing section wil

present thenputs the methodology used and tepected outputs of the models

2.4.1. Deterministic Models

Deterministic models are mostly used in the situations where there is a real relationship
between parametershey could be subdivided to empiricaland mechanistiecnodels
Empirical models relatéhe rate of failure to characteristics ahetworkof pipes while
mechanistic modelare applicable in Predicting the service life of individual pijé®y
mainly involve the use of laboratory tests and Gp@ens toobtainrequiredinformation
Rajani and Kleiner (2001)performed a comprehensive review about structural
deterioration of water mains concentratingfom h y s-base# mddels published until
2000. Theyreviewed physical deterministic models@bleac et al (1980), Kumae et al.
(1984), Randaibmith et al. (1992)and Rajani and Makar (200®ajani and Makar (2000)
proposed anethodologyto estimate theesiduallife of grey cast iron water main¥hey
evaluated the effect of corrosion on pipes. They measuredcorrosion pit, residual
resistance capacity amalculatedcorrosion rates to forecast the tirtakes forFactor of
Safety (FS)to become less than minimum threshold. The remaisgngce life is used to
arrange maintenance and replaeatscenarios fowater mainsTo estimate the residual

resistance capacity, sample pipe sections are analyzed arabdatasseveraleatures of
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pipe and soils collected Thecollectedinformationcomprises opipe components (pipe
diameter, layingondition and depttwall thickness, installation yeage, bursting tensile
strength, tensd strength, ring rupture modulasd fracture toughnesst also contains the
soil components (soil pH and soil resistivity, backfill mateaiatl backfill weighdensity)

and operational componenfgéssure, surge pressure allowance, water temperature, frost
load factor, impact traffic factor, whelelad and traffic reduction factor).

Deb (2002) presented a model which priaes water maisreplacement and habilitation

in cast iron pipesonsidering the increase in corrosion pits and reduction in pipe strength
over time The inputswhich wereextracted from sample section$ the pipe, are pipe
componentsrbaterial, diametetengh, depth,and installation year¥oil class, traffic type,
working pressure, pavement type and beam sSpais.model determines maximum loads
applied to the mains and assesses the residual strength of th&ffapeards, t arrangs

the watermains for replacemeror repairbased on the calculated Factor of Sa{&t$)
determined for each pipe sectioRS is residual strengtlof the pipe as a function of
remaining wall thickness divided by maximum stress subject to the Pigeproposed
methodology relates pipealthickness to modalof rupture, tensile strengthing module

and fracture toughneshkn this model, soil type proved to be the most effective factor in
estimating the FS since the methodology is concentrathgy on external corrosion
caused by corrosive soll.

Babovic et al. (2002) proposadiata mining method to model water supply assets. They
usedrankng models and Bayesian netwotksassess the risk of pipe burdtsgeneral,
rankng models are used to denstrate relationships between inputs and outputs. In this

model,onescore is assigned to each caseaasks witlsimilar score are grouped together
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Then @ses in which pipe breakage has occuaredcounted respect to total. paralle]
Bayesian netwdxs incorporated uncertainties into data with graphical models. Comparing
these two data mining methodscould be concluded thaanking models provided lower
maximum failure risk and were able to classify more caBes.inputsof rankng model

are pipediameter, length, material and age, number of bursts, number of houses where the
pipe starts and ends, and the traffic frequeAcyther problem foranking method is that

it is driven from dataand theaccuracy of the models depends on the quality of data, while
Bayesian networks use theoretical knowledgeddition todata Input parametes for
Bayesian networlare pipe depth,material, mean diameter, thicknesge, installation
method, age of lastuost, previous repairs, rainfall, temperatwaed soil type. This study

is soldy a preliminary study about theseatd mining models and needurther
investigations

Lu et al. (2003) presented a model which predicts lifetimaarylonitrile-butadiene
styrene (ABS)plastic pipes subjecto deflection loading and combined pressurke
modelutilizeslinear fracture mechanidechnique to investigate brittle failume order to
predict theservicelifetime. In this technique, stress intensity factors (&ife linked with
pressure, deflection and residual str&égir combinations used to determine the net total
stress.To predict lifetime of water mains, a time marching laspused.The loop &
repeated simulating crack growdhtil the SIF becomesqual b current fracture toughness

of the ABS materialThe limitation is that this model should consigarameters such as
pipe diameter, thickness and internal pressargrediction.Factors of soil deflection,
initial flaw size, fracture toughnesdpw crack growth resistance and residiiadss, which

control the pipe lifeweremeasured through the analysis.
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Farshad (2004) presented two new criteria of ultimate strain extrapolation method (USEM)
and the distortion energy extrapolation method (DE:Eor service life prediction. Both
criteria entailinternal hydrostatic pressure testdcreep testo evaluatdime-dependent

creep modules and hoop stress. The USEM and DEEM are calculated from the
relationships between evaluated factors with strastodion energy.Results were
compared using a classical standard extrapolation method with USEM and DEEM and was
satisfactory. DEEM is valid for wider ranges while USEM is appropriate for materials
which fail under ultimate strained state instead of maxn stres. A case study of PYS

U pipe s used for verification of the model.

Seica and Packer (2004) proposed a finite element evaluation of the remaining mechanical
strength of deteriorated cast ir@ipe which is able to predict the strength based on
longitudinal bendingThisfinite element evaluation is similar to the simplified numerical
method presented by the autharns another article(Seica and Packe2006). The
assumption in the model is that the pipes experience ungomo corrosion.In order to
employ cross section analydis compare the resujtshe pipe wa divided into cross
sections Wall thickness and internal diameteere measuretb calculate the amount of
material loss due to the corrosid®omparing theoutcomesf cross sectin analysis and

finite element evaluation, it can be seen thatresultsreapproximatelysimilar. Inspecial

cases, section analysis method overestimates the strength of pipe in comparison to finite
element methodCross section analysis is not accaraince it utilizes smear approach.
Other inputs of the model are tensile stress and strain.

After Seica and PackeKim et al. (2007)presentedwo methodologieof assessing

fracture toughness andsidual tensile strength of cast iron pipegpredict esidual life.
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They used somgpecimensind measurecharacteristics of nominal diametergih, gross
thickness, pit depth, metallic thickness, breaking loads and geometric. fardcture
toughness methodology usefifor structural stability, whilegnsile strengtimnethodology
uses statistical analysis for mechanical intensitydradacteristics of corrosion pit§he
outputs ofboth models are satisfactory in residual life predictitvowever, fracture
toughness analysis is more reliable.

Davis et & (2008)alsoinvestigated fracture prediction five types ofpolyethylene (PE)
pipes using measured craze strengghsus failure timdo predictexact timeof crack
initiation under pressure and deflection lo&dmparingtheresults of theredictedmodel
with actual observationst can be seethat model underestimates the failure time. The
modelis good apredicing crack initiationtime; however it is not helpful afterwarsl The
inputs are specificationsof the sample specimens such as diamétakness, pressure,
deflection, initial crack lengtlactual and predicted failure time. The authals® proposed

a model for long term performance and lifetime predicbhased on craze mechanfos

PE pipeqDauvis et al, 2007%.

Burn et al. (20094id a complete research about three models used in risk analysis of
pipeline assetsHe examinedapplicationof linear elastic frature mechanics (LEFM),
elastoplastic fracture mechanics (EPFM) and craze mechanics for f@tedsction in
plastics pipele The LFEM theory considertress intensity factoendtoughness of the
pipe material andalculatedractureprocess. The second theasysed for crack blunting
and nonlinearity in material deformationCraze mechanics measures the stress in a

mateial. Results showhat a large craze zone is formed at crack tip and LFEM and EPFM
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are not applicable. It should be noted that more investigaéiod sample specimens are
yet necessary to validate the results of the craze mechanics method.

As can be seefiom deterministic models, most of the models rawe generalizedThey

are mainly applicablen cast iron and plastic pipes arefjuiresample specimens of pipe

for verificationwhich isa difficult data to acquireSince deterministic models are simple

in nature, they are not suitable to account for nonlinearity in behavior of soil and pipe
materials such as corrosion and strd3sterministic modelsare sitespecific since

applicability of each model is restricted to a certain location and relatedsfacto

2.4.2. Statistical and Probabilistic models

Statistical and Probabilistic models are commonly used to predict service lifetime of assets
andlikelihood of occurrence of an evenData about conditioand featuresf pipes are
necessary to generate expected outcome through statistical analysis. Thiarg®mnd

long termhistorical databases are required.

Kleiner and Rajani (2001) made a comprehensive review of statistical and probabilistic
models about structurdeterioration of water mains until 2000. They divided the models
into four categoriebased on the approach of problem solvinmpdludestime-exponential
models Shamir and Howard, 1979Valski and Pelliccial982; Clark et al., 1982time-

linear moeakls McMullen, 1982;Kettler and Goulter1985; Jacobs and Karney, 1994
Prolabilistic multivariate modelsproportional hazards and accelerated life (Marks gt al.
1985;Andreou et a].1987;Marks et al. 1987;Bremond 1997;Constantine and Darroch

1993; Miller, 1993; Constantine et gl.1996; Lei, 1997; Eisenbeis et 3gl1.1999) and
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Probabilistic singlevariate group models (Kulkarni et @986 Goulter et al. 1993; Deb

et al., 1996Mavin, 1996;Herz 1998; Gustafson and Clan¢c$999.

Le Gat andEisenbeis (2000) used maintenance records to forecast failures in water
networks in different materials. They calculatbeé times and number of failuresing
Weibull Proportional Hazard Model (WPHM). The survival function considered the
factors affecting the failure of the pip&€he model used two databases to chiecth
observed and predicted failurdsunderestimated one of the case studies becdubke o
increased pipe eterioration and lack of data. Moreovdrete is no evidence of model
validation in this study. Factors considered in this study are Pipe components (length, age,
diameter, pressure and material), soil type, traffic load, and somihyod such as gravity
and pumping. History of previous failures was taken into account for calculation.

Park and Loganathan (2002) proposed a methodologgfffoilent optimal replacement of
pipes in water distribution systems. The method uses thresheddt bates and failure
prediction models to determine the timid&ey considered the optimal threshold break rate
as a function of pipe diameter and costs of replacement or rBgaettingthe threshold
break rate equal testimatedrate by failure predition model, e replacementime is
calculated The inputs of the modarenumber of breaks per 1000 ft of pipe, growth rate
codficient, annual interest rataepair, and replacement costs for the pipe lenfth.
addition Loganatharet al.(2002) propsed a threshold break rate for pipeline replacement
in water distribution systems.

Pelletieret al.(2003) Modeled water pipe bresaktes based onreakage historgnd pipe
components (diameter, length, material and agey.authors estimated present &ndre

structural stateof water maitfby use of pipe break model. Statistical functions of survival,
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probability distribution and hazard were utilized to represent the Weibull and exponential
distributions. Three case stdies were performed to analyflee model.The survival
functions wereversts time and thegre based on the Weibull distribution of the pipe failure
through pipe ageResults show that material and installation method affect pipe
deterioration. This model does not take into accountctdmeosion and leakage. It only
considers breaks due to natural aging of pipes. Other inputs of the model are soil type and
land use.

DeSilva et al. (2006) proposadondition assessment and probabilistic analysis to estimate
failure raes in buried metht pipeline Most of the water networks confront the problem

of data scarcity since there is no complete luieda about breakhistoryof water mains.
Therefore condition assessment is used to find the deterioration ratgzainabilitiesof
failure ina distribution systentirst, a Weibull probbility distribution functions used to
estimate maximum corrosioate. Thenthe distribution's extrapolatedver larger target
area. After thatit is converted to corresponding normal distribution functidreer, the
probability of failure wasdeterminedusing firstorderseconédmoment analysis. In
validation results of momial probability process shotle relationship between failure
rate and timeOverall,the model entailprediction of failure of emte pipeline assessing
condition of selected sectionshe model takes into account varialdésnaximum applied
stress, critical stress required for failure related to external and internal galvanic corrosion,
internalpressure, pipe wall thickness andites of the pipe.

VanrenterghenRaven (2007) proposed a proportional hazard model (PHM) to measure
risk factors of structural degradatiand break ratesf water distribution systermrough

running PHMwhile one variable at a time consideredPHM is a statistical method
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applicable for renewable processElis methodology calculates expected breaks per pipe
using hazard ratdnputs required for this model is pipe components (lengtiaterial
(steel/norsteel), diameter and age) and environtak factors (traffic, locationyater
zonesand highways)

Davis et al. (2007) proposed a physical probabilistic model to prediaefagdtes in buried

PVC pipeline The model used internal defects resulting from internal pressure to
determinefailure rate The output of the model was compared to the observed data form
different municipalities in Wited Kingdom Results show that predicted curves are in a
favorable agreement with observed détaMonte Carlo simulation estimates the lifetime
probabilitydistribution Variables usechiMonteCarlo simulation araumber of segments,
length, incremental time period, material skHerim properties (fracture toughness, yield
strength and Youngds modul us-glasticpdrametenc r ac k
reduction in Young6s modulus, outer and in
in each segment, soil properties (cover depth, unit weight and modulus), surface load and
residual hoop stress.

Poulton et al. (208) measured the impact of pipe tgh on break predictions in water
mains.They utilized Linearly Extended Yule Process (LEYP) to find break predictions for
each segmentCalculations were doneabedon intensity functiorand by aid of LEYP.
Intensity function depends on age in the forriM@ibull model, number of previous events

in the form of LEYP andector of covariates in tiferm of Cox proportional hazardodel.

After model verification, results show that modshot sensitive to small segmenighich

means that pipe length does not affect breaks since it is merely related to pipe age, water
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pressure and soil typénput parameters are pipe diameter, length, installation year, soil
type, traffic level, water pressure, type of accident, andafatgervention.

Dehghan et al. (2008) presented a parametric model using probalahstigsis of
structural failureof water pipes. Due to the fact that the theoretical faitates do not
depend on time, the authors tested the steadiness of the fatles. Results parametric
models are valid wherailure rateis considered as a stationary random process.
Verification of the modethrougha case study showed that variables should be updated to
represent time dependent nature of failure processinfiut parameters are pipe material,
diameter and location. Developing a nonparametric model was proposed to investigate the
time dependent failure process correctly.

Dehghan et al. (2008) also proposed a nonparametric methodology for Probabilisgc failur
prediction for pipeline deterioration. The nonparametric methodology considers those
factors that are not constant in rgalln this method, probability dailure was estimated

by maximum likelihood in order to evaluate number of failure per timecanéidence
intervals. The methodology was tested through the observed data of water network in
Australia. Results show a good agreement between observed and predicted data. As the
model doesnot intend to predict isgrougsl e con
taking into account their material type, diameter, and location.

Davis and Marlow (2008) proposed a physical probabilistic failure model utilizing Weibull
probability distribution for quantifying economic lifetime for asset management of large
diameter cast iron pipelines. Since enough data about failure was not available, condition
assessment was employed to determine remaining life time. To determine the corrosion

rate, the model investigategtlected parts of the pipe. Tmwdel evaluates faire time
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and economic life timelt only shows longitudinal fracture because it solely calculates
internal pressure and-plane bendinglnputs arepipe diameter, age, thickness, external
loads from soil and surface loads, maximum corrosion rate arntetstnength.

Kleiner and Rajani (2008)hecked prioritizing individual water mains for renewal using
nornthomogenous ésson model. They divided thaput parameterof pipe material,
diameter, length, installation year, climateY>coordinates of pipeodes, break datand
typeinto 3 classes of pipe dependent, time dependent andipipelependenhe model
was first trained using maximum likelihood method with a Lipschitz Global Optimizer
(LGO) algorithm. Therit was validatedy forecastinghe nunber of breaks in a validation
period. Afterward, the observed and predicted failures are compgaesdlts show that
model B appropriate ang able toanalyzethe covariateat group and pipe level.

Davis et al. (2008presenteddilure prediction and dpnal scheduling of replacemeint
asbestosement (AC)water pipeshrough probabilistic failure model. This model utilizes
residual strength to find the deterioration rateploying Weibull distribution. However
since theraveresome differences between data produced and observed, Hertz distribution
wasemployedo model the uncertaintiResults bthe verification show thgiredicted life
time using Hertz distribution are similar to eniqal lifetime evaluated by Mont€arlo
simulaion. The data requiremenits this article are pipe diameter, thickness, depth, age,
internal pressure, unit weight of the surrounding salynamic traffic load and
deterioration rate.

Berardi et al. (2008%uggested using EPR developng deterigation models for water
distribution systems. EPR is divided into two steggmrching for the best model structures

using GA and parameter estimation for an assumed structure using least squares method.
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EPR performs a mulbbjective search to find the ftenodel. Savic (2009) also used same
methodology and case studyn hi s article AThe Use of Da't
Prediction of Water andeiWastpossibetoese EMs set F
direct calculabn of failure rate, twalifferentprocesses were used to fiagipe condition.

The processewere developing general failure model and implementing rotgective
approach for pipe rehabilitation plannirigata requiremestfor model development are

pipe parameters of age, dianretength and number of properties.

Moglia et al. (2008) checked the strong exploration of a cast iron pipe failure mbdel.

first proposed model was improved through several assumpt@ensime dependent
corrosion rates; stochastic pipe wall thicknestschastic loads; and lower limit on the
tensile strengthThe new model determie@naximum corrosiomatesthrough evaluating

the nominal tensile strength. In this model, only failures caused by corrosion or fractures
are considered. Since the modelsnumerousassumptionsit is not generalizedAfter
validation, the predicted and observed dataewsmilar. Theinput parameters for this
model are pipe components (thickness, age, failure and installation year, diameter and
length), internal pressurexternal and soil load, failure exposure, corrosion rate, number

of observed failures and the tensile strength of the pipe samples.

Wang et al. (2009developed deterioration model predict annual break rates of water
mainsrespect tgipe material. Thenethod consisted of finding the best subset regression

to determine the best relationship between failure rate and variables such as pipe age,
diameter and lengthn addition to variables mentioned, break records, pipe depth and
material are consideredhe model was verified using a case study in Canada. Sensitivity

analysis was performed to find the gaatdifferent variables affect the annual breaks.
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The regression models were verified bieStandt e st . The modeepardoesndo

history,cathodic protection and soil condition and is not able to predict the next failure.
Wood and Lence (2009) used water main break data to improve asset management for
small and medium utilitieslime-linear and timeexponential equations wedeveloped.
Results show that with the exception of cast iron (CI), predictions in asbestos cement (AC)
and ductile iron (Dlare more accurate utilizing the tifirear equation. Required input

data include®reak history, ground surface material, pipe material, dianaetbage.

Wang et al. (2010proposed an assessment model of water pipe condition using Bayesian
inference. In this model, the relative effects of each factors on model performance was
evaluated and those with smallest effect was excludethparing the mdel output and
observed data, pipe age and diametewed to have the most effemh pipe condition.
Verification of model shows that proposed model is within good compliance. Input
variables are pipe components (diameter, age, material, depth, inneutandoating),
pressure head, number of road lanes, eteicicharge, bedding arswil conditiors.

As can be seen from statistical anwlmbilistic modelsstatisticalmodels needs large
number of long term observed field dathile probabilistic models areonvenientfor
databases that have little information. In most of the probabilistic models, condition
assessment of a pipe is only analyzed for a pipe section not the entire pipeline. These

models only predict the failure afwater pipe and ére is no generalization of time

2.4.3. Artificial Neural Network models

Artificial Neural Network (ANN) models are used to predict pipe failure and condition

rating of the pipeline system. Same as previous models, this methodology isaratiged
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and is unable to predict future failure rates for other a@ak: a couple of the several
articlesabout utilizing ANN in water networkare presented in this study

Christodoulou et al. (2003roposed a risk analysis framework for evaluastrgctural
degradation of water mains in urban settings, using Aeamy systems and statistical
modeling techniquefsom parametric and neparametric analyseKaplanMeier survival
analysis model was the ng@arametric method used.o identify risk factor, lack
propagation algorithm was use@utputs of the ANNwere lifetime of segments and
observation result (breage or nebrealkagg. The outputs were used for pattern
recognitionand to rank relevant weights of risk factdf®rnel smoothing was empjted

for regression an&aplanMeier modelsy utilizing a joint probability density function

The models wererified using historical database New York City. Results proved
previous findings that pipe material, diameter and breakage history have highest effects on
pipes. Risk fectors were found andanked using pattern recognition and incomplete
datasets. The model is sdpecific and isdeveloped only for the assumed sitoat
Parametersised for this modelvere pipe material, diameter, length, breakage history,
traffic, and intersection block.

Al-Bargawi and Zayed (2006) presented a condition rating model for underground water
mainsto evaluate thenaintenance prioritysing backpropagation algorithm in ANN. The
condition rating was between 0 meaning poor to 10 representing excellent condition. Model
was verifiedthrough 3 case studies and results stwbehat nodel can predict pipe
conditionfavorably. Within this modelt is believed that breakage rate and age have the

most influence on pipe condition. Data requirements for this meded soil type, road
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surface, pipe cover, diameter, material, age, number of breaks and theWidizans C-
Factor.

Achim et al. (2007)proposed a model for@diction offailure in water pipe asset using
neural networksThe ANN model in this pap&omprised an input layer with six nodes,
two hidden layer with sixteen nodes both and an output layer with oneBaatstrapping

and randonsampling were used for validation of the modéie model proved to be an
acceptable solution for complex problems with less calculation. The input paraareters
pipe diameter, age, length, year of construction and location. Future evaluation for this
model consides climate factors and corrosion.

Geem et al. (200 f)resented a¢nchless water pipe condition assessment using artificial
neural networkand multilayer perceptronmodel MLP). The model used back
propagation algorithm and the pipe conditwas evaluated using five factors of outer
corrosion, crack, pinhole, inner corrosion and the Hakdhams C-factor. Comparing

the predicted dathy model and observed data analyzed by multiple linear regression
(MLR), ANN produced a higher determinatiand considered nonlinearity in input data.
The input variables for this model were pipe material, age, diameter, pressure head, inner
and outer coating, electric recharge, soil and bedding condition, trench depth, and the
number of road lanes used.

Amaitik and Amaitik (2008)developed aPCCP wire breaks prediction model using
artificial neural networksThis could help the authorities to monitor, inspect and repair the
water distribution network. The model wasrified by comparing the results to MLR
model.Analysis showdthat ANN model predistwire breaks more competent than MLR

model. A break pattern was also found in predictiofise model entailed use of 9
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independent variables ofanitoring period, pipe age, soil resistivity, design pressure, soil
dersity, soil cover, type of prstressing wire wrap, wire diametend wire pitch.

To summarizeANN models are able to cover ntinear and complex behavior of water
networks. They also cover numerous variables which increase system performance
reliability. Onelimitation for this methodologys thatthere isno descriptionaboutthe
creation of the black boX¥urthermore, ANN models are not able to predict future failure

rates for other areas.

2.4.4. Heuristic models

This methodology is used for those probletnat thave limited data. It captures expert
opinions about importance of effective parameters on a specific iSeumee of the
researcheabout use of heuristic modelse presented here

Kleiner and Rajani (1999) proposed a matip process to assessufet needs in water
pipelines using limited data. The riustep process consists of:chllecting data where

data for predictin of future breaks is scarce, @assifyirg data into different groups, 3.
determination of servictife utilizing breakagerate, 4.inspecting differehscenarios of
expected life, 5cdculating the replacement cost whter mains. Since there is limited
data,a heuristic model is necessary to employ three probability distributions of Weibull,
Gumbel and Hez. The model waserified through a case study and results showed that
during the first 30 years, all distribution predicted same replacement age. Analysis also
revealed that pipe age, soil type and operating pressure are the most critical factors in
breakage rate. Dataed for this assessment is vintage, soil type, diameter, region, length,

operating pressure, road type, surface condition, foundationatatéraffic loading.
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Watson et al. (2004) proposed a Bayediased pipe fail&@ model to predict failure rate

This hierarchical model collects data from different data sources such as engineering
knowledge and historical failure data. The model considers hyperprior distribution for
failure rates. This distribution determines the influence of individual failure on pihes

in network. In process of validation, the model wabdatedwith two pipes and the break
rates were illustrated versus time in predicted models and observed datpigéneiaches
ageof 25, Bayesian model predicts better results tharmal edimation. After that, the
results from both the models are similar.

Al-Bargawi and Zayed (200®resented a model using analytic hierarchy process (AHP)
for water main conditions assessment. AHP quantifies qualitative engineering knowledge
of experts abaumportant factors in pipe failure. In thmodel, the effective factors ree

first recognied; then paiwise comparisons we performed between each two of the
factors and priorities we assigned. Afterwdrconsistency analysis waerformed ah
condiion assessment records reecalculatedfrom priority matrices. The condition
assessment values ranges from O (critical) to 10 (excellent). Factors consideisestudiy

are soil type, groundater table level, pipe diameter, @€ age, breakage ratdazen
Williams C-Factor, Cathodic protection, type of traffic/road, type of service, and
operational pressure.

Al-Bargawi and Zayed (2008) alstid another researcibout an integrated AHP/ANN
mod el to evaluate munici pal stwtdize¢ AHPrfoai ns 0
calculate the weights and assign a value between 0 (critical) to 10 (excellent) to the
condition of pipeline. After that, ANN model was employed to solve the problem of

missing data using pattern recognition. The model was validateadgh data from three
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case studies. Results show good correlation between observed and predicted data.
Parameters considered in this study are pipe mataaatgter, age, soil type, groumdter

table level,average daily traffic, type of roadnd service,number of breaks, Hazen
William coefficient,Cathodicprotection, and operational pressure.

Zhou et al. (2009) developesl Fuzzy based pipe condition assessment model using
PROMETHEE. PROMETHEE is a method of outranking which establishes and uses
relaionships between indicatons order toweight pipes. The model generates pipe
condition rating using AHP from fuzzy firevel and secontevel condition indicators.

The model was validated using eight pipe samples. The parameters used for first level
condtion indicators are physical indicators, load, external corrosion and historical
breakage. Pipe diameter, age, length, depth, water pressure, impact strength and maximum
pressure are the data vg@ments fosecond level condition indicators.

As can be een, the heuristic models entail inconsistency in expert judgments. Since the
experience differs from individual to individual, the judgments are diffekHeever,the
heuristics models are simple andutd be utilized as an initial phase for evaluatioi

failure rates.

2.4.5. Fuzzy logic models

Fuzzy logic isemployed to deal with systems with inexact information and uncertainties.
Numerous apjpdations of this methodology havbeen reported in infrastructure
management includingO articles about water distribution networks.

Kleiner etal. (20(®) proposed a fuzzy Markowetkerioration process to model failure risk

of PCCP, cast and ductile iron water mains. Triangular membsrghgfuzzy rules of
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Artfheno wer e e nheprablem. Conditmof the dssetevastcalculatedm

the present conditiomnd deterioration rate, which had been identified from Markov
deterioration process. The data requirements of the models were pipe age, pipe material,
external pipe barrel/bellpner lining, prestressed wire, concrete core, pipe geometry and
joint. This model has not been validated due to lack of data.

Rogersand Butler (20053leveloped aeurofuzzy spatial decision support systénpipe
repla@ment prioritization. The model includes fuzzy logic and neural network back
propagation algorithnwhich relates certaicharacteristics to pipe replacemehiput

output pairs of burst recortisgether with pipe characteristie®gre used to train the model.

Since data needegreprocesmg, Bayesian statisticemnodel was employed. Results
showed that training improves model performance. The input parameters for the model are
soil type, pipe density, age, diameter, material, street type and maximum pressure.
Najjaran et al. (2006)resented a fuzzy expert system to assess corrosion of cast/ductile
iron pipes from backfill propertiesThe model comprises subjective and objective parts
and two systesiwere suggested for fusion of tebjective and objectiveodels.The

first system determines deterioration rate using soil properties and the second determines
corrosivity potential from soil sampleB the process of validation, a series of soil samples
were utilized. The extracted variables from the soil samples sedressistivity, soil pH,
percentage of clay finesoil redox potential ansulfide, pipe age and maximum pit depth.
This methodol ogy was also used in two oth
Deterioration Model i n gjaranfetalR004)iarefiBiuzayiRased | | i ¢ |
method to evaluate soiborosivity forpredicton of water maine t e r i Sadicgetab,n 0

2004).
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Rajani and Tesfamaria(2007) proposed an approach for estimating time to failure of cast

iron water mains. The fuzaypembership function employed in this model is triangular
fuzzynumbersd and N are two measures for uncerta
N accounts for necessitlfailure occurrence which is stated by means of factor of safety
should be betweekt a n.dModHl presented by Rajani and Tesfamariam (2087)
identi cal t oEstnmeng pimedosFailaré of AlgeingCastilron Water Mains
under Uncertaintiesqg2@®Ra) aand anBod<xiskialmagti
Consideration of Unctainties to Estimate Structural Capacity of Aging Cast Iron Water

Mai nso ( Tesf2006nA caserstudggasusedto validatethe model. Results

showed large and small diameter pipelines are more susceptible to external loads and
beddinglossregpectively. Input parametersequired for this model arelastic modulus,
normal and bursting tensile strength, ring
toughness, pipe nominal diameter, thickness, length, thermal coefficient, soil unit weight,
trench depth and width, unsupported length, soil dead load and traffic live load, water
pressure, transient water pressure, remaining wall thickness and temperature difference.
Fares and Zayed (201pjesented aibrarchical fuzzy experystem for risk of failure in

water mains The 16 input parameters are classified into 4 groups of physical,
environmental, operational and post failure. The risk of failure varies between O (least risk)

and 10 (highest risk)At first, the impact factoof the parameters of foutategories were

evaluated utilizing the Mamadani rule systérhen, they wee used to calculate the risk

of failure. The model was verified by a castedy that resulted in the fact that cast iaoa

small size pipes are the masnsitive parts in the network. The input parameters are type

of soil, average daily traffic, groumchter level, pipe diameter, material, age, protection
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method, breakage rate, hydraulic factor, water quality, leakage rate, cost of repair, damage
to surraunding, loss of production, traffic disrupticand type of serviced area.

This kind of performancemodels aremostly used where there is lack of data and the
relationship between parameters\ague One challenge in this methodology is choosing

the fuzy rule sets and defining the fdezification procedure. Choosing triangular fuzzy

numbers are more common in literature.

2.4.6. Summary

The deterioration models can be grouped five categories of deterministic, statistical

and probabilistic, artificial neat network (ANN), and heuristic models based on the
methodologieemployed. Each method has its own featubeterministic and statistical
models entails use of sample specimens and large number of long term observed data while
fuzzy and probabilistic mads are often used when data is scarce or there is very limited
information. Most of the methodologies such as deterministic, probabilistic and ANN are
site-specific and it is not possible to generalize the results unlesguhéon remainghe

same.

The relationshipbetween the parameters are certain in deterministic models whereas fuzzy
models are utilized in the situations where ceaeffect knowledge is imprecis®loreover,

as ANN seems like a black bdkere is no description about ttreation é neural network.

As can be seen from modefs\IN, heuristic and fuzzynodek are recently developed and
proved to bemore efficient than previous model&e.g. ANN and fuzzy models consider
more parameters than otheFuture worksare required to proposgeneralized models

which considers furthgrarameters and utilizes less data requirements.
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2.5.Maintenance scheduling models
Renewal and replacement scheduling models are mostly used optimization methods to
develop a coseffective and appropriate model foghabilitation programs. Nowadays,
application of Genetic Algorithm as a method of optimization is very prevalent in literature
and there are several studies about optimized maintenance scheduling for different assets.
It is merely because of the robustasch abilities of Genetic Algorithm which can
undertake complexity of outsized optimization problems. Those with focus on water
distribution network will be explained here. Kleiner et al. (1998) proposed a methodology
in which structural and hydraulic @etorations are considered to analyze economic and
hydraulic capacities of pipe segments in water distribution network over a planning
horizon. The model in this study carried out this methodology into a decision support
system which chooses rehabilitatialternative for each pipe segment of the network to
minimize the cost of maintenance plans. The validation process entails comparing results
to the data gathered from a restricted exhaustive enumeration and by asking questions from
experts and managersaéh et al (2000) suggested new approaches for optimal repair fund
assignment and allocation of budget in water distribution networks. The model assumed
there is no limitation for the budget at first and developed to allocate the funds and then it
optimizedthe allocation of the limited budget for the city. The ultimate goal of model is to
minimize the total cost of repair and water loss. The actual data of the network of Ho Chi
Minh City in Vietnam is used as the numerical example in this study to didpéay t
practicality of the proposed modelslailhot et al. (2003) defined an optimal replacement

standard for individual pipe based on their expected future costs estimated form conditional
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probability function. To minimize the cost, hazard functions are waeblko estimate a
critical pipe break order in order to perform replacement.

Moglia et al (2006) have developed PARMSPRIORITY method to support decision
making in replacement scheduling of water pipelines. Previously, similar method of
PARMS-PLANNING provided decision makers with lortgrm plans and budget saps
associated to pipe replacement. This model performs risk calculation from asset and failure
records data and then predicts the failures. After that, it estimates the related costs and
evaluateshe scenarios. Based on the application of PARMRGIORITY in two water
utilities, it has the potential to be a useful tool for rehabilitation scheduling. Alvisi and
Franchini (2006) recommended a nmuahbjective rehabilitation scheduling which aim to
minimize the total cost associated to repair or renewal of pipelines and maximize hydraulic
capacity of the network. The budget is constrained over a selected period. In addition to
the optimizer, there is a hydraulic simulator which identifies hydraulic anakage
situations. Applying the proposed model to a case study showed that the methodology is
beneficial for future rehabilitation schedulinihe authors later developed a procedure for
multi-objective optimal mediurterm scheduling in rehabilitation arebkage detection of

water distribution systems. They assumed a predetermined budget constraints and
identified the time and location of the pipe segment that should be replaced. The objective
of this study are to minimize the volume of the wasted wateugr breakage and leakage

and repair costs of the breaks. The outcome of this research is not only one optimal solution
but also the Pareto front of other solutions. This model has applied to a real case study and
results showed that the proposed methaglplis appropriate for leakage detection and

rehabilitation strategies (Alvisi and Franchini, 2006). Nafi and Kleiner (2009) proposed an
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efficient scheduling renewal method for water pipes focusing on individual water mains.
They considered adjacent knowmfrastructure works and economies of scale and built
their model based on short to medium planning period. The projected solution of the model

is different combinations of segment renewal programs for decision makers.

2.6.Relatedresearch techniques

2.6.1. Delphi technique

Delphi technique was first introduced in 1950s in RAND Corporation. It is a decision
making method based on opinions of experts (commonly referred to as the panelists,
participants or respondents) concentrating on a certain issue. It is suppiseevtral

people are more unlikely to make wrong decision rather than an individual over an issue
(Hasson et al., 2000). Delphi is also defir
to deal with a complex problem while avoiding their directfemmation and retaining

their interactionso (Linstone & Turoff, 19
Anonymity, iteration and controlled feedbacks from prior round to the current round,
statistical aggregation of group responses and expert panels are the key features of the
Delphi. Anonymity is achieved by performing the survey through emails or personal
interviews because when the respondent put his/her name on an idea, it would be more
difficult to change the idea later (Ngeru, 2012). Iteration and controlled feedback provide
refined results. Statistical aggregation is completed through quantitative analysis and data
interpretation (Ngeru, 2012). This technique is considered as quick, not costly and
relatively competent way to obtain consensus from opinions of the pan¥lstsDer

Gracht &Heiko A, 2012) and has the potential to investigate the issues that necessitate

55



judgment. On the contrary, some researchers believe that it is very time consuming and
labor intensiveGary & Heiko, 2015)Delphi has also been criticized for forgipanelists

to reach a consensus and having no area for the participant to clarify their opinions (Hasson
et al., 2000).

In the process of the Delphi, the problem statement should be defined at first. Then a panel
of experts familiar with the subject iSeeted. Since Delphi is a group decision technique,

it needs several experiencedperts familiar with the issu&ho could deliver correct
answers to the questions. Therefore, the process of selecting skilled panelist is of major
importance (Okoli & Pawlowski, 2004). Most of the studies use 15 to 35 experts as a panel;
however there are evidences of participation of 100 to 1000 responitethis literature

Reid reported panel sizes of 10 to 1685 from the previous studies (Reid, 1988). Murphy
noticed thathere is no empirical relationship between number of experts and validity and
reliability of the survey and some researchers believed thabenohexperts is subjected

to the available resources and scope of the problem. Murphy also suggested that the
geographical diversity of the members leads to consideratierhafustive aspects of the
issueand results in better decisions (Meijering, Kampen, & Tobi, 2018¢n&ards,the

first questionnaire is designashich provides information on the issues itshbheen
designed for. The questionnaire must be sharp and answerable. Usually, the questions are
designed by a small group of experts, however therdeavecases in which a semi
structured questionnaire or structured questionnaire were used to colleah dhta
literature(Powell, 2003).

Giving feedbacko the participants helps them to figure out whether they may have failed

to consider anparameternnd gives the panelsthe opportunity to revise their answers if
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necessary (Mutikanga, Sharma, & Vamanoorthy, 2011). The survey continues until the
expected convergence achieved or the law of diminishing returns sets in (the number of
returns decreases). It should be noted that early finishing of the survey causes erroneous
results and many rounds woulda st e expertos time. Three to
most of the literature (Xia, 2010). However, several studies showed that two or three rounds
are ideal. It is believed although two or three rounds gives the approximate convergence in
the collectd responses, more rounds would not result in increased accuracy of the decision.
Moreover, balance of time, cost and possible particip&atigue should be considered
(Powell, 2003; Yiet al.,2014).

One limitation in Delphi technique is level of respemnghich needs to be high in reaching

a consensus (Yeung, 2007). The panel of the experts should include both academic and
technical individuals to prevent from biased conclusions based on their background (Mack,
2011). The success of the Delphi highly degseon the skills of the researcher. He has to
track the respondents from the first round to the end, reminding them to fill the

guestionnaires and analyzing the collected responses (Hasson et al., 2000).

2.6.2. Analytical Hierarchy Process (AHP)

AHP gives weights to set of vambles by organizing experien@nd judgments of

individuals into hierarchical structure. This structure illustrates relationships between goal,
parameters and sygarametersFuzzy analytical hierarchy process (FAHP) is the fuzzy

format of AHP and isa welkknown multi criteria decision making technique introduced

by Saatyin19838.t coul d be said that the ultimate ¢

judgment however itis notable toreflect the uncertainty in the judgments andwisalge
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of humans in decision making process precisely. The uncertainty could be modeled using
fuzzy logic. It add two more inputs and respectively two other outcomes of smallest and
largest possible valuesAHP is used to solve the hierarchical and meiieria decision
making problems by using trapezoidal and triangular fuzzy numbers. These two mentioned
fuzzy numbers are mostly used to reduce the complexity of the problem due to the large
number of criteria and decision makers. The fuzzy charactsrgtiould be compared and
ranked to find the priority of the criteria.

When the judgments aneade, the hierarchical levels aeady to be analyzed usingRP.

The experts are asked to identify the relative importance of each criterion separately and
respect to othefactors in AHP.AHP has some limitations such as subjectivity and it does

nat consicer uncertainty in inputs. AHP has solved thiproblem; howeverit is time-
consuming if calculatins are done manually. IPAHP, the experts are asked to enter all
possible outcomes of modal, lowest and highest possible values in the pairwise comparison
matrix. It means that they are entering the values three times more than they enter in regular
AHP whichis difficult and timeconsuming(Fares, 2008)To analyze FAHPlLaarhoven

and Pedrycz1983) suggested a method which was based on minimum logarithmic squares.

This method did not become popular due to its complexity and ambiduetyl et al.,

2010).Af t er that, Chang (1996) pAnalysie Blethad a me't

( EA) 6 wh fuazyh triangsla ssumberand becomes more common in FAHP
calculationgNepal et al., 2010)n this stuy, the EA method is chosen for analysis and

more details will be described in the n&ttapter
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2.6.3. Shannon Entropy

In 1984, Claude Shannon proposed a mathematical theory to measure amount of
information contenof an information sourcdhe concept of thitheory has been used in

a variety of scientific areas such as gibog, social science, and etcwéas taken from
definition of entropy by Boltzmann in the second law of thermodynamic, which describes
entropy in terms of uncertainty in energy states ofstesn. In this mathematical theory,

the term of Entropy, refers to the portion of information content. This portion indicates the
uncertainty of both the information source and the random variable and defines how much
information is earned when result idbservedWhen the raw dataf the decision making
matrix are identified completely, Entropy method could be used to evaluate the weights.
There is more chance of occurrence for each value of i when entropy is higher. Considering
0 as a random variablend | as the probabilitythe theory identifies the relatiship

bet ween Sh anbBaodrahdom Zanablef allphgn criteria(Shannon, 2001)

o o
5 g
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Wheren is the total number of possible outcombteasuring uncertainty of a random
variablei means that whe® = 0,i would be a certain variable not a random one. Also in
case of maximum quantigf O, i is a random variable with uniform distributidn. this
formula entropy and uncertaintgreused for the same concept other words, average
guantity of information which is collected after the observation of rgsuitthe random
variable ofX, is entropy Lotfi and Fallahnejad (2010) classified Shannon Entropy into

Il nterval S hya nannodn 6Fsu zEznyt rSohpannonds Entropy

them.
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2.6.4. Fuzzy Logic

Fuzzy set theory was first proposed by Zadeh in 1965. The theory is based on the fact that
fgoal s, criteria, consequences of asdeci si
(Ozer, 2007)Therefore, decision makers prefer to express their opinions in a range instead
of an exact value. Fuzzy theory covers four main concepts: fuzzy sets, linguistic variables,
possibility distributionsand fuzzy ifthen rules. A fuzzy set A in X is defined by a
membership functiom{x) which associate a real number in the interval [0, 1] to each point

of X. The value of £(x) represents the grade of membership function(¥)= 1, it means

that x isfully belongs to A and x does not belong to A, i{X) = 0 (Zadeh, 1965).
Approximate environment is well illustrated by fuzzy logic and it can be utilized in
mathematical operation. Thus, the use of fuzzy logic has a sudden growth during the past
decades

Fuzzy membership functions are those functions that relate outputs to inputs. There are
many forms of membership functions, however, main ones are triangle, trapezoid, bell
curve, Gaussian and sigmoid. Trapezoidal membership function is identified by fou
parameters while Gaussian and sigmoid membership functions are represented by two
parameters. Bell shaped functions are identified by three parameters of width, slope and
center of the function. Triangular function only has three possiliieomesof smdlest
possible, most probable, and largest possible value of the phenomenon. Triangular
membership functions are the mpsepularfunction in literature and are the most common

functions in fuzzy applications.
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2.6.5. Artificial Neural Networks

Artificial Neural Network (ANN) technology is a predictive artificial intelligence that can
model thecomprehensivand complex real systems and recently has substituted regression
analysis (Baxter et al., 2002). Since ANN is very fault tolerant and generalized, it
encompasss uncertainty which makes it an appropriate solution for infrastructure
management probleniBaxter et al., 2002}t is designed based on the learning mechanism

of human brain. Due to the ability of ANN to learn by example, Sawhney and Mund (2002)
believed that ANN is very effective and significant in data related problems. ANN is
composed of neurons and layers. Neurons are classified in layers and are working together.
The layers generally atbe combination o&n input layer, hidden layer(s) and anpuuit

layer. The input layer includes the input data which the analysis is baseldeopashe

output layer illustratethe product of the model. The number of hidden layers is defined
by trial and error and may rise in relation to the complexity of théleno (Fahmy &
Moselhi, 2009; Kharet al, 2010). There are lots of learning methods in ANN, however
backpropagation approach attracted the most attentions in construction management

studies.

Sharufatti et al.(2005) reported that ANN has two phases a@frhéng (training) and
recalling (testing and validation). Learning phase finds the relationship between parameters
and recalling predicts output from the input based on the trained network. In unsupervised
learning the output is unavailable in the trainpitase, otherwise it is supervised. In the
training phase, the network trains itself through data records to figure out a relationship
between inputs and outputs by adjusting the weights. The purpose of training is that certain

input results in a particuldarget value and adjustments are made to network based on the
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differences between target values and outputs until they match. If learning process is
finished faster, then the network performance will improve. Thus, the network inspects the

pattern in ordr to stop training when error is about to rise.

In ANN, both weight (w) and bias (b) are scalar parameters of the neurons which can be
modified. Bias is similar to weight excluding that it has a fixed input of 1. These two
parameters are adjusted unti thetwork models thieehaviorsuccessfully (Achinet al.,

2007). Neurons ofach layeare connected to otlethrough connection lines which has

an assigned weight. These weights are summed withlbbiasiumat el 'y t o constr
n e u r dbonewvaluate he accuracy of the model, Mean Square Error (MSE) is applied

which calculates the sum of differences between output and target (idhzgi et al

2015)

The ANN hasits own advantages and drawbacks. The key benefit is the ability to load
historical datan order to train and modify the neurons weights until ouyaliesreach
targetones As for the limitation of the ANNIit is believed that the training speed is slow,

the structure is not precise and the optimum design is not very wisely directed.
Furthermore, the black box nature of the ANN prevents from understanding the weights of

network.

General Regression Neural Network (GRNN) is often used for nonlinear function
approximationlt has a special linear layer and a radial basis layer which mak#ferient
from radial basis network. It was first proposed by Donald F. Sjiedi®90. GRNN falls
into the class of probabilistic neural networks and requires less training samples in

comparison to a backpropagation neural network. Since availablerdatdraining the
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networks are not usually sufficient, probabilistic neural networks are of interest. Therefore,
GRNN is a very beneficial tool for approximation of smooth functions. It is able to solve
any function approximation problems in case suffictath is available in short time. The
only limitation of GRNN is dimensionality since it is not able to ignore unrelated inputs
itself and needs major modifications in algorithm. Consequently, this method is not chosen

in problems with more than 5 to 6 a&td inputs.

2.6.6. Genetic Algorithm

Genetic Algorithms were first introduced by John Holland in 1975. They are stochastic and
random algorithms which imitate the natural selection and are based on genetics. GA
generates optimal solutions through developing e improved generations from

parents holding best characteristics repetitively. The whole process is started through
producing the first population in which members are seleetedomly or based on some

rules. The fitness function is defined awdlculaed for each chromosom&ince fitness

function values show how much optimal each solution is, the best individuals are chosen

for mating pool. Next generation is produced through crossover in which two parents who

were selected from the pool, exchangérthenes and create offspring. The main limitation

of crossover is that it reduces the variet:
Mut ation is employed in offspring pool anc
chromosomes of the negifspring are compared based on fitness value to select the best
chromosomes for the next generatiohese steps are repeated until no further

improvement is recognized and the best solution is identified.

Haupt et al. (2004) summarized the GA implemeotesteps into 7 steps:
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1. Initialize the first population: the first population namely pareres generated
which are set of solutions (chromosomes). This population size should be large
enough to accomplish the favorite solution. However, a satisfactoeycsiuld
assure the least elapsed time for running the algorithm.

2. Determinethe fitness function: fithess function is the objective function which
solutions will be evaluatellased on

3. If the resultsaresatisfactory, then select the best solution

4. Else, clvose new parents

5. Crossover: crossover means the mixing of chromosomes of parents to initiate a new
generation and mostly genersifgetter solutions. The most common crossover
methods are single point crossowarp-pointcrossover and uniform crossover.

6. Mutation: considering new and undiscovered genes in the population is mutation

7. Go to step 2This step is used to prevent from choosing-optimum solutions.

Single objective optimization has only one optimal solution, while roblgctive
optimizationhas more than one objective that should be achieved. Therefore, there are
more than one solution which can be considered asapg@nal solutions. Consequently,
ranking tools such as Pareto Front, TOPSIS, EZStrobe, etc. should be employed to help in

decidng which neatoptimal solutions is the ultimate optimal solution.

GA has major advantages in comparison to other methods. It can run the optimization with
both discrete and continuous variables and is able to deliver not only one solution but a list
of solutions. Moreover, GA can solve different objective function and can deal with

complicated cost problems.
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2.7.Findings, Limitations, and Research Gap
There has been extensive endeavor to address different aspects of water distribution
networks such as the pection methods, deterioration, residual life and rehabilitation
plans of the pipelinedn the case of inspectiptiterature review proved that since each
method has its own features, a hybrid#es method is neestito employs more than one
technology for timely assessment and cost reductiBome researchers have tried to
develop performance models for eadpecthowever literature review confirms that the
existing research worksavenot developed a comprehensive model that predicts condition
andresidual life of the pipes and construct the rehabilitation plans based on the constrained
budget.Most of the previous studies concentrated on one aspect of the pipelines such as
deterioration curves, failure rate or conditid@onsidering the existingederioration
models, it could be seen that each model considers different variablpsedict
deterioration and remaining useful life in pipeline. kissumed thatertain variables have
been selected ithese researchedsecause they are availabtather thanimportant
Therefore, a part of this study deals with prioritizing the factors affecting the deterioration
and residual lifdbased on their significancebwo methods were used simultaneously to
consider both subjectivand objective weightsfohe parametergurthermore, most of the
models aresite-specific and are applicable only for those particular situations they have
been designed for. Therefore, a comprehensive model is needed tthedweitations of
the previous models and predibe performance of the pipes regarding their different

features.

Mostly in pipe repair programs of faulty water distribution network, whenever a leak is
detected, the pipe goes under maintenance. Thisrepkatuntil allocated funds are
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terminated. Thebudget is generally billed on yearly basis without careful analysis.
Therefore, an optimizedeplacement and rehabilitation strategy is needed to prevent
budget from exhaustioin the literaturegeview, several powerful methods were fouhdt

can be usedbr efficient scheduhg the replacement and renewal of water pipeline. For
example, it was found that Genetic Algorithm is a strong method for prioritizing the
pipelines for replacement or rehabilitation in small networks when there are multiple
objectives to satisfyHowever,this method would be more powerful when it is combined
with another analytical method such as neural netwdirkce neural network is able to
cover nonrlinearity and complexity of water network behavior and it is capable to déal wit
numerous variable, it would boost the prediction capability of the model by being used in
predicting the remaining useflifle of the pipeline Also themaintenancglans would be
more costeffective whenrehabilitationand replacement strategies are selected considering
a constrained budget and the estimatuaining usefulife along with thepredicted

breakage rate.
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3.1.Chapter Overview
This chapter starts with a section which elabordte®verall research methodology of this
thesis It goes briefly on the developed models and schematically displays the steps of the
calculationsat first (section3.2). Next, the condition model is addressed and its three
consecutive phases are discussed to show how condition index is calculated 8s&ction
Section3.4is abouthe wayneural network is applied to calculate the remaining useful life
of the water segments in a netlk and several models are trained to find the most accurate
model for RUL prediction. Thichapter is wrapped up blyudget allocation model
(section3.5) which explains an optimized budget allocation model for water distribution
network. Theconstrainedbudget is assigned based on the remaining useful hife a
breakage rate of each segmienthe design horizoand the model define the replacement

and rehabilitation programs of the network differenthorizors.

3.2.0verall research methodology
The overall flow of the research process is depictddgare 31. As Shown, the research
starts withcomprehensive literature review abdattors influencing the deterioration and
leak detection method&xisting deterioration models ardkcision making techniques
were also studied to make use of them in the analysis. Preliminary anatsisnsenced
by distributing andcollecting the first serieef questionnaires about factors affecting
deterioratiorfor three roundsThe questionnaires are analyzed amel parametersf the

modelareselected through Delphi survey.
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3.3.Condition model

3.3.1. Identification of contributing deterioration variables

The flowchart diagram of this pa# illustrated inFigure3-2. The study was conductéal

find the important parameters in deteriorati@relphi is used to collect data since it is
capable to explore answers for designed questisragldressed in secti@rb.1 First, the
problem should be defined and all #spects of the issue should be considered. After that,
the questionnaire is designed and #xperts were selectednsidering their expertise in

water and pipelineThe success of Delphi obviously depends on the related expertise of
the panelists. The required expertise was divided into three categories: piping, water and
maintenance. To selettte experts, their personal social networks were reviewed and the
name of those who would fit into categories were written. Since the personal contacts of
the researcher are limited and biased, different municipalities were contacted and asked for

expertswho have deep understandingmentioned categories.
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Figure3-2. Flowchart of Delphi method
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Af terward, the experts received fdAqualific:
Those experts that havet enough knowledge were politely excused. Once the list of
panelists is prepared, they are contacted individually. The initial questionnaire would be
delivered to the panelists when they approve to participate in the survey. Most of the
experts believedhat the listed factors in the questionnaire are sufficient; therefore, the
guestionnaire would not go under any changes during the survey.

In this study, Data collection was performed through 3 rounds of survey. In first round 46
online questionnaires were sent to the panelists-maig 46 responses were received and
analyzed. From those who completed the first round, 13 experts resgorttiedsecond

round modifying their judgments while 21 panelists responded without any revision to their
answers. In the third round, none of the respondent desires to revise his anshefphi

survey was terminated. This study was perforar@ahymousl in all the three rounds and

final results were delivered to the paréie responses to the questionnaires were analyzed
to check the reliability and validity of theresusi nce Del phi doesndt n.
meet physically, therefore survey cddlenefit from the international judgments as well.

After collecting questionnaires from experts, their validity and reliability should be
checked. It is important to know the connection between the validity and reliability.
Reliability is necessary for \idity but it is not satisfactory along@.itwin, 1995). Validity

which means accuracy in question design is measured in four forms: face, content, criterion
and construct validity. They could show whether the goestire is able to measure the
specificcharacteristic that it has been designedofonot (Litwin, 1995). Litwin reported

that face validity is not an acceptable measure of validity at all. He also believed that

content validity is very qualitativéLitwin, 1995). Construct validity which relies on a clear
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explanation of the construct, is the most valuable and difficult(Okeli & Pawlowski,

2004) Delphi method can contribute to construct validity since it uses successive rounds

of the questionnaire and researchers could make sure that the respondents understand the

items correctly(Hasson etal., 2000) Al so the parameterso

de

guestionnaire moves towards understanding the construct by respondents. The construct

validity could also be checked by asking the experts to validate the final results. This
validation step is penitted since the respondents are not anonymous to the researcher

(Okoli & Pawlowski, 2004)

Reliability refers to the fact that whether the questionnaire produces the same output under

the same condition@d.itwin, 1995) In other words, it refers to consistency of the results.
Similar to the case of validity, reliability could be assessed in three aspectetdsst
alternatéform and internal consistency reliabilifOkoli & Pawlowski, 2004) They
believed that testetest reliability is not relevant to Delphi as it is expected that respondents
revise their responses each ro@toli & Pawlowski,2004) The internal consistency is
checked for the first and second rounds
coefficient Alphafor respondentshrough SPSS. It is calculated as showrolfowing
equatiorin whichA K and K are variareof the total scores, variance of the components
and number of components respectively. |

0.9, the internal consistency is Excell@ntwin, 1995).
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3.3.2. Estimation of the relative weights

In this sectionanother questionnaire was designed to find the weight of importance of
factors and was distributed among experts at first. Themeights of importance of
factors affecting theeterioration areefined through FAHPAfterwards,Entropy method

is applied to find the relative weighésd fnally an integration of Shannon Entropy and
FAHP is utilized to calculate the weighEgure3-3 shows the process for finding weights

of importance for parameter®ifferent parts of the flowchart are described in the
following sections. These methods are chosen based on the advantagdsirstat

section2.6.2and2.6.3respect to other methods.

The very early step for analysis is building the matrix for pairwise comparison based on
the collected responses from experts and checking its consistency. Affe¢héhrelative

weights of parameters and sparameters were determin@éahidnia et al., 2008)

In this matrix,0 is the weight of parameter 1 respect to parametéilZhe arrays in

matrix A are fuzzy triangular numbers af, (inj, uj) and the weight vector is defined as:

a W
N m W (0
5 1 a a
‘ W [ , 3.1
II(*) a .
T , W a
uo a
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Calculating overall ranking score
from Eq 3-10

Figure3-3.Flowchart for FAHP method
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In Extent Analysis Method (EA), Considér  ah b andd af b . The

arithmetic functions areGhang, 1996)

Y

I, myl; W mz Uz

Figure3-4.Triangular fuzzy numberSaaty, 1988)

0 0 d al am o 3.2
0 0 a ol am o 3.3
0 —h—h ,0 —h—h 3.4

In this method, the triangular number &f is calculated for each row of the pairwise

comparison matrix frorbelow in which k is row number ands criterion.

Y B 0 B B 0 3.5
After computing’Y, their magnitude should be determined respect to others. The order of
magnitude of) respect t@) is:
w0 0 p QR «
0 « 3.6

wb 0O — : , €®Mi 0
6 « a «

Equation3-7 is used to find the weightof criteria in pairwise coarison matrix and

Equation 38 shows the weight vector of criterion i

® ® 0t Y Y T pltBRE Q Q 3.7
» ® O OB © 3.

The result will be normalized froequation 0.
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After finding acceptable results, the priority matrices are combined together by multiplying
the weight of factors (VW and weight of sulfactors (), to calculate the overall scores
(Saaty, 1988)

Overall ranking score B @ ® 3.10
Following steps would ensure the consistencyhef pairwise comparison matrixaéh
triangular fuzzy number is replaced by the geometric average of its components. Then, the
relative weight vector is calculated from normalized pairwise comparison matrix. After
that, the pairwise comparison matrix is multiplied by relative weight vectd weighted
sum matrix (WSM) is calculatetllltimatelythe relative weight vector is divided by WSM
and consistency waeis the averdges of th®e copmpoheatsl of the-

consistency vector. Consistency index (Cl) is degree of deviation foosistency. It is

calculated as following in which n is the matrix si{Zaaty, 1988)

8 "0 = 3.11

Moreover, consistency ratio (CR) is defined as the ratio of the consistency index (Cl) for a
set ofjudgments, divided by the randdntonsistency index (RI1) for random comparisons

which is defined imrable3-1 (Saaty, 1988)

.., 070
oY VO 3.12
Table3-1.Random inconsistency indices (Saaty, 1988)

Number of Criteria| 1 2 3 4 5 6 7 8 9 10

RI 0 0O |058 09 |1.12/1.24|1.32|11.41]|1.45|1.49
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The concept of Shannon Entropy is important in Information thead/multi-criteria
decision makin@s stated in sectidh6.3and reérs to aracceptedneasure of uncertainty

and fuzziness. This is the main reason for choosing this method for calculating the weights.
After analyzingthe result from the Delphi method and identification of the important
criteria from all the initial 30 fetors, the experts were asked to choose the significant
parameters. Their responses were analyzed through Shannon Entrapy eidwing
formula of Entropy isgenerallyused to obtain the weights of each criter{twotfi &

Fallahnejad, 2010)

O YO MBI O 0110 3.
The process of finding the weights of importance in Entropy is similar to FAHP in building

the pairwise comparison matrix. After building the matrix, the following four steps are

performed for each array:

1 w 8 W
w 1 8 w
A=
é é 1 é
w w 8 1

Step 1: Normalization; sei Q phesaenQ  phesse

Step 2: Compute entropyi Bs O OB  a& 7 pieae whereO is the
entropy constant and —.
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Compute Entropy (E)
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Figure3-5.Flowchart of Shannon Entropy method
Step 3SetQ p O as the degree of diversification.

Step 4:Calculated B—Fm phessie as theweightof importance.

Figure3-5 illustratesthe calculationstepsfor Shannon EntropyAfter finding the weights

of importance froniFAHP (0 ), they can be combined with computisree of importance

from Entropy (o) using equation below.

WU .
B wv
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3.3.3. Condition Index

After finding the weights of importance from FAHP and Entropy, the weights are

employed tofind the condition The schematicsteps of finding theonditionindex are

illustrated inFigure 3-6. The wholeprocess of model development is done through

Microsoft Excelsince it isaneasytool to handle the datdheselectedactors arelassified

based onthe range of available data and the effect of each class on deterioration is

determined througpreviousliterature.After finding the effect of each class of factors on

deterioration the linguistic terms of extremely low to extremely hightranslated into

numbersbased on thescale presented iRigure 3-7 which is calculated form normal

distributionto determine the Attribute Effects (AEs) of the classes.

_|

Calculation of Weights of
importance(W)

FAHP |

_|

Shannon Entropy |

4

! Shannon Entropy+FAHP |

Classification of

the factors (EA)

A

h 4

Environmental factors
Operational factors

/ Physical factors

Calculation of the condition

Figure3-6.Flowchart ofcondition Index

Table3-2.Classification of pipe wall thickness

factor performance Impact
If wall thickness is <10 mm then the chance of deterioration ig high
If wall thickness is 10 mm- 15 mm then the chance aleterioration is | medium

If wall thickness is

15 mm- 20 mm

then the chance of deterioration i

very low

If wall thickness is

> 20 mm

then the chance of deterioration i

extremely low
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Table3-3.Classification of pipe age

factor performance

Impact

If age is < 20yrs then the chance of deterioration| extremely low
If age is 20yrs-40 yrs then the chance of deterioration| very low
If age is 40 yrs- 60 yrs then the chance afeterioration is| low
If age is 60 yrs- 80 yrs then the chance of deterioration| medium
If age is 80 yrs- 100 yrs then the chance of deterioration| high
If age is 100 yrs- 120 yrs then the chance of deterioration| very high
If age is > 12 yrs then the chance of deterioration| extremely high
Table3-4.Classification of pipe lining and coatifgares, 2008)
factor performance Impact
If pipe has Lining and coating then the chance alfeterioration is | medium
If pipe has None then the chance of deterioration i extremely low

Table3-5.Classification of pipe materiéFares, 2008)

factor performance Impact
If pipe material is Concrete then the chance of deterioration iy medium
If pipe material is Asbestos then the chance of deterioration ig high
If pipe material is PVC then the chance of deterioration i very low
If pipe material is Polyethylene (PE) then the chance afeterioration is | extremely low
If pipe material is Ductile Iron (DI) then the chance of deterioration ig very low
If pipe material is Steel then the chance of deterioration i very low
If pipe material is Cast Iron (CI) then the chance aleterioration is | very high

Table3-6.Classlfication of pipe installation

factor performance

Impact

If pipe installation is | Poor then the chance of deterioration iy extremely high
If pipe installation is | Moderate then the chance of deterioration i medium
If pipe installation is | Well then the chance of deterioration if extremely low

Table3-7.Classification of Seismic activity

factor performance

Impact

if seismic activity is | Low then the chance of deterioration ig extremely low
if seismic activity is | Moderate then the chance of deterioration iy medium

if seismic activity is | High then the chance of deterioration ig high

if seismic activity is | Very high then the chance of deterioration i§ extremely high
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Table3-8.Classification of dissimilar metal

factor performance

Impact

If dissimilar metal

is used in network

then the chance afeterioration is

medium

If dissimilar metal

is not used in network

then the chance of deterioration i

extremely low

Table3-9.Classlfication of bedding soil type

factor performance

Impact

If bedding soil is

very lightly deteriorative

then the chance of deterioration i

extremely low

If bedding soil is

lightly deteriorative

then the chance of deterioration i

very low

If bedding soil is

moderately deteriorative

then the chance afeterioration is

medium

If bedding soil is

highly deteriorative

then the chance of deterioration i

very high

If bedding soil is

very highly deteriorative

then the chance of deterioration i

extremely high

Table3-10.Classification of backfill material

factor performance

Impact

If Backfill material is

very lightly deteriorative

then the chance of deterioration i

extremely low

If Backfill material is

lightly deteriorative

then thechance of deterioration is

very low

If Backfill material is

moderately deteriorative

then the chance of deterioration i

medium

If Backfill material is

highly deteriorative

then the chance of deterioration ig

very high

If Backfill material is

very highly deteriorative

then the chance of deterioration ig

extremely high

Table3-11.Classification of water pressure

factor performance

Impact

If water pressure is | Low then the chance of deterioration ig very low
If water pressure is | Moderate then the chance of deterioration i medium
If water pressure is | High then the chance of deterioration if very high

Table3-12.Classification of leakag@ares, 2008)

factor performance Impact
if leakage is very low then the chance of deterioration if extremely low
if leakage is Low then the chance of deterioration i very low
if leakage is Medium then the chance of deterioration i medium
if leakage is high then the chance of deterioration i§ very high
if leakage is very high then the chance of deterioration i§ extremely high
Figure3-7.Equivalent range of Attribute Effect
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The impact of each classification in previous tables are normalized baséeduoa3-7

and an attribute effect (AE) value is assigned to each linguistic témasEociatedalues

aresummarizedn Table3-13.

Table3-13 Average AttrbutesEffect (AEi) Value for criteria

Factors AE; Factors AE;
1.Physical Factors 2.Environmental Factors
1.1.Pipe material 2.1. Bedding soil type
Concrete 5.01 | Very lightly deteriorative 0.42
Asbestos 6.68 | Lightly deteriorative 1.67
PVC 1.67 | Moderately deteriorative 5.01
Polyethylene (PE) 0.42 | Highly deteriorative 8.35
Ductile Iron (DI) 1.67 | Very highly deteriorative 9.59
Steel 1.67 | 2.2. Backfill material
Cast Iron (CI) 8.35 | Very lightly deteriorative 0.42
1.2. Pipe wall thickness Lightly deteriorative 1.67
<10 6.68 | Moderately deteriorative 5.01
10to 15 5.01 | Highly deteriorative 8.35
15t0 20 1.67 | Very highly deteriorative 9.59
>20 0.42 | 2.3. Seismic activity
1.3. Pipe age None 0.42
<20 0.42 | Low 5.01
20t0 D 1.67 | Medium 6.68
40 to60 3.34 | High 9.59
60 to 80 5.01
80 t0100 6.68 | 3. Operational Factors
100to 120 8.35 | 3.1. Water pressure
>120 9.59 | Low 1.67
1.4. Pipe lining and coating Moderate 5.01
No 5.01 | High 8.35
Yes 0.42 | 3.2. Leakage
1.5. Dissimilar metals Very low 0.42
No 0.42 | Low 1.67
Yes 5.01 | Medium 5.01
1.6. Pipe installation High 8.35
Poor 9.59 | Very high 9.59
Moderate 5.01
Well 0.42
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The condition index is calculated through equatiekb3y summing the multiplication of

the weight of each factor and the attribute effect associated to that factor.

0€¢&QUOEMRw 0 Qo 3.15

The model is validated by overlaying the final condition index lists and inspection results

and checking whether the leakage points are in critical states or not.

3.4.Remaining useful life model
In this seadbn, Artificial Neural Network is appliedo estimate expected remaining useful
life of the pipelines Neural networkis mostly used for approximation of unknown
functions. It is capable toover nonrlinear and complex behavior of water networks snd
able to handle numerous variables which increase system performance reliability
(Lawrence 1994)The overall flowchart of model delgpment is presented Figure 3-8.
As described in literature review, the key feature of ANN is its learning ability. It can be
trained by some examples to find the fairly accurate relation between inputs and outputs.
Besides ANN predicts the outputs for new inputs. this researchANN modelswere
developed, trained, validated and tested in MATLAB 2014a with database of Montreal.
Dataset was randomly divided into 70%, 15% and 15% groups which were used for
training, validaibn and testing the results respectiveBeveral ANN models were
developed which are divergent in three aspects of number of neurons in hiddevhiaker
varies between 10 and 40, random groups of datasets and number of hidden layers which
varies betweeine and two. Schematic illustration of the ANN network is illustrated in

Figure3-9.
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Figure3-9.Structure of the ANN models;s¥ind Nn are the numbers of neurons

Pipe material (M), diameter (D), length (L), condition (C) and breakage rate (BR) represent
the selected input parametérsm Montreal databasevhereas theemaining useful life
represents the estimated output parameter which is estimated form p(p¢.d&psed on

the pipe age data in database of City of Montreal, the average estimated age for pipeline is
150years.Thereforethe estimated remaining useful life of the pipelines (target value) will

be calculated consideriripOyears as the ultimate a@f a pipe.

Yoi "Q@X 6 '@ v i "QRMQ 3.16
LevenbergMarquardt, Bayesian Regularizatioand Scaled Conjugate r&lient
algorithms were used for training of data. Levenbbtgrquardtis well-known for
prediction, estimatinand solvhgnonlinear least squares fitting problems, wiBkeyesian
Regularizatiorare commonly used in noisy and small problefe algorithms attempted
to minimize the sunof squared errors by updating the netwiolias and weighfTraining
sets are used tdjust the network structure based on the associated entirit reaches
the best structure. Validation sets are utilizéal measue network generalization
capabilities and to pause training when generalization stops improvement. After training,
testirg setawill provide an independent index of the network performarameeach ANN
model, trials were performed to reach the lowest efilee.performance of the models was
assessed based or, Rnean absolute error (MAE), relative absolute error (RAE), root
relative square error (RRSE) and mean absolute percentage error (MAPE) according to the

following equationst; is the taget value while as the outputvalue
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The coefficient of determinatiorRf) is usedin statistical analysis repeatedly since it is

easy to calculate and understand. It oscillates among [0, 1] and evaluates the percentage of
total differences between estimated and target values with respect to the average. MAE is
an absolute measure ammlmges from O to + D. One advant
affected by outliers and can be calculated as an alternative for mean square error (MSE).
RAE is less influenced by outliers same as MAE, however it is contaminated by extremely
large or small vales. The relative absolute error (RAE) and root relative square error
(RRSE) assess the performance of a forecasting model in the san(iakaiglakis and

Hibon 1995). In fact, lower RAE and RRSE result in better performance of the forecasting
model. In reent researches, MAPE is mostly used to evaluate the accuracy of a model due
to its simplicity. It identifies error aaproportion of actual data and higher accuracy comes

with lower MAPE.This index can be divided into four indicators: high accuracychsie
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(MAPE < 10%), sound forecast (10% < MAPE < 20%), feasible forecast (20% < MAPE <

50%), and error forecast (MAPE > 50%) (Jia et al. 2015).

3.5.Budget allocation model
The overall flowchart of model development through Genetic Algorithm is presented in
Figure 3-10. As stated in literature review, Genetic Algorithm is frequently used for
optimization. In this study, it is used to optimize the allocation of a constrained budget for
rehabilitation and replacement strategies of an assumed water network distribh&on.
budget for rehabilitation strategies is constrained and allocated based on the municipal
decisions and policies. It should be spent thoroughly each year since any outstanding

balance would not be transferred to the upcoming year.
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Therefore, th@roblem this modelseekss ol ve i s as foll ows: fAass.|
network with n individual pipes and; (® phRt s the predicted number of breaks for

pipe i in year t. &en a planning horizon of T years angearly constrainedudget of B

for maintenance and rehabilitation, how should the pipes be scheduled for maintenance in

order toexhaust the whole allocatedu d g et ? 0

The budget considered for shkind of analysis could be selected frometh different
classes of budget) annually constrained budget which is the annual budget allocated to
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the water distribution network, is constant for each year and is estimated in municipal
meetings2) globally constrained budget which isa global budget allocated for the water
networkoverits expected life which is the sum of all cosluring the years of operation

and 3) unconstrained which is rarely noticed through the literature.

Thereforethe objectiveof this model is to maximize the use of budget and allocate funds
in the way that the difference of total cost of rehabilitation and replacement of the pipelines
and budget becomes negligibfaurthermore, it seeks to assign budget based on not only
time but also size and failure predictiddowever, total cost should be less than the

allocated budget hereforethe fitness function will be

0 0 Q QMo T

The total cost of pipe relbilitation timing is directly affected by cost of failure repair, cost
of direct/indirect damage, water loss and social cost on one hand and cost of time on the
other handSocial cost is the cost of closing the street and increasing traffic jdmas.

avdlable scenarios for each pipe is

1. Replacement
2. Rehabilitation
a. Open trench (major)
b. Trenchless (minor)
3. No action upon breakage or leakage (Leave as is)

4. Does not need any rehabilitation

For each scenario, there is a cost associated to that scenario vahilchishconsidered in

the budget allocationThese costsare cost of failure repaisocialcost cost of water loss
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and cost of pipe replacement which is assumed to have two components of mobilization
cost and the lengthnit costas described iffable3-14 andTable3-15. The mobilization
costs covers cost @etting up the job sitesignage, discovery and marking of adjacent

infrastructurewhile 6 i depends opipe material and diametédafi and Kleiner, 2000

Table3-14. Mobilization mst data

ltem o |6 0 0 0
Value ($) | 2000 5000 3000 100 2500

Table3-15. Replacement cost

Diameter (mm) | 150 | 200 | 250 | 300 | 400 | 500 | 600

0 i é 350 | 360 | 380 | 410 | 500 | 730 | 900
a

Cost of water loss or nerevenue water has been ignored historically in North America.
There are several reason linked to this problem. Significant ones are related to the fact that
there is little government regulation of water lossost stateand the fact that the value

of water is taken for granted for years by both the consumers and the infrastructure system
managers. In this study the cost of water loss due to aging and inadequate infrastructure

has been taken into account fodiget allocation strategies.

GA solves optimization problems through a gradual evolutionary approach in which best
solutions of each step is used as leaders to find the best solution of the problem. Thus, the
final solution is a winner over otheiGA conssts of two separate phases; in first one the
individuals are evaluated based on their fitness function and in the other one individuals
are evolved with genetic operators of selection, crossover and mutation toward the best

solution. In this research, tl&A model was developed in MATLAB 2014a. Initial number
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of population is assigned to 10 and the percent of crossover and mutation set to be 0.8 and
0.2 respectivelyTwo-point crossover was used to mix the parents and produce the new
generation. Also the manum number of iteration set to be 20 because it shows good

accuracy optimizing the cost.
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4.1.Chapter overview
Chapter 4 is about data collection and the related modification to prepare it for being used
in the analysis. The sources of data in this study are summarized in literature, data related
to city of Montreal and two series of collected questionnaire fropems. Literature
(section4.2.]) covers the data collected from official municipal reports posted on city of
Montreal website and several relajedrnal papers whichavediscussed the optimization
of budget allocation in water distribution network. Afterwards, the historical data about the
water distribution network of city of Montréal is explained in sectdidh2 This data is
used in the modeling of a case study to develop and validate the model to see whether the
proposed model works properly or not. Sectdah 3discussed two series of questionnaires
which both sought expertds opinions about
The demographic distribution of thanticipants and their year of expertise are explained

in this section.

4.2.Sources of data collection

4.2.1. Literature

The report obffice of the Mayor and Executive Committee on Novembél, 2614 has
elaboratedhe budget priorities for city of Montrefdr 2015 As indicated in this report,
water infrastructure and managemardg among the top r i o r Tiheé oveeall budgét for
water management stands at $376.9 million. We are allocating $61.8 million for

wastewater treatment, up 1.2% compared to the previadgdi. A sum of $56.7 million
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will be allocated to drinking water supply and treatment, while $82.3 million will go for
expenditures associated with the drinking water distribution network. We are staying the
course with regards to maintenance, repair apdimization of secondary sewer networks
and investing mor eThereforenhe &vBréll. bBdgemiorl wateo n . 0
management is about $376.9 million. A sum of $56.7 million will stand for drinking water
supply and treatment, while $82.3 million wile allocated to the drinking water
distribution network. This portion of money will be used as the annual budgehé&wak

and rehabilitation plans in this researthe full report is displayed in Appendix C at the

end of this report.

Furthermore, Nafand Kleiner (2009) did a complete research about efficient scheduling
for renewal of water pipes in a predefined planning period. They considered cost of failure
as a summation of costs of replacement, direct, indirect, social, and water loss and
calculaed an average amount for each cost. This study is an appropriate reference for
estimation and analysis, although it was prepared a couple of years ago. The costs were
modified based on the inflation rate and current market value p the maintenance and

replacement plans.

Table4-1. Cost data (Nafi and Kleiner, @9)
ltem Unit | Value
Pipe Replacementl50 mm $/m 300
Pipe Replacemen200 mm $/m | 350

Mobilization cost $ 2000
Cost of water loss $ 100
Averagesocial cost $ 3000
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Figure4-1. Budget report of city of Montreal, page 1
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Figure4-2.Budget reort of city of Montreal, page 2

95



Thisdata is used in thisearchot only to generate missing data but also as the input for
implemented models. Thenit cost of pipe replacement for other diameters ($/m) have
been generated along with other costs (e.g. direct, indirect, minor and rhajaititation)

in order to determine the best rehabilitation and replacement strategy.

4.2.2. City of Montreal, Quebeg Canada

Due to the scarcity of historical data, it is approximately impossible to find a complete
database which includes all the specificatioha water distribution networks. Since one

of the limitation of previous models is relatively small database, efforts were done to find
a large database. Therefore, water distribution network of city of Montreal was selected for
analysis since it is largenough for the analysis. This database was extracted from
Geographic Information System (GIS) shapefile of city of Montreal and imported to Excel
worksheets. The water network of city of Montreal is showRigure4-3. It consists of
125,829 data points which covers all over the Island of Montreal with the total length of
5340.2 km. The network consistsadfjhtdifferent pipe materials including Cast iron (Cl),
Ductile iron (DI), PVC, PE, asbestos cement, concrete, stainless steel and copper. It also
includes data about installation and rehabilitation dates, diameter, owner of pipes, length
and rehabilitation fye. There are 11,645 breaks all over the network from the initial
installation date with breakage rate ranging from 0.017 to 1098.92 breaks per year per

meter. A summary of the available quantitative data of this dataset is given in

Table4-2 and brief description of qualitative data are showhable4-3.
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Figure4-3. Water networlof City of Montreal

Table4-2. Quantitative data attributes for water networky©f Montreal

Attribute Min Max Mean Stand_ard Mode
deviation

Installation date 1862 2014 1961.47 31.29 1955
Rehabilitation date 1914 2014 2004.38 11.98 2011
Diameter (mm) 20 3900 245.63 151.89 200
Length (m) 0.15 6557.65 43.31 65.17  0.15
Breakage Rate 0 109892 017  6.05 0
(breaks/year/m)
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Figure4-4. SampleGIS shapefile of city of Montreal
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NUMEROSE_4 | NUMEROSE_S | OBJECTID | PROPRIETAI | PROPRIET_1 | PROVENANCE | REMARGUE | RESERVOIR_ | RESERVOIRY | STATUTDESC | STATUTGEOM| STATUT_R
M 10497474 | VOM-VM GE_CGV Ch MCTA GE_DPEP INC NC E
MN& 10457475 | VOM-VM GE_CGW Ca MCTA GE_DPEP C hC E
Ha 10497478 | VDM-VM GE_CGV Ca MCTA GE_DPEP NC NC E
Bl& 10457477 | VOM-PM GE_CGW i MCTA GE_DPEP NC NC E
[ 10497473 | VOM-BM GE_CGV Ca MCTA GE_DPEP HC C E
M& 10457479 | VDM-VM GE_CGWV CA WCTA GE_DPEP NG MC E
Bl 10457480 | VOM-PM GE_CGW i MCTA GE_DPEP NC NC E
HA 10497431 | VOM-PM GE_CGV ca MCTA GE_DPEP NC [ E
MA 11201288 | PC GE_CGWV ML PCLS GE_DPEP AL AL E
B 11201287 | PC GE_CGW ML PCLS GE_DPEP AL AL E
[ 10457425 | VORI GE_CGV =% MCTA GE_DPEP N HC E
MA 10457487 | VDMV GE_CGY CA MCTA GE_DPEP MNC MC A
NA 104574528 | P GE_PA Ch NC M AL AL E
Ha 10457429 | VDRV GE_CGY Ca MCTA GE_DPEP NC MC E
N& VOM-MH GE_CGY CA MCTA GE_DPEP AL AL E
M 10058852 | VOM-MH GE_CGV Ch MCTA GE_DPEP AL AL E
Ha 10059853 | VOM-MH GE_CGV Ca MCTA GE_DPEP AC AC E
Ha 4 | VDM-MH GE_CGV Ca MCTA GE_DPEP AL AL E
M 10058855 | VOM-MH GE_CGV Ch MCTA GE_DPEP AL AL E
[ 10059855 | VOM-MH GE_CGV Ca MCTA GE_DPEP AC AC E
HA VDM-MH GE_CGV Ca MCTA GE_DPEP HC HC E
Bl 10055858 | VDM-MH GE_CGW i MCTA GE_DPEP NC NC E
N 11201281 | VOM-LN GE_CGW PR MAJ_2574 | WNDI GE_DPEP AC AC £
MA 11201309 | VDM-LN GE_CGWV PR MAJ_2068 WHDI GE_DPEP AL AL E
Bl 11201310 | VDM-LN GE_CGW PR MAJ_2088 WHDI GE_DPEP AL AL E
[ 11201311 | VOM-LN GE_CGV PR MAJ_2085 | WNDI GE_DPEP AC AC E
MA 11201268 | PC GE_CGW ML PCLS GE_DPEP AL AL E
NA 10060734 | VDM-MH GE_CGW Ch MCTA GE_DPEP INC INC E
MA 1NARNTS | W MH GF ro = WETA AF MBER e [T B
b
STATUT_R_M | TYPEPROTEC | TYPEPROT_1 | TYPEREHAB_ | TYPEREHABY | TYPESEGMEMN | TYPESEGM_1 | NOTRCGED_4 | timestamp | OBJECTID_1 | SHAPE_Leng «
GE_FP INC I, INC P& BD ZE_PP GE_CGWV 1202872014 1 |].51'1?'IE-|:
GE_PP INC fa INC M B0 GE_PP GE_CGV 1202872014 2 6,1365865
GE_PP INC M INC M& BD GE_PP GE_CGWV 1202872014 3 6.815238
GE_PP INC (e INC. [LEY BO GE_PP GE_CGW AXZE2014 4 0914788
GE_PP INC NA INC A, BD GE_PP GE_CGV 1202872014 5 2193501
GE_PP INC &, INC A& BD GE_PP GE_CGWV 1212872014 8 0.924705
GE_PP INC (e INC. [LEY BO GE_PP GE_CGW AXZE2014 T 036796
GE_PP INC NA INC A, BD GE_PP GE_CGV 1202872014 & 2455663
GE_PB &, &, & A& BD GE_AWV GE_CGWV 1212872014 9 3.880249
GE_FB LEY (e L EY [LEY BO GE_aW GE_CGW AXZE2014 10 25088
GE_PP INC NA INC A, BD GE_PP GE_CGV 1202872014 1" 6526202
GE_AW INC &, INC A& BD GE_PP GE_CGWV 1212872014 12 40721111
GE_FP INC I, INC P& BD ZE_PP GE_CGWV 1202872014 13 22841583
GE_PP INC fa INC M B0 GE_PP GE_CGV 1202872014 14 12.212041
GE_PP INC. M& INC. M& BO GE_PP GE_CGW 1202872014 15 2AZTIET
GE_FP INC I, INC P& BD ZE_PP GE_CGWV 1202872014 16 0.371323
GE_PP INC fa INC M B0 GE_PP GE_CGV 1202872014 17 2019393
GE_PP INC. M& INC. M& BO GE_PP GE_CGW 1202872014 18 0.200034
GE_FP INC I, INC P& BD ZE_PP GE_CGWV 1202872014 19 5.5836
GE_PP INC fa INC M B0 GE_PP GE_CGV 1202872014 20 £,580306
GE_PP INC. M& INC. M& BDG GE_PP GE_CGW 1202872014 21 3.208322
GE_PP INC L EY INC. [EY BDG GE_PP GE_CGW AXZE2014 2z 0.937644
GE_PR I, I, I, NA R GE_PR GE_CGV 1202872014 23 25451271
GE_PR &, &, & A& Bl GE_PR GE_CGWV 1212872014 24 1.078075
GE_PR LEY (e L EY [LEY Bl GE_PR GE_CGW AXZE2014 25 5304182
GE_PR Ty NA [y NA R GE_PR GE_CGV 1202872014 26 92967292
GE_PB &, &, & A& BD GE_AWV GE_CGWV 1212872014 27 427321
GE_PP INC (e INC. [LEY BO GE_PP GE_CGW AXZE2014 28 16.974465
GE_PP INC NA INC A, BD GE_PP GE_CGV 1202872014 29 085703
GE_PP INC &, INC A& BD GE_PP GE_CGWV 122872014 30 5.455913




FID | Shape* | OBJECTID_2 | geodb_oid | CLASSESEGM| CLASSESE_1 | CREEPAR_M | DATEABANDO | DATEABAN_1 | DATECREEE_ | DATEINSTAL
3 1 | Polyline 1 1| INC GE_NT 5G <Hull» HA BA2007 11511
1 | Polyline 2 2| INC GE_NT 56 <Null= & B9r2007 111811
2 | Palyling 3 3| INC GE_NT 5G <Null= Ha BRZ00T 1500
3 | Polyline: 4 4 | INC BE_NT 5G «<Null> Ha BA200T 111508
4 | Polyling 5 5| INC GE_NT 5G <Null= NA 212007 111588
5 | Polyline ] 6 | INC GE_NT 5G <Null= HAa BRZ200T 1NMETE
6 | Polyline T 7| INC GE_NT 56 <Null= Ha BA200T 1AHESD
7 | Polyling 8 & | INC GE_NT SG <Null= Ha 912007 111890
8 | Polyline 9 8| IRC GE_NT ubastyo <Null= HA 2222002 4BNSET
9 | Polyline 10 10 | INC GE_NT ubastyo <Null= Ha 22202012 4BISET
10 | Podyling 11 11 | INC GE_NT 56 <Null= Na B9r2007 111912
11 | Polyling 12 12 | INC GE_NT 5G 4522 BE_PP EBR2007 1HMET2
12 | Polyline 13 13 | INC GE_NT 5G <Hull» HA BA2007 1111880
13 | Podyline 14 14 | INC GE_NT 5G <Nul= Na 8312007 111891
14 | Polvling 15 15 | INC GE_NT MT <Null= Ha A0Z00T 1eE2
15 | Polyline 16 16 | INC GE_NT MT «<Hull> HA 4130/2007 111862
16 | Podyline 17 17 | INC GE_NT MT <Null= [ 43002007 111962
17 | Palyling 18 18 | INC GE_NT MT <Null= Ha AF3002007 1i5E2
18 | Polyline: 18 18 | INC BE_NT MT <MNull= Ha 473062007 1HEE2
18 | Palyling 20 20 | INC GE_NT MT <Null= NA 43002007 1111562
20 | Palyling: 21 21| INC GE_NT MT <Null= HAa 43002007 11Me
21 | Polyline: 2 22 | INC GE_NT MT <HNull= Ha 43062007 111811
22 | Poling 23 23 | INC N& umuchbe <Null= Ha 2222012 11172009
23 | Polvling 24 24 | INC N& umuchbe <Null= HA 2222002 1112008
24 | Polyline 25 25 | INC A umuchbe <Null= Ha 22202012 1112008
25 | Poyling 26 26 | INC N& umuchbe <Null= Na 2222012 11172009
26 | Polvling 27 27 | INC GE_NT ubastyo <Hull= Ha 2222002 ABIMSET
27 | Polviine 28 28 | INC GE NT 5G <Hull> HA 4130/2007 1Hi1668
I
DATEINST 1 DATEINST_2 | DATEINST_3 | DATEMODIFI | DATEREHAB | DATEREHAB_ DECOUPAGE DIAMETREIL | DIAMETREL
POTOR GE_Pa GE_PA <Hul <Hul= s, FhI0Z35_AQU 1016
POIEM GE_PA GE_PA <Hul= <ul= M 31hI0235_A0U 1016
P100OM GE_PA GE_NT <Nul= <Nul= HA, 31hI0235_AQU 1016
POTOR GE_Pa GE_PA <Hul <Hul= s, FhI0Z35_AQU 1016
POIEM GE_PA GE_PA <Hul= <ul= M 31hI0235_A0U 1016
POALM GE_PA GE_PA <Nul= <Nul= HA, 31hI0235_AQU 1016
POTOR GE_Pa GE_PA <Hul <Hul= s, FhI0Z35_AQU 1016
po10M GE_PA GE_PA <NHul= <Nul= [T 31hi0235_aay 1M&
MC NA GE_PB 2222012 <Nul= HA, COR_Ponte_Claire_20120222_vBV dgn 508
NC A GE_PA <Hul> <Hul> A, COR_Ponte_Claire_20120222_YEV.dgn 503
po10M GE_PA GE_PA <NHul= <Nul= [T 31hi0235_aay 1M&
POALM GE_PA GE_PA <Nul= <Nul= HA, 31hI0235_AQU 508
POTOR GE_Pa GE_PA <Hul <Hul= s, FhI0Z35_AQU 1016
POIEM GE_PA GE_PA <Hul= <ul= M 31hI0235_A0U 1016
POALM GE_PA GE_PA <Nul= <Nul= HA, 31hI1138_A0U 1016
POTOR GE_Pa GE_PA <Hul <Hul= s, Fhii138_AQU 1524
PO1LM GE_PA GE_PA <Nuk= <Nult= Na, 31hI1138_a0U 3048
POALM GE_PA GE_PA <Nul= <Nul= HA, 31hI1138_A0U 2540
POTOR GE_Pa GE_PA <Hul <Hul= s, Fhii138_AQU 2032
PO1LM GE_PA GE_PA <Nuk= <Nult= Na, 31hI1138_a0U 1524
POAEM GE_PA GE_PA <Nulk= <Nul= HA, 31hI1138_AQU 508
PO1LM GE_PA BE_PA <Nul» <Nul> WA 31h11138_AQU 508
POOSM GE_PR GE_PR 2222012 <Nul= NA, MAJ_Z2O74_20120221_B.con 2032
POOSH GE_FR GE_FR <Hule <Hule A, MAJ_2874_20120221_BW.dgn 1524
POOEM GE_PR GE_PR 222012 <Nul> WA MAJ_Z8T4_20120221_BW.dgn 1524
POOSM GE_PR GE_PR 2222012 <Nul= NA, MAJ_2066_20120221_Bi.con 2032
NC NA GE_FB 222012 <Hule A, COR_Pointe_Claire_20120222_YEV.dgn 508
PO1LM GE_PA BE_PA <Nul» <Nul> WA 31hI1237_AQU 762
POTDM GE_PA GE_Pa <Nul= <Nul= A, hN237_a0u 762

Figure4-5. Sample GIS shapefile of city of Montreal (continued)
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Table4-3.Qualitative data attributes for water network, City of Montreal

Attribute Classes Percentage
DI 29.61
Cl 56.07
Asbestos 0.83
Concrete 5.32
Material Copper 0.05
PVC 5.51
PE 0.24
Steel 0.62
Unknown 1.75
Slip-lining 35.28
e Bursting 34.87
Reh?}tl)rl’lgatlon External coatings Epoxy resin 2.61
External coatings- Cement Mortar  22.65
Reconditioned steel 4.58

4.2.3. Questionnaires

In this research, 8etof questionnaires were sent to two different groups of expHErts.
formersetis used to perforrelphistudies while the latter undertakes AHP and Shannon

Entropy methods.

Questionnaire 1

The questionnaire was distributed on Aprif22014 and all theesponses were collected

in one weekThe data collection pcess consisted of three roundsn ficl assi c al
the initial round begins with a set of flexible questions asking experts to generate ideas
about tke issue. However, in this studye quesonnaire was prelesigned based on the
provided factors in literaturéNational Guide to Sustainabl®lunicipal Infrastructure,
2003) The questionnaire was desigriedan onlineformat on Qualtrics website which is

auserfriendly data collection platform. The structure of the questionnaire consists of four

part s: i nformed consent for m, respondento
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guestionsThe first threequestionsthe respondents are requested to rank the factors in
physical, environment al and operational cl
at all importanto to fiextremely importanto.
own completed questnnaire in previous step along with the average scores of the panel

and asked them whether they woul daveragek e t o
scoreof t he f act oscoreofthafactor irptleeprevioussauri and comments

of other @nelists on the reason of theworingare the feedback which group members

receive in the second round. The analysis is performed for the second round and third round

was started by sending back the questionnaires. In this study, third round waslthe fina
round because there was no change in the respddatsabout the participants in the

survey is provided irFigure 4-6 to Figure4-7. Figure4-8s hows respondent s

expertise.

<10 yrs

>30 yrs

11-15yrs

26- 30 yrsl 13%

9%

21-25yrs 16-20 yrs
17% 17%

Figure4-6.Years of experience of participants in the Delphi study
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Africa-

Middle East Europe
9% 15%

Canada
22%

United states
Far East 35%,

Australia
13%

Figure4-7.Demographic distribution of the experts

Water Leak detection
Infrastructure specialist
Engineer 9%

15%
Maintenance

Supervisor in
Infrastructure
17%

Water pipeline

Expert
15%

O&M Engineer
11%

Water
Consultant Piping Engineer
20% 13%

Figure4-8. Expertise distribution of the experts
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As stated previously, the main area of expertise of respondents could be dividacemto
groups of pipe, water and maintenance. The piping category consists of piping engineers
and water pipeline experts. Water consultants and water infrastructure engineers are
classified under water category and the rest which are leak detectionisisecz&M
Engineers and Maintenance supervisors in infrastructure will be classified as maintenance

category. The questionnaire is displayed in following figures.

The Delphi survey initial questionnaire

Informed Consent Form

This questionnaire aims at eliciting input on the factors that impact deterioration of water mains in distribution
networks. The findings of this survey will be utilized in my PhD research on development of deterioration models for water
distribution networks. It takes approximately 10 minutes to complete this questionnaire.

The factors are clustered in three groups; physical, environmental and operational. You are requested to rank these factors based
on their relative importance in the first three questions. Sections 4 and 5 aim at the same target. If you would like to receive a copy
of the findings of this questionnaire, please mark the appropriate box below.

The information collected will be used only for research purposes and will be treated strictly confidential. If you have questions
regarding this study, you may contact Zahra Zangenehmadar, at +1 514-848-2424, ext 7901.

Please provide the below information:

Name

Name of organization
Years of experience
Email address

Receive a copy of the findings

Brief description about some of the parameters:

Pipe vintage: Particular time and place in which pipes are made

Pipe installation : Process of installation

Thrust restraint: Restraint to bear longitudinal stresses

Dissimilar metals: connection of two pipes with different materials

Disturbance: Changes in the support and loading structure on the pipe

Stray electrical currents: Occurrence of electrical currents between two objects that ideally should not have any.
Backflow potential: unwanted flow of water in the reverse direction

O&M practices: Quality of the performance of operation and maintenance practices.

Figure4-9. Delphi questionnairé&ontinued)
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1. With respect to “Physical Factors” how important is each criterion?

Not at all Neither Important
Important Unimportant nor Unimportant Important

Pipe material

Pipe wall thickness
Pipe age

Pipe vintage*

Pipe diameter
Pipe lining and coating
Pipe installation*
Pipe manufacture
Pipe lenght

Pipe location

Type of joints
Thrust restraint*

Dissimilar metals*

2. With respect to “Environmental Factors”, how important is each criterion?

Not at all Neither Important
Important Unimportant nor Unimportant Important

Bedding soil type
Backfill material

Soil pH

Groundwater
Weather/Temperature
Disturbance*

Stray electrical currents*
Seismic activity

Traffic distribution/ land use

3. With respect to “Operational Factors”, how important is each criterion?

Not at all Neither Important

Important Unimportant nor Unimportant Important
Water pressure
Water quality
Water pH @ O @ O
Water velocity @ @) O @)
Leakage O @ O @)
Back-flow potential* O @) @) @)
O&M practices* @ @) @ '®)
Oxygen content ® @ © @)

Figure4-10. Delphi questionnaire (continued)
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4. If we had to limit the number of pipe failure factors from the previous list of physical, environmental and operational
factors would you choose to keep? Please rank a minimum of 5 factors, starting from the most important.

Factor 1 v
Factor 2 v
Factor 3 v
Factor 4 v
Factor 5 v
Factor 6 v
Factor 7 v
Factor 8 v
Factor 9 v
Factor 10 v

5. Please list up to 5 factors from the previous list of physical, environmental and operational factors that you believe
could be excluded from the pipe failure factors in water distribution networks.

Factor 1 v
Factor 2 v
Factor 3 v
Factor 4 v
Factor 5 v

6. If you have any further suggestions for factors affecting failure in water pipelines, that you believe could be
important, please list below the factors and the reasons why they are important (optional).

Figure4-11. Delphi questionnaire
Questionnaire 2
The questionnaire was reledsm June 2, 2014 and the collection duration lasted for 20
days.The questionnaire was designed in an online format on Qualtrics website which is a
data collection platforn88 questionnaireweresent out andollected from experi@round
the worldto find the weighof importance of each factor in water pipeline deterioration.

The years of experien@nd demographic distributioof these experts is summarized in
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Figure4-12 andFigure4-13. In the fivequestion questionnairéhe experts are asked to
identify the relative importance of each criteriorpipeline deterioratioboth separately

and respect to otheby using lingustic variableghat will be discusseith Chaptels.

Figure4-12.Demographic distribution of the experts

Figure4-13.Years of experience of participatitsthe AHP and Entropy
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The survey questionnaire

Informed Consent Form

This questionnaire aims at eliciting input on the factors that impact deterioration of water mains in distribution

networks. The findings of this survey will be utilized in my PhD research on development of deterioration models for water
distribution networks. It takes approximately 10 minutes to complete this questionnaire.

The factors are clustered in three groups; physical, environmental and operational. You are requested to rank these factors
based on their relative importance in the first four questions. Sections 5 aims at ranking criteria from 1 to 10. If you would
like to receive a copy of the findings of this questionnaire, please mark the appropriate box below.

The information collected will be used only for research purposes and will be treated strictly confidential. If you have
questions regarding this study, you may contact Zahra Zangenehmadar, at +1 514-848-2424, ext 7901.

Please provide the below information:

Name

Name of organization
Years of experience
Email address

Receive a copy ofthe findings

Brief Explanation about some of the factors:

Pipe installation: Process of installation

Dissimilar metals: connection of two pipes with different materials

Disturbance: Changes in the support and loading structure on the pipe

O&M practices: Quality of the performance of operation and maintenance practices

EL: Extremely Low - VL: Very Low - L: Low - M: Medium - H: High - VH: Very High - EH: Extremely High

Figure4-14 AHP-Shannon questionnaire (continued)
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1.Considering “Deterioration”, what is the relative importance of each category of factors listed on the left in comparison
to the category listed on the right side? e.g. if physical factors on the right side has extremely high importance in
comparison to Environmental factors on the left side, choose EH.

Physical Factors
Physical Factors

Environmental Factors

EL VL
© 0O
© O
© O

L M H VH EH

© 0 O 0 O
@ © @ @ @
@ @ @ @ @

Environmental Factors
Operational Factors

Operational Factors

2.Considering “Physical Factors”, what is the relative importance of each criterion listed on the left in comparison to the
criterion listed on the right side? you could compare them as explained in Question 1.

Pipe material

Pipe material

Pipe material

Pipe material

Pipe material

Pipe material

Pipe installation

Pipe installation

Pipe installation

Pipe installation

Pipe installation

Pipe age

Pipe age

Pipe age

Pipe age

Pipe lining and coating
Pipe lining and coating
Pipe lining and coating
Pipe wall thickness
Pipe wall thickness

Dissimilar metals

EL VL

00O OOOEOCOEOOPOROQRGROEOOPEO®DD
00000 OOOOOOEOCOOOOEO® O®FC

®

-

VH EH

O

000 CeOCOCOOOOOOPOOROOOOOPODTO®
O00CO0O0O0O0COCOOQCQOOOODODOOOOOOO =
O00C0O00CO0COCOCOODOOCODOOOODODOO T
Oc0Cc0O0O0C0COOO0COOOODOCDOODOOOO
o000 O0O0OOOEOPOOOOO®EOEO

Pipe installation

Pipe age

Pipe lining and coating
Pipe wall thickness
Dissimilar metals

Type of joints

Pipe age

Pipe lining and coating
Pipe wall thickness
Dissimilar metals

Type of joints

Pipe lining and coating
Pipe wall thickness
Dissimilar metals

Type of joints

Pipe wall thickness
Dissimilar metals

Type of joints
Dissimilar metals

Type of joints

Type of joints

Figure4-15. AHP-Shannon questionnaire (continued)
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3.Considering “Environmental Factors”, what is the relative importance of each criterion listed on the left in comparison
to the criterion listed on the right side? you could compare them as explained in Question 1.

Bedding soil type
Bedding soil type
Bedding soil type
Bedding soil type
Backfill material
Backfill material
Backfill material
Soil pH

Soil pH

Seismic activity

EL

00000 O0OO®O®G®O
©CO0OO0CO0OO0CD0O0O0COO0O0
OO0OO0CO0OODO0OCOOO
o000 OOO®EO®
©000O0©0 0000

VL

L

M H VH EH

0000 OOO®EO®G®®
©CO0OO0CO0OO0ODO0O0OCDO0OO0OO

Backfill material
Soil pH
Seismic activity
Disturbance
Soil pH
Seismic activity
Disturbance
Seismic activity
Disturbance

Disturbance

4 Considering “Operational Factors”, what is the relative importance of each criterion listed on the left in comparison to
the criterion listed on the right side? you could compare them as explained in Question 1.

Water pressure
Water pressure
Water pressure
O&M practices
O&M practices

Leakage

©0O00CO0O0

—

Q909 ©@©@ OO

=
=

O0O0C0O0O0

00 @©@O® 0 =
00 @@ e

MH H VH

o000 O0O

00 @e e

O&M practices
Leakage
Water pH
Leakage
Water pH
Water pH

5.What is the relative importance of each of the following criteria? e.g. if pipe material is maost important factor in
deterioration, put 10 and if water pressure is the least important factor, put 1.

Pipe material

Pipe installation

Pipe age

Pipe lining and coating

Pipe wall thickness

1-10 (Integer)

Figure4-16. AHP-Shannon questionnaire (continued)
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Dissimilar metals

Type of joints

Bedding soil type

Backfill material
Soil pH
Seismic activity
Disturbance
Water pressure
O&M practices
Leakage

Water pH

6. If you have any further suggestions for factors affecting failure in water pipelines, that you believe could be
important, please list below the factors and the reasons why they are important (optional).

Figure4-17. AHP-Shannon questionnaire
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5.1.Chapter Overview
This chapter is started with an introductimnthe condition modelsection5.2). It starts
with Delphi survey and the findings through questaines are discussed. Then, the results
of FAHP-Shannon Entropyuestionnairesare applied to develop the condition index
equation for predicting the condition of the pipe segments. Sextas about the model
which predicts remaining useful life based on condition, breakagand other physical
properties of thepipeline utilizingartificial neural network. The model is trained, tested
and validated through data of city of Montréal. The remaining useful life, the breakage rate
and the associated cost of replacement or rehabilitation of each pipeline are applied in
budget allocation modelescibed in sectiorb.4 to find the best optimized maintenance
scheduling of the pipelines by the aid of Genetic Algorititfterwards, new tweier
inspection plannig model which has covered limitation of one technique with benefits of
the other method is explained in sect®mb. All the models are implementead the case
study ofhistorical data related to the municipaldl/Montreal water distribution network

in section5.6.

5.2.Condition M odel

5.1.1. Delphi study

The applied methodology to develop the condition model is discussedetail in
section3.3. In this section the process of model impleragaoh and development will be

discussedin thefirst step the Delphi study is used to identify the most important factors
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in literature. This survey is performed by spreading questionnai#e2.3 in three

consecutive rounds asking the experts to give their ideas. The respondents received

first and second rawds are shown irFigure5-1 andFigure5-2.
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Figure5-2.Collected responses from experts for Importance of fact®tsa@d)

The averagscore of each parametierthese figuress calculated by assigning vaki¢o
the available options questions 1 to.3As a way of illustration, following values are
assigned to the options in the questionndiry not at all important, 2 to unimportant, 3
to neither important nor unimportantietimportant, and 5 to extremely important. In the
second round, the same questionnaires were sent fwah®usexperts along with the
average answers of first routalprovide them withfeedback and agkem to revise their
responsg if necessary. The new mdss wae collected and tallated exactly same as
previous roundand the process continuéat the third round. Since me of the experts

wished to change his opinion, the Delphi survey vi@sminaed at third round. Summary
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of the averagealata collected from first to third rounds, the differences between the results

in each two consecutive round and the final score are shoWabia5-1.

Table5-1.Average score fors] 2" and 3¢ round and the differences

Factors 15t 2nd 3 Difference | Difference| Final
round | round | round 1st- 2nd 2nd-3d | score
1 | Pipe material 4.59 4.59 4.59 0 0 4.59
2 | Pipe wall thickness 4.2 4.22 4.22 0.02 0 4.22
3 | Pipe age 4.11 4.22 4.22 0.11 0 4.22
4 | Pipe vintage 3.63 3.74 3.74 0.11 0 3.74
5 | Pipe diameter 3.3 3.28 3.28 0.02 0 3.28
6 | Type of joints 4 4 4 0 0 4
7 | Thrust restraint 3.76 3.76 3.76 0 0 3.76
8 | Pipe lining and coating 4.22 4.24 4.24 0.02 0 4.24
9 | Dissimilar metals 4.13 4.09 4.09 0.04 0 4.09
10 | Pipe installation 4.46 4.48 4.48 0.02 0 4.48
11 | Pipe manufacture 3.8 3.83 3.83 0.02 0 3.83
12 | Pipe length 2.52 2.5 2.5 0.02 0 25
13 | Pipelocation 3.85 3.8 3.8 0.04 0 3.8
14 | Backfill material 4.28 4.28 4.28 0 0 4.28
15 | Bedding soil type 4.33 4.33 4.33 0 0 4.33
16 | Groundwater 3.98 3.98 3.98 0 0 3.98
17 | Weather/Temperature 3.63 3.59 3.59 0.04 0 3.59
18 | Disturbance 4.15 | 4.13 4.13 0.02 0 4.13
19 | Stray electrical currents 3.91 3.91 3.91 0 0 3.91
20 | Seismic activity 4.13 4.15 4.15 0.02 0 4.15
21 | Traffic distribution/ Landus¢ 3.8 3.76 3.76 0.04 0 3.76
22 | Soil pH 4.2 4.22 4.22 0.02 0 4.22
23 | Water pressure 4.48 4.43 4.43 0.04 0 4.43
24 | Leakage 4.17 4.11 411 0.07 0 4.11
25 | Water quality 3.89 3.87 3.87 0.02 0 3.87
26 | Water velocity 3.85 3.83 3.83 0.02 0 3.83
27 | Backflow potential 3.57 3.48 3.48 0.09 0 3.48
28 | O&M practices 4.22 4.15 4.15 0.07 0 4.15
29 | Water pH 4.11 4.07 4.07 0.04 0 4.07
30 | Oxygen content 3.22 3.17 3.17 0.04 0 3.17

As can be seen, the differences between first two rounds are less thraallOt2e factors
and there is no differend®tween > and 3 rounds. Thereforejt could be concluded that

the experts have reasth consensus. Considering the final scores, those factors with
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average value equal and more than 4 were chosen for further analysis since 4 was

considered as importaim designing the questionnaire

Quesion 4 seeks to limit the number of factors to ten askixgertsto prioritize factors
based on their importance. On the contrary, question 5 asks the participants to eliminate
five least important factors in failure of water pipelines. Experts wegeiesed to

challenge the questions and suggested factors through question 6.

Table5-2.Selected factors from questionnaires

Factors selected in the Factors selected in Factorsexcluded in
guestions 1 to 3 guestion 4 guestion 5
1 Pipe material Pipe material Pipe length
2 Pipe installation Pipe age Pipe diameter
3 Water pressure Pipe installation Backflow potential
4 Bedding soil type Pipe lining and coating Pipe manufacture
5 Backfill material Beddingsoil type Weather/temperature
6 Pipe lining and coating Pipe wall thickness
7 Pipe wall thickness Water pressure
8 Pipe age Type of joints
9 Soil pH Disturbance
10 Seismic activity O&M practices
11 O&M practices
12 Disturbance
13 Leakage
14 Dissimilar metals
15 Water pH
16 Type of joints

The last 3questions were designed to validate the results ofitste3 questions. The
chosen factors were ranked and the first ten factors were selected to compare with the
factors chosen in the first three questions. The factors selected previously and in the fourth
guestion are summarized Trable 5-2. Comparing selected factors in both questions, all

the ten factors of question four were selected during questions one to three and all the five
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selected factors of question five were selected in questions one to three. This validates

the results of the Delphi study since it shows that the results are the same when the study

is conducted in another way.

The internal

consi stency was

checked

f

o

Alpha were calculated. The Alpha is equal to 0.919 for 46 questionnaires of the first round.

It is also calculated as 0.923 for the same number of questionnaires at the second round.

Since t he Cronbachos

reliability.

Al pha i

Table5-3. Reliability Statistics

S

Number of | Cronbach's Alpha €1| Cronbach's Alpha (2
ltems round) round)
46 0.919 0.923

5.1.2. FAHP-Shannon Entropy Survey

gyrhasahtgte r

After running the Delphi survey, another survey is conducted to calculate the weight of

importancefor eachof the selected factors in Delphi studiy.the primary question, the

experts were asked to identify the importance of classes of factors in @igeterioration

by using linguistic variables dfable5-4.
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Table5-4.Linguistic variables for thenportance weight of each criterig@hen, 2000)

Linguistic Term Fuzzy triangular Number
Extremely Low (EL) (0.0,0.0,0.1)
Very Low (VL) (0.0,0.1,0.3)
Medium Low (ML) (0.1,0.3,0.5)
Medium (M) (0.3,0.50.7)
Medium High (MH) (0.5,0.7,0.9
Very High (VH) (0.7,0.9,1.0)
Extremely High (EH) (0.9,1.0,1.0

After data collection isompleted the responses are fuzzified and averagéd. average

of the responses collected for question 1 is summariz8dte 5-5. As can be seen,
physical factordavethe highest effect in deteration of the water pipelinéperational

and Environmental factors are ranked as second and third important categories in pipeline

deterioration.

Table5-5.Pairwise comparison matrix for Physical, Envineental and Operational factors

Environmental Factors

Physical Factors

Operational Factors

Physical Factors

(1,1,12)

(0.60, 0.78, 0.92)

(0.29, 0.44, 0.60)

Environmental Factors

(0.08, 0.21, 0.40)

(1,1,1)

(0.47, 0.64, 0.78)

Operational Factors

(0.40,0.56, 0.71)

(0.22, 0.36, 0.53)

(1,1,1)

In the subsequent questions, the importance of factor in each category was questioned. The
experts were asked to identify the relative importance of factors in operational,
environmental and physical classesdh be seen that water pressure and O&M practices
are the operational parameters that affect the deterioration of water pipelines dhmost.
category of Environmental factors, bedding soil type, seismic activity and backfill material

are the most importarfactors in deterioration of water pipelines respectivélipe
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material, pipe installation and pipe age are the first three significant factors in physical

factors.

Table5-6.Pairwise comparison f@Dperational factors

Water pressure

O&M practices

Leakage

Water pH

Water pressure

(1,1,1)

(0.67, 0.82, 0.90)

(0.67, 0.83, 0.91)

(0.38, 0.53, 0.67)

O&M practices

(0.10, 0.18, 0.33)

(1,1,1)

(0.54, 0.72, 0.85)

(0.41, 0.56, 0.71)

Leakage

(0.10, 0.170.33)

(0.15, 0.28, 0.46)

(1,1,1)

(0.38, 0.53, 0.67)

Water pH

(0.33, 0.47, 0.62)

(0.29, 0.44. 0.59)

(0.33, 0.47, 0.62)

(1,1,1)

Table5-7.Pairwise comparison for Environmental factors

Bedding soil type

Backfill material

Soil pH

Seismic activity

Disturbance

Bedding soil type

(1,1,1)

(0.56, 0.73, 0.85)

(0.44, 0.62, 0.78)

(0.38, 0.56, 0.73)

(0.5, 0.67, 0.82)

Backfill material

(0.14, 0.26, 0.43)

(1,1,12)

(0.42, 0.62, 0.78)

(0.26, 0.42, 0.6)

(0.39, 0.57, 0.72)

Soil pH

(0.21, 0.37, 0.55)

(0.21, 0.37, 0.57)

(1,1,1)

(0.17, 0.32, 0.51)

(0.20, 0.35, 0.53)

Seismic activity

(0.26, 0.43, 0.61)

(0.4,0.57, 0.73)

(0.48, 0.67, 0.82)

(1,1,1)

(0.52, 0.70, 0.84)

Disturbance

(0.17,0.32, 0.5)

(0.27,0.42, 0.60)

(0.46, 0.64, 0.79)

(0.15, 0.29, 0.47)

(1,1,1)

Table5-8.Pairwise comparison for Physical factors

Pipe material | Pipe installation Pipe age Pipt(a:cl)igtiirrzggand 'I[Dhllrc):?(r\llf;"s Diriség:!sar Type of joints
m';zfial 1,1,1) (0.50, 0.68, 0.82)| (0.46, 0.63, 0.76)| (0.42, 0.61, 0.78)| (0.46, 0.65, 0.81) (0.42, 0.56, 0.70)| (0.46, 0.65, 0.81)
instPaiIFI):tion (0.17, 0.31, 0.49) (1,1,1) (0.36,0.52, 0.68)| (0.37,0.560.73) | (0.34,0.52, 0.68)| (0.37,0.54,0.71)| (0.35, 0.53, 0.71)
Pipe age | (0.22,0.36,0.53)| (0.31,0.47,0.63) 1,1,1) (0.40, 0.59, 0.76)| (0.36, 0.54, 0.72) (0.36, 0.53, 0.70)| (0.36, 0.54, 0.73)
;A%ecg':tri'ﬁg (0.22,0.38,0.57)| (0.26,0.430.62) | (0.23, 0.40, 0.59) 1,1,1) (0.36,0.54, 0.71) (0.39, 0.55, 0.71)| (0.31, 0.48, 0.66)
;ii%ir\:gls (0.18,0.34, 0.53)| (0.31, 0.48, 0.65)| (0.28, 0.46, 0.64)| (0.28, 0.46, 0.63) 1,1,1) (0.32,0.50, 0.67)| (0.25, 0.42, 0.61)
Dirfﬁeigilsar (0.29,0.43,0.58)| (0.28,0.45, 0.62)| (0.29, 0.46, 0.64)| (0.28, 0.44, 0.60)| (0.32, 0.49, 0.67) 1,1,1) (0.34, 0.50, 0.67)
Tjﬁ’:t;’f (0.18,0.34, 0.53)| (0.28,0.46, 0.64)| (0.26, 0.45, 0.64)| (0.34, 0.51, 0.68)| (0.38, 0.57,0.74) (0.32, 0.49, 0.66) 1,1,1)

The global weight is computed from solving matricesTable 5-5 and extracting the

weights. The local weight of importance is calculated fi@hles 56 to 58 which display
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the pairwise comparison matrices for operational, environmental and physical factors. This
global weight of importance for each category is multiplied by the local weight of
importance of each sutategory to find the total weight of importance for eadtdia It

can be seen that criteria of pipe material, water pressure, pipe installation, pipe age and
types of joints are the most important factors in pipeline deterioration in water

infrastructure which has been determined by FAHP method.

Table5-9.Total weights of importance for all parameters

vsl;eki);rils V\I/_;;ﬁlts Weights of importance

Pipe material 0.178801 0.085314

Pipe installation 0.149646 0.071402

El Pipe age 0.146582 0.069940
% 0.369129| Pipe lining and coating| 0.135983 0.064883
o Pipe wall thickness 0.130229 0.062138
Dissimilar metals 0.132782 0.063356

Type of joints 0.125644 0.059950

= Bedding soil type 0.233744 0.066893
S Backfill material 0.198028 0.056672
% 0.309955 Soil pH 0.164687 0.047130
E Seismic activity 0.220882 0.063212
Disturbance 0.182371 0.052191

= Water pressure 0.313768 0.074364
g 0.320865 O&M practices 0.246516 0.058425
g Leakage 0.201185 0.047681
© Water pH 0.238179 0.056449

To check the reliability of the questionnaires and responses, consistency index (Cl) and
consistency ratio (CR) were checked for all of the pairwise comparison matrices and results

are summarized imable5-10.
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Table5-10.Consistency in pairwise matrices

Pairwise comparison Matrix Cl CR
Q1 0.1059 | 0.1827
Q2 0.1077 | 0.1197
Q3 0.1068 | 0.0809
Q4 0.1090 | 0.0973

The consistency index should be less than 10% to have a consistent survey. As can be seen
Cl is less than 10% for all the four questiof&e previousbuilt pairwise comparison

matrix for FAHP was usethis timeto perform Shannon EntromalculationsBased on

the steps in sectidh 3.2 normalizations were performea the beginningnd entropy was
calculated from equation-B3. Afterwards the degree of diversification and weight of
importance were computé&ased on thealculatecamount oentropy. The entropy, degree

of diversification and weight of importance of the deterioration factors were shown in

Table5-11.

Table5-11.Entropy, degree of diversification and weight of importance of the factors

Criteria/ Responses 8 d W
Pipe material 0.43974| 0.56026| 0.066174
Pipe installation 0.53391| 0.46609| 0.080345

Pipe age 0.53840| 0.46160| 0.081019

Pipe lining and coating | 0.56588| 0.43412| 0.085155
Pipe wall thickness 0.58516| 0.41484| 0.088057
Dissimilar metals 0.58820| 0.41180( 0.088515

Type of joints 0.59528| 0.40472| 0.089579
Bedding soil type 0.31559| 0.68441| 0.047492
Backfill material 0.36496| 0.63504| 0.054921
Soil pH 0.40421| 0.59579| 0.060827
Seismic activity 0.34103| 0.65897| 0.051320
Disturbance 0.38311| 0.61689| 0.057651
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Water pressure 0.18103| 0.81897| 0.027242
O&M practices 0.23985| 0.76015| 0.036094
Leakage 0.27448| 0.72552| 0.041305
Water pH 0.29442| 0.70558| 0.044306

g= entropy

d; = degree of diversification

w; = weight of importance

The final weight will be an integration of bointropy and FAHRnethodssince Entropy
measures the objective weights while FAHP calculate the subjective weilhits
integration was performei consider both subjective and objective weigkiguation 3

14 is used to find the weights of importance of the parameters.

Table5-12.Weights of deterioration factors from Entropy and FAHP

Criterion Abbreviation| Weights of importance
Pipe installation I 0.09101
Pipe age A 0.08989
Pipe material M 0.08956
Dissimilar metals DM 0.08896
Pipe lining and coating LC 0.08765
Pipe wall thickness T 0.08680
Type of joints J 0.08519
Seismic activity SA 0.05146
Bedding soil type ST 0.05040
Backfill material BM 0.04937
Disturbance DI 0.04773
Soil pH SP 0.04548
Water pH WP 0.03967
O&M practices @) 0.03345
Water pressure P 0.03214
Leakage LE 0.03124
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The weights of importance from FAHP, Entropy method and integration of both methods
arecalculated andlustrated inFigure5-3. The factors are organized based oir theights

from the integration of both methods. It can be seen that the prediction of weight of
importance for most of the criterisuch as leakage, backfill material, pipe age, pipe
materialare approximately the same ail of the 3methodsand the differences are less
than 2% Greater differences are detected in water pressure, type pf joints,ildissigtals

and pipe walthicknesgespectively. This confirms that the computed weight of importance
for each of the criterion is calculated correctMoreover, moreresearches and

clarifications should be performed to identify the effects of theserieriprecisely.

m Entropy = FAHP m Integration

Percentage of Importance

Factors

Figure5-3.Comparison of weights from different methods
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5.1.3. Condition Index

Theimportantparametersiffected thedeteriorationare figured outn section5.1.15.1.2
Besides,ltar respectivaveights of importancare calculatedh section 5.1.2The findings
of thesetwo sectionaill be used to implement theondition index The conditionindex
is basicallycalculated from equationB5.However, &er finding the W, the equation will

becomeas:

0€¢&QUOEMRWL Oow

MGUW ™ML TCPpCY TG X TO
™ ¢ C¢TOO0 M pyYvYo Bty mTY'Y 181 Y

00 MMcTCOOmMrto@ O

The EAare extracted from classification tab{@sable3-3to Table3-12) in Chapter 3The
weight of each factor shows its impamte in deterioration of pipelines and consequently
in its condition.After that the conditions opipdines arecalculatedased on thdeveloped
conditionindexmodel and pipes are classifizdm critical to excellenbased on Numeric
scale and criteaiin Table5-13which shows the condition of the pipéhe condition rating
scale proposed by Aargawi (2006) isutilized in this researcko find the classes of

pipeline condition.
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Table5-13.Numeric and Linguistic Scales for condition rating of water mains (adoptedArdBargawi, 2006)

Numeric | Linguistic

Scale Scale Criteria Action
011 Excellent | Newly/recently installed No action required
Like new with no sign b
N Very . e . .
17 2 Good corrosion or deteriorgtn pipe | Re-assess in 15 years

wall thicknessBROO . 05

Reassess in 10 years.
Schedule for Cathodic
protection vithin next10
years

Some damage to coating and/( Re-assess ib years.
lining noted. Remaining wall | Schedule for lining and
thickness 75% or more of rehabilitation within the
original next10 years

No lining or coating. Significan
signs of internal or external
corrosion. Remaining wall
thickness 50 to 75% of original
Severe internal or external

Coating, lining still intact.
21 4 Good Remaining wall thickness morg
than 90%of original

47 6 Moderate

Schedule for rehabilitation
or replacement within the
next5 years

61 7 Poor

77 10 critical corrosion. Remaining wall Immediate repair or
thickness less than 50% of replacement required
original. BRO3

BR= breakage rate (breaks/km/year)

The condition model is applied to the case study of city of Montréal and the condition of
each pipe segment has been calculated. Detailed results are displegetibinb.6 which

talks about implementing model to the case study of the city of Montréal.

5.3.Remaining Useful Life Model
As described in research methodolaggificial neural networKANN) is used to estimate
expected remaining useful life of the pipelinésrthermoregeneralized regression neural
network (GRNN) is also applied to approximate the functi@t can be used estimating
remaining useful lifeDifferent number of neurons, hidd layers and training algorithm

were used to find the best model for predictingrdsedualuseful life.
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Neural Network

2ol (Bl

Data Division: Random (dividerand)

Algorithms

Levenberg-Marquardt (trainlm)
:  Mean Squared Error  (mse)
: MATLAB

0 60 iterations 1000

noL27

1.36e+05 343 0.00

3 63e+05 713 | 1.00e-07
0.00100 0.100 1.00e+10

I 6

Perfermance (plotperform)
Training State (plottrainstate)
Error Histogram (ploterrhist)
Regrassicn
Fit

lepochs

@ Training neural network...

N @ Stop Training |’ D cancel ]

Figure5-4.Sample structure of neural Network in Matlab

The number of hidden layers varies between 1 and 2 and models are tralfied by20,
25, 30, 35, andOneuronsAlso three algorithms of Levenbéigarquardi{LM), Bayesian
Regularizatior{BR) and Scaled Conjugate&lient(SCG)were used for traininthe data.
Considering the differences in training algorithm, neuron and hidden layer, 42 different
models were developed and their results were complaiguare 5-5 to Figure5-7 display

effects of number of neurons on coefficient of determination.
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Number of Neurons
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== testing-2HL
==4==Validation-2HL

Figure5-5. R? values of ANN models using LM algorithm

10 15 20 25 30 35 40
Number of Neurons

=== training-1HL
=== testing-1HL
=@==Validation-1HL
== training-2HL
=t testing-2HL
=4==Validation-2HL

Figure5-6. R? values of ANN models using SCG algorithm

—_

i NI S

10 15 20 25 30 35 40
Number of Neurons

=== training-1HL
=== testing-1HL
—=@-=Validation-1HL
== training-2HL
== testing-2HL
=—4—validation-2HL

Figure5-7. R? values of ANN models using BR algorithm

126



Also Figure5-8, Figure5-9, Figure5-10, andFigure5-11 show the change of MAE, RAE,
MAPE, and RRSE in comparison to number of neurospaetively.Increasing the
number of hidden layers results in beg@rformance and takes more time, however it
d o e slterdhe accuracy in a great deal in this cages can be seen froffigure5-8 to

Figure5-11which display that the number of neurons does not affect the acaulaicy

55
5 =@=BR-2HL
—@— SCG-2HL
=2 LM-2HL
=45 o —8—BR-1HL
o——-}‘<"' ——0 —8—SCG-1HL
© e 9
4 LM-1HL
35
10 15 20 25 30 35 40
Number of Neurons
Figure5-8. MAE values of ANN models
0.3
o /‘W —e—BRZHL
0.2 —@— SCG-2HL
" LM-2HL
&E 0.15 —8—BR-1HL
s * o ’ o =@ SCG-1HL
0.1 LM-1HL
0.05
0

10 15 20 25 30 35 40
Number of Neurons

Figure5-9.RAE values of ANN models
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W —e—BR-2HL
4
—e—SCG-2HL

H_J 3.5 LM-2HL
S 3 == — —e—BR-1HL
=@—SCG-1HL
2.5
LM-1HL
2
10 15 20 25 30 35 40
Numer of Neurons
Figure5-10.MAPE values of ANN models
0.3
025 M
02 —=@—BR-2HL
L(})J =@=—SCG-2HL
% 0.15 é o . § LM-2HL
0.1 =@—BR-1HL
=@—SCG-1HL
0.05
LM-1HL
0

10 15 20 25 30 35 40
Number of Neuorns

Figure5-11. RRSEvalues of ANN models

It can be seen that the Levenbégrquardt algorithm will have the fastest convergence
because this problem is a function approximation tyyegenbergMarquardtmethod is

used whenevean accurate training is required. In many cases, Leveriamguardt
algorithm can obtain lower mean square errors in comparison to other algorithms tested.
The storage requirements of Levenbbtgrquardt algorttim are larger than the other

algorithms tested.
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The performance of the models was assessed basef| are& absolute error (MAE),

relative absolute error (RAE), root relative square error (RRSE) and mean absolute
percentage error (MAPE) and the amountsaxth error index are shownTable5-14 for

one hidden layer anflable5-15 for two hidden layers. 5 mentioned performance indices

are calculated for 3 different algorithms of BR, LM and SCG and 8 different neuron number

of 10, 15, 20, é an dhat4here is notperformande thdek available s e r v
in validation phase when data are trained by Bayesian Regularization algorithm because

Bayesian regularization algorithm does not validate diately trairs and test the data.

As can be seen from comparisons of model&ainle5-14 andTable5-15, the final model

will be the one with 1 hidden layer and 25 neurons which shows highest accuracy for
predicting the remaining useful life. The value of performance indicBA&, MAE, R,

RRSE and MAPE are 0.159, 3.844, 0.976, 0.153 and 2.86 respeclifaehgfore, this

model will be applied to the case study of the city of Montreal. This model will be
considered as high accuracy forecast model since MAPE is less than 10% and the amounts
of RAE and RRSE are very smdHurthermorein this case mean absolute error (MAE) is

3.8 which is reasonably good in comparison to the ultimate age considered for the pipelines

in this case
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Table5-14. Performance Indices for models with one hidden layer

§ é RAE MAE R? RRSE MAPE
3| o
= <£(» training | testing | validation | Training | testing | validation | training | testing | validation | training | testing | validation | training | testing validation
br 0.113 0.163 N/A 4.839 3.979 N/A 0.987 0.975 N/A 0.113 0.159 N/A 3.649 2.936 N/A
10 Im 0.187 0.187 0.187 4.522 4.568 4.540 0.963 0.963 0.963 0.192 0.193 0.192 3.457 3.408 3.386
scg 0.223 0.221 0.220 5.388 5.395 5.380 0.948 0.949 0.949 0.227 0.226 0.225 4.079 3.979 3.989
br 0.112 0.164 N/A 4.785 3.958 N/A 0.988 0.975 N/A 0.111 0.159 N/A 3.610 2.907 N/A
15 | Im 0.166 0.165 0.166 4.023 4.028 4.032 0.973 0.973 0.973 0.164 0.163 0.164 2972 2.990 3.361
scg 0.236 0.235 0.235 5.700 5.745 5.737 0.942 0.941 0.941 0.240 0.243 0.244 4.287 4.233 4.265
br 0.110 0.160 N/A 4.716 3.910 N/A 0.988 0.976 N/A 0.110 0.156 N/A 3.558 2.916 N/A
20 | Im 0.167 0.165 0.166 4.035 4.026 4.036 0.972 0.972 0.973 0.166 0.167 0.165 3.062 2.969 2.994
scg 0.248 0.245 0.245 6.009 5.961 5.996 0.933 0.936 0.935 0.259 0.253 0.256 4.526 4.391 4.461
br 0.110 0.159 N/A 4.709 3.879 N/A 0.988 0.976 N/A 0.109 0.155 N/A 3.550 2.866 N/A
25 | Im 0.158 0.160 0.159 3.848 3.853 3.833 0.976 0.976 0.976 0.153 0.155 0.154 2914 2.851 2.814
scg 0.222 0.223 0.219 5.377 5.384 5.382 0.948 0.948 0.947 0.228 0.229 0.230 4.067 3.968 4.012
br 0.110 0.159 N/A 4.697 3.883 N/A 0.988 0.976 N/A 0.110 0.156 N/A 3.549 2.870 N/A
30 Im 0.172 0.176 0.174 4.181 4.218 4.229 0.969 0.957 0.969 0.175 0.207 0.177 3.094 3.133 3.553
scg 0.247 0.246 0.245 5.992 5.930 5.958 0.936 0.937 0.939 0.253 0.251 0.248 4.569 4.423 4.425
br 0.110 0.160 N/A 4.711 3.909 N/A 0.988 0.971 N/A 0.110 0.171 N/A 3.553 2.892 N/A
35 | Im 0.181 0.183 0.185 4.394 4.452 4.460 0.966 0.948 0.961 0.185 0.227 0.198 3.348 3.311 3.303
scg 0.227 0.225 0.222 5.487 5.496 5.396 0.946 0.947 0.949 0.233 0.231 0.226 4.133 4.080 3.979
br 0.111 0.162 N/A 4.726 3.928 N/A 0.988 0.974 N/A 0.111 0.162 N/A 3.562 2.902 N/A
40 | Im 0.168 0.170 0.170 4.085 4.126 4.102 0.971 0.966 0.971 0.169 0.184 0.170 3.099 3.036 3.025
scg 0.235 0.235 0.235 5.719 5.653 5.649 0.942 0.943 0.943 0.241 0.239 0.238 4.332 4.181 4.166
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Table5-15. Performance Indices for models with two hidden layer

§ é RAE MAE R? RRSE MAPE
3| &
= <£(» training | testing | validation | Training | testing | validation | training | testing | validation | training | testing | validation | training | testing validation
br 0.107 0.158 N/A 4.595 3.845 N/A 0.989 0.976 N/A 0.107 0.154 N/A 3.381 3.232 N/A
10 | Im 0.159 0.160 0.159 3.852 3.872 3.852 0.976 0.976 0.976 0.154 0.154 0.156 2.842 2.861 3.231
scg 0.219 0.220 0.219 5.316 5.316 5.319 0.949 0.949 0.949 0.226 0.227 0.225 4.032 3.976 3.955
br 0.107 0.158 N/A 4.556 3.839 N/A 0.989 0.970 N/A 0.106 0.172 N/A 3.435 2.826 N/A
15 | Im 0.166 0.165 0.166 4.023 4.028 4.032 0.973 0.973 0.973 0.164 0.163 0.164 2972 2.990 3.361
scg 0.236 0.234 0.235 5.735 5.655 5.689 0.942 0.944 0.943 0.241 0.237 0.239 4.341 4.180 4.202
br 0.106 0.157 N/A 4.543 3.828 N/A 0.989 0.971 N/A 0.106 0.169 N/A 3.425 2.803 N/A
20 | Im 0.162 0.164 0.163 3.931 3.978 3.956 0.974 0.973 0.973 0.161 0.164 0.164 2.892 3.331 2.936
scg 0.217 0.218 0.220 5.258 5.312 5.354 0.949 0.949 0.948 0.225 0.225 0.228 3.996 3.941 3.984
br 0.110 0.159 N/A 4.709 3.879 N/A 0.988 0.976 N/A 0.109 0.155 N/A 3.550 2.866 N/A
25 | Im 0.164 0.165 0.163 3.983 4.003 3.977 0.974 0.971 0.973 0.163 0.169 0.165 2.940 2.957 3.303
scg 0.230 0.230 0.229 5.568 5.566 5571 0.944 0.944 0.944 0.236 0.237 0.236 4.109 4.088 4,533
br 0.106 0.156 N/A 4.524 3.764 N/A 0.989 0.973 N/A 0.105 0.165 N/A 3.409 2.765 N/A
30 | Im 0.160 0.159 0.159 3.877 3.894 3.894 0.975 0.975 0.975 0.157 0.157 0.157 2.937 2.888 2.877
scg 0.235 0.231 0.234 5.690 5.663 5.688 0.942 0.943 0.943 0.241 0.239 0.238 4.266 4.219 4.206
br 0.105 0.155 N/A 4.508 3.774 0.000 0.989 0.973 N/A 0.105 0.166 N/A 3.313 3.198 0.000
35 | Im 0.158 0.159 0.159 3.835 3.866 3.862 0.976 0.974 0.975 0.154 0.161 0.158 2911 2.837 2.853
scg 0.214 0.214 0.213 5.183 5.224 5.182 0.950 0.950 0.949 0.222 0.223 0.226 3.952 3.897 3.867
br 0.106 0.155 N/A 4.534 3.757 0.000 0.989 0.976 N/A 0.105 0.155 N/A 3.332 3.171 0.000
40 | Im 0.165 0.165 0.165 3.994 4.009 4.020 0.973 0.970 0.972 0.164 0.175 0.168 3.033 2.963 2.978
scg 0.227 0.227 0.225 5.502 5.493 5.476 0.945 0.945 0.942 0.234 0.235 0.241 4.168 4.071 4.039
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The error histogram of the final model with 25 neurons is presentédune5-12. It can

be seen fronthe barsthat most of the errors are oscillating betwegand4 yearsn all

the training, testing and validatiphasesvhich shows that the model predicted remaining
useful life of the pipeline wellThe number of pipe cases usedtraining, testing and

validation phases are divided based on 70%, 15% and 15% of the total pipetiseered

in this study
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Errors = Targets - Qutputs
Figure5-12.Error Histogram for final model

The coefficient of determinatiomaluesof training, testing and validatiophases are
displayed inFigure5-13. The horizontal axis and vertical axis show target versus output
that are reraining useful lives here and are in yedise R value of all data is displayed
as well. The fitted line for all data @itput= 0.97 xtarget+ 4.5, and R value is 98.56%
which shows that the outputs are very close to target valinesR value is more than
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98% in all the training, testing and validation phases which is a proof that the model is able

to predict 98% of théuture outcomes accurately.
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Figure5-13. Coefficient ofdetermination (R for final model

Table5-16 shows the sample data inpftdiameter, breakage rate, length, material and
condition along with the stimated and predicted output values of the proposenoial
networkmodel
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Table5-16. Sampleinput and output data for ANN model

Pipe Input ' Output .
ID  diameter breakage Length material condition Estimated Predicted
rate RUL RUL

1 200 0 3.49 1.67 2.469 127 120.85
2 150 242 1795 1.67 2.995 127 122.88
3 20 0 2256 1.67 2.469 127 120.64
4 200 0 10.30 1.67 2.469 128 120.77
5 150 0 10.88 1.67 2.469 128 122.61
6 150 0 70.13 1.67 2.469 128 122.44
7 200 0 55.36 1.67 2.469 128 120.44
8 200 0 73.69 1.67 2.469 127 120.41
9 200 0 0.55 1.67 2.469 127 120.89
10 150 0 44.92 1.67 2.469 128 122.43
11 150 0 132.31 1.67 2.469 128 122.88
12 150 0 55.39 1.67 2.469 128 122.42
13 150 0 19.56 1.67 2.469 128 122.54
14 150 0 150.37 1.67 2.469 128 123.07
15 150 0 27.23 1.67 2.469 128 122.49
16 150 0 16.26  1.67 2.469 128 122.56
17 200 0 49.34 1.67 2.469 128 120.46
18 200 0 67.12 1.67 2.469 127 120.41
19 200 0 11.98 1.67 2.469 127 120.75
20 200 0 43.32 1.67 2.469 126 120.84
21 200 0 11.31 1.67 2.469 126 120.49
22 200 0 7.10 1.67 2.469 128 120.76
23 200 0 79.28 1.67 2.469 128 120.81
24 150 0 5.41 1.67 2.469 128 120.41
25 150 0 5.76 1.67 2.469 128 122.66
26 150 0 37.29 1.67 2.469 128 122.66
27 150 0 47.07 1.67 2.469 128 122.44
28 150 0 87.25 1.67 2.469 128 122.42
29 200 0 15.84 1.67 2.469 128 122.52
30 200 0 24.44  1.67 2.469 128 120.71
31 200 0 5.23 1.67 2.469 128 120.63
32 150 0 10.66 1.67 2.469 127 120.83
33 150 0 65.64 1.67 2.469 127 122.61
34 150 0 16.30 1.67 2.469 127 122.43
35 150 0 65.06 1.67 2.469 127 122.56
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Moreover, GRNN is applied to the data of the city of Montrealthadieveloped equation

and theresults arasummarizedn Table5-17.

YY) cipe Oo@ qQé & QQO0 &I QORI 5-2

MBIC Q'QHE QOMBD 1 GO Qi QN TEXNE

Table5-17. Performancesdices wherapplying GRNN

Performance index GRNN Selected model
RAE 0.397 0.159
MAE 8.388 3.844
R? 0.806 0.976
RRSE 0.440 0.153
MAPE 9.714 2.86

As can be seen frooomparison of two methods the coefficient of determination is lower
in GRNN which shows that the model is able to predict only 80% of the data accurately
which is low in comparison to 97.6% of the proposed ANN mddeteover,all of the

other performancendices such aRAE, MAE, RRSE and MAPRrehigher in GRNN in
comparison to applyingevenbergMarquardt algorithm which confirms that the selected
algorithm predicts remaining useful life more precisely than GRIRA. stated in
section2.6.5 the sole drawback of GRNN is that it is not able to ignore unrelated inputs
itself. ThereforeGRNN s not chosen in problems with more than 5 to 6 relategt#nin
remaining useful life predictiorfive input parameters of condition, diameter, material,
length and breaker rate are considered which makes GRNN incompetent for function
approximation.

It can be seen frofRigure5-14, the GRNN overestimagdkUL when age is more than 70
years old. When the pipe ages between 50 tpe#ads GRNN predicts remaining useful
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life verywell. Moreover, the remaing useful life is underestimateden pipe is less than
30 years. Based on the available performance indices, it could be concluded that the
selected model which usésvenbergMarquardt algorithm to predict data works better

through this problem.
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Figure5-14. Estimated and Predicted RUL vs data points using GRNN

5.4.Budget Allocation Model
The optimal scheduling for replacement and rehabilitation of individual water mains is an

important challenge that has been extensively focused on in the past twenty years. In
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majority of cases, a forecasting model of future breakage rates, remaininglifesefu
condition of the pipeline is attached to the optimal scheduling pattern. There are quite a
few researches concentrating natwork of water pipes, while majority of efforts are
devoted to optimal planninigr individual pipelines. This researchilwfocus on optimal
scheduling for a whole water network distribution of a dirypugh optimal scheduling of
each pipesegment In this researcha method is proposed for optimal scheduling of
individual pipesn anetwork while considering future numhbsrbreaks of pipeline This
method is not restricted to any specific planning horizon length since the planning horizon
will directly affect the number of breakdowever,some modification should be taken for

the budget and costs due to the time vafitee money. Moreover, unanticipated changing
conditions of the pipelines should be considered for lengthy planning horizons. The
proposed method is not limited to any specific break prediction model because it solely
needs the number of breaks for eagteline in the network in the predefined planning
horizon.As mentioned earlier) j is the predicted number of breaks in pipe i at year t and
four different costs are observed to be associatedfailtive of each pipe sectioithey

are cost of failug repair byd , cost of disruption, time loss, pollution, loss of business

by 6 , cost of water loss by and cost of pipeeplacement, which is assumed

to have two components of mobilization cost dendigdV, and the lengtlunit cost
denoted by i. The mobilization costs coverost of setting up the job site, signage,
discovery and marking of adjacent infrastructwiéle 0 i depends opipe material and

diameter(Nafi and Kleiner, 2010).
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Table5-18. Scenarios and their associated costs

Scenario for each pipeline Associated Cost
1 Replacement 0 Oia
2 Rehabilitation: Open Trench 0
3 Rehabilitation: Trenchless 0
4 No Action o) 0
5 Need Nothing 0

Consequently, the total cost associated with pipe replacement timing will be

0 5-3

Or O ¢ 10 €10 € 10 €10

0 ia
The number of breaks for each network is specific for that network, therefore in this study
the future breaks for city of Montreal should be considered. Karimian (206ppsed a
break forecasting modethich predictsdisruptions of Montreal by 89.35% aoacy.
Therefore, this model will be applied to find the future number of breaks in different

planning horizon. The proged relationship is

080 b8 086 . .0 8 5-4
V)

OfF TBIp X XH— ®YoPT < [

L is length, M is material, A is age and D is diamefer stated irChapter 3, the objective
of this model is to maximize the use of budget for wagtwork that is 82.3 million dollar
based on thaterature Therefore pipe segments should be prioréizfor differentsetups

based on their breakage rated assumed cost for eastenario The input data for GA
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model is an excel sheet with all of the four costs and the breakage rate of a specific planning
horizon for each pipe segments as displaySgare5-15.

FILE HOME INSERT PAGE LAYOUT FORMULAS DATA REVIEW VIEW DEVELOPER NITRO PRO 9

F4 - fr | 10
E F G ] B 3 T L WA AR A
3 | Age | Diameter | Material | Length | Cr hd+crl bnar majar Mo actian | K. (t=5 yrs) |
4] 23 150 ol 17 451885 360 8283159687 3000 5000 2600 0.0049435
50 B 150 l 31761009 350 311635313 3000 5000 2600 0.000104
i B9 150 cl 70268634 360 26594.02174 3000 5000 2600 0.0434186
N 150 l 14118374 350 £941.430847 3000 5000 2600 0.0004554
& B9 150 cl 12 BRR112 360 6394289272 3000 5000 2600 0.0062 384
R 150 l 122.73616 350 44557 6558 3000 5000 2600 0023762
100 B 150 cl 75790477 360 4657 hEBRY 3 3000 5000 2600 0.000374
1M & 150 l 10596034 350 3908611913 3000 5000 2600 0.0131004
120k 150 cl 12054877 360 44192.07022 3000 5000 2600 0.0231355
13| B8 150 l 136.3414 350 49719.66327 3000 5000 2600 0.095221
14 &4 150 cl 57 466973 360 22113.4405 3000 5000 2600 0.0436657
15| 86 150 l 14295999 350 5203599575 3000 5000 2600 0.1164429
16| &6 150 cl 12712347 360 46493.21545 3000 5000 2600 01066105
17 84 150 l 15254526 350 7339.084274 3000 5000 2600 0.0104865
18 9 150 cl 31757044 360 1311496553 3000 5000 2600 0.0274522
19 B9 200 l 14587767 360 5451596206 3000 5000 2600 0072205
20 40 150 Cl 38756969 360 1556493925 3000 5000 2600 0.0344554
21| 86 150 l 109.93056 350 4047569657 3000 5000 2600 0.0942416
22 1 150 Cl 148.78191 360 5407366894 3000 5000 2600 0.1239991
23 95 250 l 52030099 380 21771.43772 3000 5000 2600 0.0312841
24| 92 150 Cl 152 46853 360 F5363.98416 3000 5000 2600 0126676
25 92 150 l 15887551 350 5760642824 3000 5000 2600 0.1299506
26| 92 150 Cl 12h.2832 360 45849.1191 3000 5000 2600 0.1103684
27 85 150 l 197.77092 350 71219.82245 3000 5000 2600 0.1442484
28 03 150 Cl 15364271 360 F5734.95014 3000 5000 2600 0.0234405
2903 150 l 15514123 350 56299.42971 3000 5000 2600 0.0238063
30| 95 150 Cl 202.92491 360 7302371685 3000 5000 2600 01462718
q .. | original | Sheetl ®

READY =

Figure5-15. Sample input data for optimization model

The GA tries to minimize the following fithess function and chooses one scermnagacto

pipe considering the cost, breakage ratetatad constrainedudget.

140



6 0"Y"Y 55

Y@ pm
Op O € 10 €10 € 10 €10
0 i

GA does multiple iteration to find the best solutias displayed irFigure 5-16. The
outcome of GA model would be an excel sheet in which rows rep@pensegments and
coumns are different scenarios. Selecsednario for each pipe is identified in each row

as shown irFigure5-17.

0.03 T T T T T T T T T
T BEak

0.0v5

0.o7

0.0B5

Fithess

0.055

0.05

0.045

0.04

1 1 I 1 1
0 2 4 B ot 10 12 14 16 18 20
lteration

Figure5-16. Fitness function in different iterations
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