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ABSTRACT

Performance Modeling for Sewer Networks

Khalid Kaddoura, Ph.D.
Concordia University, 2018

In spite of the pressing need to preserve sewer networks, sewer pipelines and manholes are prone
to deterioration and hence to collapse. According to the Americaret$®f Civil Engineers
(ASCE) (2017), the sewer networkds grade of
one of the worst infrastructure assets in the US. In addition, the Canadian Infrastructure Report
Card (CIRC) (2016) states that more thara | f of their i near wast
condition were ranked between very poor to good states, with a total replacement value of $47
billion. Despite the enormous studies conducted in this field, many of the efforts lack a
comprehensive assessrmai sewer components, leading to misjudged rehabilitation decision

plans and continued asset deterioration.

Improved coseffective models that optimize sewer rehabilitation plans, given the scarcity of
resources, are clearly needed. Accordingly, tharpaunt objective of this research is to design

a decisiorsupport system that optimizes the maintenance, rehabilitation and replacement (MRR)
decisions of sewer pipelines and manholes. The first phase of the research is to identify several
defects that imact the condition of sewer components and to model the erosion void defect
utilizing fuzzy expert system. The model provided accuracy, true positive rate and precision
values of 83%, 76%, and 80%, respectfully. The identified defects were then grouped into
several robust models to study their cause and effect relationship through the application of the
DecisionMaking Trial Evaluation Laboratory (DEMATEL). The overall condition of the sewer

pipeline is then found by integrating the DEMATEL method with theal@y Function



Deployment (QFD), while the manhole condition is calculated using the aforementioned two
techniques along with the Analytic Network Process (ANP). After validating the two models
with the Royal Gardens nei ghtbno the dverage vakditys e we r
percentage (AVP) for the pipeline and manhole assessment models were 58.68% and 76.24%,
respectively. Subsequently, Weibull distribution analysis is adopted to predict the future

calculated conditions of sewer manholes and pipsllvyy modelling the deterioration of each.

The research establishes an approach to aggregate the condition indexes of all pipelines and
manholes in the network through a criticality model to supply the overall network performance
index. Accordingly, the @nomic factors are deemed the most important ones compared to
environmental and public factors. An informative optimized model that integrates the outputs of
the previously developed models is designed through the Particle Swarm Optimization (PSO)
appro&h to maximize the sewer network performance and minimize the total costs. Different
tradeoff solutions are then established by varying the weights of the objective functions and
considering the defined constraints. The best network performance impra\ettaared is 1.47

with a total cost of $1.3illion.

The comprehensive sewer network assessment performed in this research will improve current
practices in sewer networks management, thereby reducing sewer network failures and avoiding

catastrophic sikholes.
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Chapter One: Introduction

1.10verview

Assessing the condition of infrastructure assets is essential due to its backbone need for any
urban city (Kaddoura 2015). Sewesystems,forming one of the most capitaitensive
infrastructure systems \(Virahadikusumah et al. 1998)ransfer sewage medium from
privatdpublic outlets (i.e, buildings, houseshospitals, schoolsetc.) to laterals, which are
connectedo main pipelines that end séwage treatment pladr disposal area They are the
ultimate lowprofile infrastructure assets in spite of their health and environmbatadfits
(Kirkham et al. 2000)These systems are buried in the subsurface and are distributed in a maze
of a complex infrastructure. Theilow visibility stands a reason for thefrequent low
rehabilitation and/or matenance \(Virahadikusumah et al. 1998}ewersare prone to collapse

and failure, imposing severe consequences onstimoundings(Kirkham et al. 2000) and
resultingin costly and difficultrehabilitation(Wirahadikusumah et al. 1998)herefore, studying

the performance of the system is essential to gain knowledge about the future conditions of the
sewer assets for rehabilitatigkleiner 2001) andudget allocatiorpurposes The necessity of

this task is deduced from the reinforcing loop showRigurel.1. The higher is the condition of

an asset provides a higher overall parfance of the system (reinforcing relationship). The
higher is the overall performance requires less rehabilitation and maintenance (balancing

relationship). Therefore, the costs fepairand maintenance are less (reinforcing relationship).



Further mor e, funds wi |l | be available to enhan

sewer systemds performance (reinforcing relat

Sewer Asset
Performance

Overall Sewer
System
Performance

Rehabilitation/
Maintenance
Requirments

Available Funds

Rehabilitation/
Maintenance
Costs

Figure 1.1 Reinforcing Loop

Several countriepublishinfrastructure report cards to inform tpablic about the condition of
theinfrastructure assets. In Canada, for example, the Canadian Infrastructure Report Card (2016)
claimeda Very Good overall rating for the linear wastewater system. However, duéntp ag
these assets are subjectdeterioration over timdt can bededucedfrom Table 1.1, which
displays a history glance of the wastewater system condition inrtiiedUStategUS) based on

the American Society of Civil Engineers (ASCEjince 1988, the US wastewater condition is

deteriorating in spite of grades improvements in sye®'s due to rehabilitation/replacement

practices.

Table 1.1 ASCE Wastewater Grades

Year Wastewater Grade

1988 C (ASCE 1988)
1998 D+ (ASCE 1998)
2001 D (ASCE 2001)



2003 D (ASCE2003)

2004 D (ASCE 2004)
2005 D- (ASCE 2005)
2009 D- (ASCE 2009)
2013 D (ASCE 2013
2017 D+ (ASCE 2017)

1.2Problem Statement

Wastewater networks are the backbone means of transferring sewage medium. An excellent
and effective wastewater system ensures a clean and sustainable environment by limiting any
possible exfiltration scenarios to ground or drinking water resources. ®dspihecessities

in preserving sewer networks, decisimakers still confront challenges in planning for
rehabilitation due to the scarcity of resources. Sevgpas ofreseach were conducted to
assess sewer networks and enhance their performance glggstng assessment and
optimized modelsNevertheless, these efforts lack the comprehersraduationof sewer
networks as current practices lack the integration of sewer pipelines and manholes. Hence,
there is a pressing need to develop more comprehensive and extensive optimized robust tool
that integrates these two assets.

Current practices does notrider erosion void as a defect when evaluating the observed
distress. This is due to the fact that the literature does not rappgegdict the erosion void
condition. Not only but also, sewer manholes received little attention by researchers although
sewral studies reported their importarioethe networks The current assessment relies on

the mean score in calculating the overall grade which does not represent the comprehensive
defects detected in inspections. In fact, manhole components are consederty
important. Furthermore, the overall performance assessment of sewer networks is limited to

t he me an cal cul ati on of pi pelinesd condi ti



distinguishes the relative importance of sewer assets in the netwisik. durrent studies
lack the cause and effect relationship evaluation of the defects in the sewer Byestang, it

difficult for decisionma k er s t o pinpoint t heropagatoh causes

1.3ResearchObjectives

The present research is exped to improve the current practices for condition assessment by

achieving the following main objectives:

1- Identify and study different defects in sewer networks

2

Model the pipeline erosion void defect

3

Develop a sewer network overall performance index

4

Design an optimized sewer performance rehabilitation plan
1.4Document Organization

Chapter 1 introduces the subject and provides the problem statement. It also lists the objectives

of the proposed research.

Chapter 2 discusses the literature review of mukipopics such as condition assessment,
deterioration modeling, decision support systelmgiget allocatioms well as the techniques that

are used.
Chapter 3is dedicated to the construction of the research methodology of all the models.

Chapter 4 mentiors the data collection and provides samples of the questiosnHiralso

describes the case study broufygbin the agencies

Chapter 5implements the models developed using the case studies



Chapter 6 illustrates a sermautomated tool for the whole developed models.

Chapter 7 provides the conclusions reached, limitations and future.work



Chapter Two: Literature Review

2.10verview

This chapter provides information about the backbone elements of the proposed research and
illustrates inspection techniques for sewer pipelines and manholes. The current practices most
pertinent to sewer asset assessment are outlined here as wellteTaiark review also covers

the relevant decision making models, deterioration models, criticality, and budget allocation

models.

2.2 Sewer Inspection Techniques

Since sewer pipelines are major infrastructure assets, it is essential to maintain their functionality
through their life cycles. Regular inspections are required to assess and plan for rehabilitation or
maintenance. Closed Circuit Television (CCTV) camaee part of an inspection technique to
record the inner surfaces of buried pipelines. CCTV is used to inspect pipelines with a wide
range of diameters, as many pipelines are inaccessible due to their small sizes and insecure
environment. These camerag arsually mounted on top of a crawler or a float where operators
control the movement of the robot and the camera from afar (Kaddoura 2015). After the camera
records the environment inside the pipeline, experts review the videos to assess the condition of
the pipeline based on a specific protocol. Despite the availability of several sophisticated
inspection techniques, CCTV is still one of the most commonly used sewer inspection techniques
as per a survegonducted byThomson(2004). While it is true that €TV captures defects in

sewer pipelinesnany researchers have listed several drawbacks of this tecl{Repreey et al.



2009) One major drawback is that CCTV camera cannot record any information below the flow

line. In addition operators confront majoobstacles when reporting numeral information
regarding surface damage, settled deposits ar
locate them. As a result, subjective conclusions may be drawn which could negatively impact
some rehabiliation decwns. Therefore, it is worthwhile to consider other technologies that can

lessen the drawbacks of CCTV.

One technology that helps in assessing deformation and in locating surface damage defects is the
two-dimensional (2D) laser profiler. This is a sensattban draw, detect and measure the
changes i n asegionghatloccur dug ® excassive lsading, known as deformation.
The 2D laser light is composed of a ring of light that is generated from a sensor with a very high

intensity. The sensorsi generally paired with a CCTV camera, which can detect the laser light.

Sonar sensors are mostly used to detect and quantify grease and settled deposits below the flow
line. The technology is based on sound energy that travels through the inspectat pipeli
material. Once a change in material is detected, the waves get reflected.The accuracy of the sonar
sensor is highly dependent on the selection of the acoustic frequency and the travel speed
(Andrews 1998) as ineffective frequencies and travel speedsdyre unreliable images.
Selecting the optimal frequency depends on the pipeline materibk higher the acoustic

frequency, the lower the penetrating power.

Pipepenetrating radar (PPR) is the application of ground penetrating radar (GPRREline
inspection GPR emits radio waves to detect several featarése subsurface (Daniels 2004),

where an antenna produces hifgkquency radio waves (Feeney et al. 200PR is applied in



pipe, so the signal wil/ piegrs@ltTheaystem damapergiei p e 6 s

using two or three antennas that are able to detect several frequencies for evaluation purposes.

SewerVUE Surveyor is the a mu$iensor inspection (MSI) robot thatcorporates seveal
technologies, such as CCTV, laserd PPR, shown iRigure2.1. The PPR robot is mounted on
a rubber tracked robot equipped with two high frequency attefik@s2016. The PPR system
can used fosewerpipelineswhose diametersange between 450 mm and 900 migkds and
Neducza 2012)The GPR attennae can be rotated from 9 to 3 in the clockwise direction. The
information is collected by two imgendent channelsas it flows in bothn and out directions to
provide information abouthe rebar coverthe void present outside the pipe atie pipe wall
thickness Ekes and Neducza 2012)n addition, the lasesystem is ddpyed to provide
information inside the pipeline walsuch asnformation required to calculdtee deformation
defect, shown irFigure2.2. The CCTVtechnologyis deployed to record the inner condition of
the pipeline and may dilgy defects such as cracks, fractures, holes, breakskFigtoe 2.3
showsthetypical integrated analyzed inspectionamhation for a pipeline. The sections provide

information about the rebar cover, pipeline wall thickness and the recommended action.

In spite of the efforts devoted to developing SewerVUE Surveyor, this machine has not yet been
extensively tested in reselrtaboratories or by industry experts to validate the results, as stated
by a supplier employee. In addition, the sensors can only be located in few clockwise positions,
which may hinder the results as voids may present insp@ated sections. As each pegtion

can only be run on two clock positions, the inspection would need to be run again for cases
where more positions are required, with the associated longer times and higher costs. Moreover,

in places where deposits are attached at the wall segtais may be difficult to detect. A



further restriction is that the robot is not applicable to pipelines that are wider than 900 mm or

smaller than 450 mm.

Figure 2.2 PPR Pipeline Geometrical DetectionEkesand Neducza 2012)

Lrssarce (reet)
7500 7600 700

Figure 2.3 PPR Results Ekesand Neducza 2012)

In contrast to pipelines, only a limited numbs inspection techniques are utilized for sewer
manholes. Man entry, smlled visual inspection, is the oldest inspection method used for
manhol e assets. |t requires an operator t o
openi ngo anebss thie condition lofy the armrshole sections, including the frame,

9



chimney, channel, etc. The air quality must be checked and monitored during the operation, and
operators may require ventilation. For a safer inspection atmosphere, the operator may require

same or all of the following systems for safety:

i An air meter

1 A fall arrest system
1 Lighting

1 Traffic control

1 A cage around the opening

Man-entryis arapid method for inspection and planning decisions; however, in many cases, an
operator may find itdifficult to access deeply inside the manhahhich couldresult in
misleading conclusion®©ne of the most commonly used manhole inspection methods is the
panorama camera. This type of inspection does not require man entry; it can be done from
aboveground. Thisamera can record the images in a-86Qree view from the ground level to

the channel level. The quality of the image is highly dependent on the resolution of the camera as
well as on the manhole environment. The recorded panoramic images are theeddwean

expert to understand the condition of the manhole. This technique allows the analyst to zoom in

and out as well as display a panoramic image.

2.3Condition Assessment Models

Current practices rely on a distrdsased evaluation of sewer assets thatbased on
predeveloped sewer protocols applied to sewer pipeline inspection information. These protocols
are either designed by || ocal muni cipalities

classify sewer defects into different sdéfects whereach sullefect has an associated specific

10



severity value. Two of the most popular sewer protocols were developed by the Water Research
Centre (WRc) in the United Kingdom (UK) for sewer assessment. The WRc developed two main
protocols to systematicallyiassify and assess sewer systems. The first is the Manual of Sewer
Condition Classification (MSCC), which explains, defines and classifies defect groups and sub
defects with their corresponding codes (WRc 2013). The second protocol is the Sewerage
Rehabiltation Manual (SRM) which defines the condition grades for the defects and their deduct
values (WRc 2001). These protocols rely on the CCTV inspection methodISE€ defines

four main defect groups in the assessment of sewers: structural defects, defeicts,
construction features and miscellaneous features. The WRc considers different condition grades
t hat range between fAccepEashbdefect iCmpredanted hyrmo t o
deduction value using the predefined protocol. The overtdkctiscore are usually calculated by

the mean, peak and total scores. The structural condition or grade is computed considering the
peak scores. A service defects group grade is concluded by selecting the maximum value

between the peak score and the meanes

Developed in partnership with the WRc, the Pipeline Assessment and Certification Program
(PACP) of the National Association of Sewer Service Companies (NASSCO) (2003) has become
the North American Standard. Many municipalities, like the city of Edmomtlingrta, have

switched from using their own standards to utilizing PACP assessment. PACP defines lower and
higher rating scales for sewer pipelines, from 1 to 5 where 1 represents an excellent condition

and 5 indicates that an immediate attention actioegsired.

Due to the lack of manhole assessment guidelines, NASSCO has developed a coding system for
the defects observed in manholes. In the latest version of the Manhole Assessment and

Certification Program (MACP), NASSCO proposes two different inspection prettc@ssess
11



manholes. Levell inspection provides basic condition assessment information to evaluate the
general condition of a manhole, while level 2 inspection records the detailed defects observed. In
spite of the complex manhole structure, NASSCO camsid manhole as a vertical pipeline and

therefore, MACP uses the established PACP coding system. The manhole condition rating is

similar to that of the PACP rating scheme.

Hughes (2009)yroposed a manhole condition assessment that was bas#w strudural
degeneration and excessive infiltration/inflow (I/1) occurringumasset. The author suggested a
five-point rating system for the I/l and the structural evaluations for all manhole items except for
the manhole cover inflomManhole cover inflow coud be estimated based @number of
parameters such as the drainage ateagdepth of pondingthe number of holes i cover,its
condition andts framebearing surface. The manhalems o whichits conditionis dependent

upon werelisted asthe cove, frame seal, chimney, cone or corbel, wall, pipe seal, bench and
invert or channelHughes (2009kuggedst that these rates can be adjusted Hrat they are
project specificThe defect flows that the author considered range between 0 and 1.6 gallons pe
minute. The I/l ratings are No I/l, Minor I/l (weeper), Moderate I/l (dripper), Hed\yrunner)

and Severe I/l (gsher) as displayed ihable2.1. The manholestructural condition was based on
itemssimilar to thoseof the manhole in addition to the steps. The condition rating was based on
al to 5 scale, in which 1 represented a Good condition while the 5 rating descpber

condition asindicated in Table2.1.

Table 2.1 ASCE Condition Ratings for Manholes (Hughes 2009)

Condition Rating I/l Observed Structural Condition Observed
Good No I/l No structural defects
Fair + Minor /1 Minor defect identified
Multiple minor defects or moderate defec
Fair Moderate 1/1 identified

12



Multiple moderate defects or major defec
Fair- Heave I/l identified

Poor Severe /I Major defects identified

Due to certain limitations observed in current practices, some researchers have developed models
that assess sewer condition using recent inspections. Along thesKhdesura et al. (2017)

proposed a model that investigathe state of the pipeline considering four major defects. The
authors suggested that deformation, surface damage, settled deposits and infiltratien are

major sewerdefects that could propagated initiateother defectsuch adongitudinal cracks

breals, roots, etcHence, the assessment of thesgordefects could provide an overview of the

overall condition ofa sewer assefhe main technique utilized in their assessment was the-Multi
Attribute Utility Theory (MAUT). The authors adopted three diffat protocols to develop

utility curves for deformation and settled depasdsfectsc onsi deri ng the def e
from each protocolThey also investigated a structural point of view to evaluate the surface
damage defect usinthe American Societyfor Testing and MaterialsASTM) guidelines.
Subsequently, they developed utility curves for three different sewer pipeline matEhnials.
infiltration defectbdés wutility curve was devel
scan.However, themodel did not include many of the sewer defects that can be found in

inspection reports.

In another work, Daher (2015) adopted a fuzzy expert system to assess sewer assets including
manholes, pipelines and pipeline joints. The author considered a nombewer defects for

each asset and formed a set of attributes related to each defect group in each asset to be used as
fuzzy input variables. Each defect in the model was represented in a fuzzy membership function.

The author collected the relative importe weights of the defects and slgfect groups
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employing the Analytic Network Process (ANP). Hierarchal Evidential Reasoning (HER) was

then utilized to integrate the defect groupso

Angkasuwansiri and Sinha (2014) assessder pipelines by suggesting a performance index
that takes into consideration both structural and operational models. The structural portion of the
index was evaluated after defining the external corrosion, internal corrosion, surface wear and
load module, and the operational portion of the index was calculated by considering the
infiltration/exfiltration, blockage, root penetration and hydraulic modules. In each module, there
were a set of criteria along with attribute values. The input of the modules wastewater
pipeline data such as depth, slope, size, proximity to trees, etc. The authors relied on CCTV,
smoke test data and environmental data to extract some ifjput®mpute a crisp index, two
methods were adopted separately in their assessrerfuazy expert system and the weighted

average method.

Other researchers have suggested sewer condition prediction models employing sophisticated
tools such as the Artificial Neural Network (ANN), Support Vector Machines (SVMs),
simulation models, multiple regressions, &tor instance, Kulandaivel (2004yoposed a model

based on a trained ANk predict the condition of sewg@ipelines depending on the historic
conditionassessment informatiomhis model wassubsequentlyested and validated. Najafi and

Kulandaivel (2005)ater proposedanotherANN modelthat useshistorical datdo assess sewers.

SVMs have also beentilized to assess the condition of sewer pipeliMashford et al(2010)
developed four SVM models. The first model siffee intrinsic characteristics of the asset such
as its age, diameteand material. The second model siseil characteristics in addition to the

first modeb sputs. The third model uséhe inputs of the first model and adgtade and angle
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information. The fourth model considaall sewer characteristics, sewer confaions, and the

surrounding environment.

Condition assessment modelsave beendeveloped utilizing ANN combined with other
accompanying techniques. As an example, Chae and Abraham (2001) cotthignese of

ANNSs and fuzzy logic to accurately analyze anterpret the data for sewer pipeline condition
assessment. Sousa et al. (2014) vs&dl and SVM methods to predict the structural condition

of sewer pipelines. They collected complete data about the pipelines, including material type,
diameter, size, lertly, age, depth and slopgndcomputed the design flow velocity as a variable

in their model. The grouped pipeconditionsinto two categories. The first category, conditions

1, 2, and 3, included Asewers t hadonddategonypt r eg
conditions 4 and 5, i ncluded sewers that ir e

guantifiedassociatedincertaintiesisingANNs and SVMs.

Simulation modelshave also been used to asses sevwusvanpura et al. (2004) developad
rule-based simulation model to predsgwercondition. The simulation model included CCTV

data analysis. Later, the authors developed the actual probability of existence (APE) from the
collecteddata. The model considered the pgharacteristicssuchas age, materialength, and

its APE value.

Ariaratnam et al. (2001) usdustorical data in developing logistical models to evaluate the
condition of sewers. Tlsemodels proposedptions to helglecision makerto manage and plan

for future inspections. The model probability was developed by using pipe characteristics such as
age, diameter, and type of waste. They concluded that the quality of the vessiltsighly

dependent um the quality of the data collected
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Chughtai and Zayed (2008) recommendednethodology for predicting the structural and
operational condition of sewers using regression models. Historical data was used to develop
models for each sewer pipeline material: concrete, asbestos cementolgvidyP Chloride

(PVC). Bakry et al. (2018) used multiple regression model to construct equations that predict
the structural condition and operational condition of Cuneplace (CIPP) sewer pipelines.
Several factors were taken into consideration, sscvarage daily traffijiameter, pipe depth,

pipe material, rehabilitation age, road type and service type. Bakry et al. (2016heisate
approach in predicting the structural and operational condition of chemical grouted pipelines.
Similar factorswere considered in their evaluatioHowever, the multiple linear regression
method assumes that the relation between the dependent variables and the independent variables
is linear, and this is not the actual case for a sewer pipeline condition asseasthelnt

Despite the significant efforts invested in predicating sewer pipeline condition, the required input
data rely heavily on huge datasets that could be difficult to attain for many municipalities. More
importantly, much of the data obtained hasrbbased on CCTV records and thus is subjective

in nature.

2.4Deterioration Models

Sewer networks are recognizedaasgnificant part of theublic healthinfrastructurg( Duchesne
et al. 2013) athey transfer sewage medium to treatment plants or spkspadsal areas. In fact,
they form one of the most capHaltensive types of infrastructure in North America
(Wirahadikusumah et al. 2001A.considerablgroportion of public budgets mulsé reserved to
enhance, repair, maintain or replace constructegrsassetsas sooner or later, themaximum

service life will be reached (Wirahadikusumah et al. 2001). Sewer assets are subject to
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deterioration due to ageing and other factors; thergiioeimperativeto inspect their conditions
regularlyto make @timum decisiongo avoid any disruptionThe information providedby an
inspectionindicates theyeneral and current state of the assath thateactive actions ar® be
taken(Baik et al. 2006pbn a #Af i x it ibdsis(Femndr 200®)teowevear suchfaai | s 0
practice not only couldresult in comprehensive public and safety probleinss almost
guaranteed to cost significant amount of moneyanging from two to ten tintethe cost of

applyingproactive strategies.

Therefore, prediatg the fuure condition of infrastructure assets is cruciathe plaming for
proactive strategies tonake the best use dhe budgets allocated fomaintenance and
rehabilitation M&R). A number of approaches hakeenutilized to model the deterioration of
infrastructure assets. As pidiorcous et al. (2002a), ¢éisemodelsare composed of three groups:

polynomiattype models, artificial intelligence models and stochastic or probabilistic models.

Polynomialtype models utilize camuous functions to understand the efsaxftdifferent factors
(explanatory variables) iasystem ora n a sanditiond Ghughtai and Zayed (2008) proposed

a polynomialregression model to predict the condition of sewer pipelines. The authors ethssifi
the considered factors and sialctors into structural and operational groupsita from a
municipality wasthenused to construct the regression mod8iaictural and operational grade
predictions for different pipeline materials were proposed were then used to plot the
deterioration curv@ In asimilar work, Bakry et al. (2016a) developed a prediction model for
CIPPrehabilitated sewer pipelines and another model to predict the condition of chemically
groukedrehabilitated pipelines and manho({8skry et al. 2016b). The authardied on a dataset

from a local municipality to implement and validate their models. Later, the models were used to

establish deterioration curves to understdind future states of the assets. One significant
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limitation of this technique is thahe condition ratings indicate a relative orderiwgh no or
minimal meaning assigned to the distance between the condition ratings (Scheidegger et al.
2011). Continuous functions ardgherefore inappropriate for representing diste ordinal

measures3cheidegger et al. 2011).

Other researcheremployed artificial intelligence models, which are information driven
techniques. Usually, the outputs of the maatel producedafterit haslearred from the available

input data. Morcougt al. (2002b) proposed a cds#sedreasoning to model infrastructure
deterioration assuming that the performance of an infrastructure asset can be predicted by the
recorded performance of other assets that share similar attributes. After identifying six
requirements to design their model, the developed prototype was able to predict the future
condition of bridge deckdn a relatedvork, Najafi and Kulandaivel (2005) developed a model

to predict the condition of sewer pipelines based on historic comdissessment data. fhe

used multiple variables for the ANN mogdahcluding the length, size, material type, age of
sewer, depth of cover, slope and type of seWéhile artificial intelligence techniques can
handle condition ratings and ndinear deterioration behavior, their main limitation is that they
requirea considerable amount of data to establish a rodndtreliable model (Scheidegger et al.

2011).

Infrastructue deteriorationhas also beemodeled using stochastic (probabilistic) techniques
such the Markov chain model. For example, Wirahadikusumah et al. (2001) presé&fdekbv
chainbased deterioration model for large buried combined sewers. The authmsduéh
exponential model in the regression analysis to relate between the overall structural grade and the
sewer age. Based on the auth@remise, the condition a sewer does not decrease by more

than one state in one year traiwgi. The transition babilitiesamong five different identified
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stateswere predicted using the nonlinear optimizatibased approach. Distinct deterioration
models were plotted consideringfferent combinations of factors (material, groundwater level,
backfill material anddepth of cover). Kleiner (2001) proposedother Markov chatbased
deterioration models for water and sewer systemsat Wark assumed a single state transition
among the condition states considerBade transition time was fitted as a random varialsiag
Weibull distribution analysis. The author disregarded significant factors that could expedite

assetds deterioration and relied only on the

Continuing with stochastic techniquellicevski et al. (2002) developed Markov chain
deterioration model for water pipelines. hassumed multiple state transitions among the four
identified states, in which the Metropoliastings algorithm was used to estimate the transition
probabilities. The authors claimed different deteriorationsréte different pipeline categories:

pipeline diameter, soil type, pipeline material and adjacency to coastline.

Baik et al. (2006) proposea Markov chairbased deterioration model to estimate the future
condition of wastewater systems. $hauthors assumed five different states to construct the
transition probability matrix. The transition probability matrix was estimated using the concepts
of an ordered probit model along with an incremental model. The variables used for the ordered
probit model were the length of the pipeline, the diameter size, the type of pipeline material, the
age and the slope of the pipeline. In addition, the authors applied the nonlinear optimization
techniquebased approach to estimate the transition probabilitiésrédbeoncluding that the
ordered probit model approach was statistically and theoretically more robust. Nevertheless, the
authors reported several limitation to their findinBgspitethe comprehensive and extensive
efforts accomplished by many researshetho applied Markov chain models, the technigse

main limitation isits accuracy andts ability to estimating the transition probability matrix. In
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spite of the effortsundertakento improve the estimation of the transition probabilities, the

improvemets considered did not attain satisfactory results (Baik et al. 2006).

2.5Sewer Network Performance

The comprehensive assessmenawbverall sewer network has received little attentiorthe
literature. Although several report cards are published to infleencommunity about the overall
grade and condition of infrastructure components, the methodology for calculating the grade is
still vague. Moreover, several agencies and municipalities represent the overall sewer network
performanceby considering the naa value of all conditionsin addition to theirlimited

representation, manholes are neglected in many of the overall assessments.

Developing a comprehensive approach in evaluating the sewer network is essential
municipalities are adopting proactiaad optimized approaches to manage sewer assets in the
short andlong-term (Halfawy et al. 2008). ThHeackbone objective will then be maximizing the
overall performance of the sewer network as a whaleng with other objectives (i.@o
minimize the cost).This process allowsffective solutiondo bereached instead of relying on

day-to-day activities (Halfawy et al. 2008).

In some related studies, the overall sewer network condition or performance was considered as
an objective function in theptimization models, where it was a function of length (Halfawy et

al. 2008 and Marzouk and Omar 2013) and a mean of all conditions (Shahatel2&h#e the
incorporaton of alimited overall sewer network in the optimization modelsséheodelsvere

only relevant to sewer pipelines. Therefore, extensive enhancements to the current practices are
required to achieve sound optimized decisions (i.e. including manholes in the evaluation and

considering factors other tharstthe length of pipelines).
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According to the Institute of Public Works Engineering Australasia (IPWEA) (2007), condition
assessment and performance assessment of faci
asset causes its failure which will lead to poor performance. Howeeuendition by itselfonly

reflects the physical condition of the asset, unlike the performamdgch describes the

reliability, availability, capacity anduccess aineeting customer demands and needs (IPWEA

2007). Based on some performance monitorimgcgsses and measuremertise risks

associated with asset performance are considaddong wi t h an nestset 6s
occupational, health and safety regulations, public safety requirements and environmental
requirements (IPWEA 2007), which is siarlto the criticalitydefinition. Theoharidou et al.
(2010)def i ned <criticality as Athe contribution
maintaining a minimum quality level of vital social functions, health, safety, secarnity,

economic or soal welkb e i ng o fSome &mglsh dctionariedescribec r i t i cal ity a
guality, state, or degree of stoéthe conclusiohthatdne hi g
asset with extreme criticality has the highest importasiogjarly, assets that are nanitical are

of least importance. Therefore, the sewer network will be computed according to the relative
importance weights; in other words, the criticality of each asset compatieat tof the othes.

Assuming that a subnetwork sts of two pipelines, pipeline A and B. Pipeline A has a
condition of 5 and is not criticalvhereas, Pipeline B has a condition of 5 and is of extreme
criticality. Therefore, in expressing the overall sewer network performance, pipeline B will have

a higher weight than pipeline A.

Criticality in infrastructure has attracted several researchers in construction management.
addition toTheoharidou et a(2010), Miles et al. (2007) expressatticality as the consequence

of the failure of anasset. Irffact, Syachrani et al. (2013) definedtical assets as assets with a
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high probability of failure and high consequences if they do fail. Moreoveryérisimportarn
to study the criticality of one asset relationto anotherin orderto make the mosefficient
decisions. This can be accomplishedasp-called criticality assessment, which is the process of
assessing the criticality level of aasset(Theoharidouet al. 2010) by considering its

consequence of failure.

In assessing the criticality of mastructure components, sevesaildieshave been conducted to
serve certain objectives. In this conteiles et al. (2007) proposea pipeline rehabilitation
priority decisionmatrix by considering the condition of the pipelines and their criticalitgma.

The rehabilitation proprieties were set based tbe available information related to the
probability of failure and the consequence of failure criteria tleeweighted by experts. The
authors identified certain factors that could influence phebability of the failure and the
consequence of failure. Under the condition category, the authors subdivided the capacity,
structural and maintenancenditionsinto several sufactors.Meanwhile, he criticality group

was subdivided into four differésubgroups: environmental impact, size, transportation impact
and ease of repair/reliability; each sgtoup was composed of several factors. The authors
assigned higher levels tofactor that was more critical compared to the others. The criticality
rating was calculated by adopting the assigned levels to each criticality factor. However, the
condition rating was computed based on the levels assigned to each condition factor and their
relative importance weight3.he authors concluded their decisions based on a 5 x 5 matrix that
was constructed based on the condition and criticality parameters. Critical assets that required

immediate actions topped their rehabilitation actions list.

Salman et al. (2011) defined ticality as the consequence of failuaed proposed a riskased

model to prioritize wastewater rehabilitation decisions. The authors acguieidhted scoring
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system to determine a numerical consequence of failure value for each pipe section. The risk
level was computed by aggregating the consequence of failure with the probability of failure.
They adopted three different models in their computations, namely: the multiplication of
probability and consequence of failure, risk matricesafutzy inferene systemA number of

factors were identified that could affect the criticalisuch as the proximity to theearest

building, depth, size, number of complaints, roadway type, location, etc.

Syachrani et al. (2013) proposacriticality-based assessmenbdel for sewer pipeline assets.

They modelled their approach basedaoisk assessment that was comprisédhe probability

of failure anddhec onsequence of failure. They introduce
a pipe in estimating the probabylof failure. The consequence of failure was estimated based on

a semiparametric survival analysidased oninformation from a Delphi workshopThe risk

level wasthen calculated by the multiplication factor of the probability of failure and the

weighted consequence of failure.

In addition, Baah et al. (2015) proposedsk-based model to prioritize the future inspection of
uninspected wastewater pipelinaghe natural and built environment. The authors computed the
probability of assetfailure basedon estimating the grade of the sewer pipeline usang
deterioration model. However, the consequence of failure for each pipeline was determined
according to a weightesum scoring matrix system. Several factors were identified to calculate
the consequencef failure such as: the roadway type, pipe size, depth, proximity to bus|ding
proximity to hospitals, proximity to rivers, etc. The risk of failure was then computed using the

risk matrix system.
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In this research, the overall sewer network performavitebe a function of the criticality of
each asset. The higher the criticality of an asset, the higher its contrituttos overall sewer

network condition.

2.6 DecisionMaking Models in Sewer Infrastructure

Optimization methods are commonly used to eddudget allocation problems in infrastructure
asset management. There are four main types of optimization algorithms tb@tanenlyused

in infrastructure: linear, nolinear, integer and dynamic programmifigunoo 2001).In the
construction managemedbmain, the budget allocation problem could be in the form ofoone
more objective function that shall be minimized or maximized. However, due to limited
resources andiverserequirements, the objective functions are subject to constraints related to
money, time,manpower, etc. As a result, defining all possible solutions while restraining the
problem could berery complex (AlTabtabai et al. 1999)ypical mathematical programming
tools are used for unconstrained problems and as a result are notkd@picaonstrained
objective functions and very large complex problems (Wang 20E)wever evolutionary
algorithms (EAs)have emerged as alternative methods to solve lamge and complex

optimization problems (Veldhuizen and Lamont 1998).

For examplein sewerinfrastructure, Lin et al. (201&)esigneda sewerage rehabilitation multi
objective management model to prioritize sewer pipeline rehabilitation decisions. The authors
used the nowlominated sorting genetic algorithm (GA)o design a numbesf Pareto surfaces
considering desirable rehabilitation methods and the substituted material. Three conflicting

objectives were determined: minimizing rehabilitation costs, maximizing pipe service and
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minimizing traffic disruption. The model was conductad a real case study and the authors

claimed that it saved almost 20% of the rehabilitation costs determined by the experts.

Marzouk and Omar (2013) presentadmnodel for lifecycle maintenance planning for sewer
network. Prior to developing a prioritizah model, the authors developed a Markov chain model
to predict the future deterioration of sewer pipelines. Next, they used aabjittive GA
model to build the prioritization model. Three objective functions were considered: improving
the overall netork, improving the intended network service life and reducing the present value
of the lifecycle maintenance cost. Six different variables with different relevant states and
benefits were considered: do nothing, routine cleaning, shotcrete, CIPP,ceinfdrerglass

sliplining, and dig and replace with concrete pipeline.

On the other hand, Halfawy et al. (2008) propoardntegrated approach for systemizing the
sewer renewal planning procedure after utilizing a rajective GA model. The authors relied

on three main objectives: to minimize the average condition index, minimize the average risk
measure of the netwodnd minimize the total lifeycle cost. The proposed model was claimed

to support shortand longterm planning situations as well as netwgkel and projectevel

planning.

Furthermore, Yang and Su (2007) establishe@®A-based optimization model to mly an

optimal rehabilitation plan for sewer assets. The authors considered the three most popular
rehabilitation methods: renewal, renovation and excavation, and trenchless replacement. The cost
associated for each method was determined by an equasibis tdependent on the pipeline

diameter. In addition, the authors considered the substitution materials in the decision making
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process. After applying the methodology on a case study, they stated that the approach could

reduce the rehabilitation costs B§% of the actual rehabilitation expense.

DeMonsabert et al. (1999) utilizede integer programming method to optimize and prioritize a
sewer rehabilitation schedule. The model was developed to choose the repair method that yielded
the minimum present vaé-cost solution over a 2@ear planning period with maintenance at 5

year intervals. The objective of the approach was to select the optimal repair strategy to

minimize the total cost, subject to budget constraints.

Wirahadikusumah and Abraham (20G3)ggesteda decisioamaking framework to select the
appropriate M&R planbased on dynamic programming in conjunction vatMarkov chain
model. Before commencing the decisimaking approach, the authors designed a Markov
chainbased deterioration curve fpredict the future condition of the sewer pipelines. The
decisionmaking approach considered five different states from 1 to 5 for the ,a@sdtsix
different alternatives corresponding to a specific state: no maintenance/rehabilitation, routine

cleanng, shotcrete, CIPP, reinforced fiberglass sliplining and dig and replace with concrete pipe.

2.7Erosion Voidsin Buried Infrastructure

Sewer pipelines are one of the most common distributed underground assets in urban cities. They
are installed above beddimaterials in trenches at distinct depths and gradients. Later, they are
buried by some type of compacted backfilling material. Aging and other factors such as ground
movements, excessive overburden loads, poor bedding compaction, frostaaadichemially-

induced bonds can lead to structural deterioration whichrestin the collapse of thpipeline
(Jaganathan et al. 201 fact, Davies et al. (2001) explaindtee common stages faisewer

pipelined sollapse procesd.he first stag€Figure2.4a), is where cracks are formed due to poor
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construction practices or overloading disturbancehe surrounding soifemainsin position
supporting the pigme. In the second stag@-igure2.4b), due to the presence of cracks in the
pipeline andhe presence ajroundwater, infiltration/exfiltration in the systdmeginsdue to the
hydrostatic pressuyevhich thenwashes out the soil around tpipeline (Jaganathan et al. 2010
andDauvies et al. 2001 This can lead to a loss tifie side support in some locatip@ssituation
that canexpedite the deformation of the pipeline. As a result, cracks will develbecome
fractures. The third and final stagiystrated inFigure2.4c, is whenthe sewer pipeline prone

to collapseif its side support is lost and the sides of the pipedireefurther pushed to cause
deformation that exceeds 1Q%esulting in a pipeline allapse. It is clear that the soil
surroundinga pipeline acts as bhackbone support for it (MacDonald and Zhao 2001) thatl
void erosionis likely to cause a harmfutonsequence for the asset with collapse scenarios

(MacDonald and Zhao 2001, Jaganathaal. 2010Vipulanandan and Liu 2005

Figure 2.4 Sewer Pipeline Collapse Proces®évies et al. 2001L- a) Stage 1, b) Stage 2, c) Stage 3

Moser and Folkman (2001) stated that the formatibrmoids around the pipeline could cause
pressure concentration against it. Several structural and geotechnical engineering studies were
conducted to analyze the consequsmmfevoid formation in pipelinegTan and Moore 2007,

Kamel andVeguid 2013 Zhengand Moore 200AndBalkaya et al. 2002and tunnels (Meguid

and Dang 200@nd Jifei et al.2010). Mostof these studies clairad that bending moments and
thrustwould change with the formation and grtiwof void sizes. For example, Tan and Moore
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(2007) corcluded that the critical lonterm failure mechanism for concrete and vitrified clay
pipelines is the erosion of the soil support surroundipigeline. The formation of erosion voids

will induce fracturs to the asset. Once fractures are present, more eroded soil will occur and
even largervoids formed which may lead to sudden collapse and surface failure hresv

sinkholes.

The collapse ofa pipeline will result in the exfiltration of the sewage materitnereby
threateninghe surroundings (soil, water, public, etc.). In addition, the surface failure will have
severe consequencéw the public such as the disruption of transportation routes, economic
losses and in some cases destbnariosJaganatan et al. 201Q)assinkholescould expose the
public to lifethreating accidents. The auteoeported several accidents that occurred in the US

andwhich are displayed ifable2.2.

Table 2.2 Urban Sinkhole Collapses Reported in the USJaganathan et al. 2009)

Location Date Description

Pottsville, PA 28-Jun-06 Two cars plummeted 21 m after a sinkhole opened on Route 924

New York state 28-Jun-06 Two truckers were killed after their rigs falls into sink hole on Interstate 99
Portland, OR 27-Dec-06 Maintenance truck falls into sinkhole

New York city 23-Dec-06 SUV falls into 3 m deep sinkhole; mother and two children rushed to hospital
Houston, TX 22-Jan-07 A sinkhole formed on the intersection of Braeswood and Buffalo Speedway
Orange county, FL 15-Feb-07 Three cars damaged after driving into sinkhole

Memphis, TN 8-Apr-08 Three meter dia., 15 m deep sinkhole shutdown the CNR rail line; $1 M for repair
lowa city, 1A 9-Jul-08 A 1.2 m dia, 9m deep sinkhole forced closure of a main bridge

Albuquerque, NM 9-Jul-08 A 3 m deep sinkhole formed near a public school nearly swallowed a fire truck
Pasadena, CA 17-Jul-08 Sinkhole opened on the northbound of HW 110, shutting down highway
Huntington, W.VA 28-Jul-08 Massive sinkhole opened in a public park; repair costs = $250,000

Bethlehem, PA 7-Aug-08 A large sinkhole threatening nearby 18th century Moravian building

St. Louis, IL 11-Feb-09 Hundred and forty year old sewer collapsed swallowing a semi-trailer truck

2.8Quality Function Deployment(QFD)

Quality Function Deployment (QFD) is a technique that is utilized to convert customer needs
into technical requirements in each stage of prodegelopmentSullivan 1986)lt is conducted

to attain severalquality s sues o objectives (Chan and Wu 2007
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1- Improve the quality of design

2- Provide a planned quality control chart before the initial production run

The method was firstly developed in Japan in 1966 by Yoji Akao, but the approach was not
formalized in quality control planningntil 1972 (Costa et aR000). Sinceéhen, QFD approach

has rapidly spread acroggpan and the US (Costa et al. 2000). QEDa Total Quality
Management (TQM) approach @sequires the inclusion of customer needs into project design
targets apart froma p r o] ®asit equrements (Dikmen et al. 2005).It focuses on
implementing the voice of the customer, a critical step (Hofmesiter 1991), after assessing their
needs, which are usually determined by interviews and/or focus groups or sumvengerto

ensure their satistdon (Dikmen et al. 2005).

The formulation of the QFD approach starts with the determination of the product policy and the
enduser needs into a basic concept. Therefore, design requirements are established to form the
AWHATOS O, whi ch time tawamp oensetnatb | d lsahreasct er i st i cs
design. A matrix is then constructed to stud
WHAT (Govers 1996)The absol ute weights are then dete
and t he WHAReduse of the rfaotargir thetmatrix established earlier. Consequently,

the House of Quality (HOQ) is then finalized; a basic representation is depi¢tguiia2.5.

The aforementioned method is proposed as an approach to be used in the condition assessment of
sewer system assets; in this research manhole components and pipelines. The method will be
restructured to suit its application in infrastructure conditioesssent. Thus, in the context of

this research, each component is considered as follows (Alshargawi et al. 2016):
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T WHATOGs ar e b Beveritg. dnntdis rtesearal, five different severities are
considered: excellent, very good, fair, poor and criti¢alese severitiesatethe assét s
condition

T HOWGs represent the defects conand doesoed
percentagewise

1 A relationship matrix is the roof component of the QFD approach. It estabtishe
relationship between thestécts

1T Absol ute Weights ar e thahaesdeteeningditeraggredatind h e

the HOWG6s and each fWwHdR@rent grades drehconsidered and ar ¢ h

1 The HOQ represent the complete application of theDQ#s shown the diagranf o

Figure2.5

Relationship
Matrix

WHAT's ' Absolute
HOW's Weights

Figure 2.5 HOQ General Representation

2.9Causality vs. Correlation

The backbone formalization of the matrix in the HOQ is based on the correlation between the
associated defects. By definition, correlation describes the size and the direction between two
variables; however, it fails to identify the cause and effect oglstiip. In general, correlation

between variables is represented by a coefficient that describes the strong or weak correlation
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between two different variables. A higher number means a stronger correlation and a lower
number indicates a weaker correlatidn. addition, negative and positive relations can be
depicted between two different variables through the coefficient signs. A positive sign represents

a positive relationship; when one variable increases, the other increases and vice versa.

However in project managementor example as per the Project Management Institute (PMI)
(2013), plan quality management is associated with causes rather than correlations. The main
concept of considering a cause and effect over a correlation is the fact thaindeeikers can
pin-point the causes and solve them to prevent the effects. However, solving the problems will
not prevent the causes fromdeveloping and producing the undesired effects. In the temg,

such an approach could reduce the quality costsadiiee detection and the reparation of causes.

In a cause and effect model, fdrto causeY, X must happen befor¥. Assuming the same
symbols, letX be a cause o¥ within a period of time. Therefores: causesYi+a Where the
subscript refers to time Wi a > 0. Based on this representatidf,a cannot cause: since this

will violate time precedence.

The PMI (2013) listecseveral basic quality tools to solve qualitglated issues. The first is

cause and effect diagrams, which are also called fishbone diagrams or Ishikawa diagrams. The
problem is stated at the head of the fishbone, where the head is used to pointanit¢hases

unt i | possibilities are determined by asking
maps as they establish a sequence of steps such that the branching of inputs transforms outputs.
Checksheets, also called tally sheets, can be aseathecklists when collecting data. They are
mostly used to organize the facts of a potential quality issue for effective data collection. Pareto
diagrams are a form of vertical bar chart that are used to identify the sources that causes most of

the effe¢s. Histograms, which are another form of a bar chart, describe the central tendency and
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the shape of a statistical di stribution- of a
most triangle will consider the cause and effect relationshigrétian correlation factors, using

the DecisioAMaking Trial Evaluation Laboratory (DEMATEL).
2.10 DecisionMaking Trial Evaluation Laboratory (DEMATEL)

DEMATEL was developed by the Science and Hu#airs Program of the Battelle Memorial

Institute of Geneva between 1972 made 1976 to solve complicated problems (Tzeng et al. 2007).
The DEMATEL approach could improve the understanding of a spegifiblematiquefor a

cluster of intertwined problems a@rcontribute to the identification of workable solutions by

means ofa hierarchical structure (Tzeng et al. 2007). This metbad establish an
interdependency relationship between the participating variables in a cause amsteffadtto
determinethe causing and effecting variables (Tzeng et al. 200/ thereby identify the

central components of the problem. This techniguédased on a questionnaire directed to
experts. The more responses, the better the results as they multiple results alenak se
professional opinions in the domain to be compiled. The average influence matrix is constructed
based on the responses, revealing the influence of one element in the system on the other. This
influence is represented bhynfd,uelh,ced, FHlamwd ihf
influenceo, Ahi gh influenceo and fAextreme inf
assembled, which in turn calculates the total influence matrix, so that the cause and effect
contribution of each eleméeim the system is attributed. These cause and affect elements are then

categorized.
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2.11 Analytic Network Process (ANP)

The ANP method was applied in different applications related to strategic planning, project
management, fund allocation, human resouad research and development probleamsi
supplied satisfactoryesults (Daher et al. 2017Jhis methodhas also been utilized tassess
several infrastructurassetsand the methodologies supplied minimal errors compared to actual
values. For instancéjawari et al. (2016) proposedmodel that assessed the condition of-free
flow and pressurized sewer pipelines by integrating fuzzy logictlemANP. ElI Chanati et al.
(2015) modele@ performance assessment methodology to assess water pipelines ggtaggre
several identified factors usirthe ANP method and the conditios of oil and gas pipelines
were evaluated using the AN&pplication El-Abbasy et al. 2015)Due to the successful
implementations othe ANP in infrastructure management, this stutioptsit in the manhole

assessment and criticality model.

The ANP is one of the most widelised multicriteria decision making process techniques. It is
based on considering decision makerso6 judgmen
The 0ot of the ANP method is the Analytic Hierarchy Process (AHP), developed by Saaty in the

l ate 196060s, and whmeaslremends (Saatygaednvargaa2OR isusedor v o f
to find the relativepriorities on absolute scales from both discratel continuous paired
comparisons in multilevel hierarchic structures (Saaty and Vargd.Zl@e comparison may

be established by actual measurements or by the relative strengteferepcesor feelings.

Since many problems cannot be structured hibreatly, the ANP was designed to consider the

interaction and the intedependence of elements involved in a system or network. In other
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words, the AHP is used to establish a comparison in a vertical direction, unlike the ANP, which

considers a comparisam both vertical and horizontal directions.

The first step of the ANP method is identifying the system to be analyzed and then decomposing
it through a set of hierarchies or networks. Later, paired comparison judgments in the AHP/ANP
are applied to pairsf homogeneous elements. In many cases, ritienencer the judgments

are established by a questionnaire given to experts. The fundamental scale of values to represent

the intensities of judgments is shownTiable2.3.

Table 2.3 Intensity of Importance Scales for AHP/ANP

Intensity of Definition Explanation
Importance
1 Equal Importance Two attributes contributequally to the objective

Weak intermediate &lues
Experience and judgment slightly favour
one activity over another

2

3 Moderate Importance

4 Moderate Plus Intermediate &lues
5

6

Experience and judgment strongly favour one

Sy Mo EneE activity over another

Strong Plus Intermediate &lues
VBl ity el An activity is favoured very strongly over anothe
7 Demonstrated : . : :
its dominance demonstrated in practice
Importance
8 Very, Very Strong Intermediate &lues
The evidencéavouring one activity over anothe
9 Extreme Importance

is of the highest possible order of affirmation

Reciprocals If activity i has one of the above nonzero numbers assigned to it whe
of Above  compared with activity, thenj has the reciprocal value when compared wi

Suppose that an element Z in an arbitrary system is given a relative importance of k compared to
element C, then the relative importance of element C when compared to element Z is 1/k. After
collecting the pairwise comparisons from experts, the unweighétdx considering the relative

importance weights is constructed. The next step is forming the weighted supermatrix to consider
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the interdependency among the elements in the system. At the end, the weighted supermatrix is
multiplied by itself until the Init supermatrix is attaineg@ndin which the final local priorities

are reache@vang et al. 2008).

It is very important to consider the computation of the Consistency Ratio (CR) to ensure that expert
opinions are not contradicting several aspects inséeBy. Two parameters are considered in the
computation of the CR, the Consistency Index (Cl) and the Random Index (RI). The ClI is computed

using equation 2.2.

6Y —m — [2.1]
060 — [2.2]
where

> is the highest eigenvalue in the pairwise comparison matrix, and

n is the matrix size.

However, the Rl depends on the number of elements in the matrix and is determindchbiz,
adapted from Saaty and Varga2002. After determining the two values, the CR is computed

accordingly. The pairwise comparison matrix is considered to be consistent if the CR is < 0.1.

Table 2.4 Random Consistency Index vs. Elements Number

n 1 2 3 4 5 6 7 8 9 10
Random
Consistency 0.00 0.00 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49
Index (RI)
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2.12 Fuzzy Set Theory

The classical set theory is developed based on the fundantsiiaitiono f  fiis whictd an

element is either a memberas$et or not (Chen and Pham 2000). Feredl-defined set, there is

a crisp and clear distinction between a member and aeonber in a defined set. So basically,

the question malpe poseda s f oibthioelesientiii t hi n t h endtheanswerwil not ? 0
be either \Wherecendderingr weitdefmed sets (Chen and Pham 20G@)e for

many of the deterministic and stochastic cases. As a result, in classical set theory, an element is
not allowed to ben a set and not ia set. However, many problems time reatworld cannot be

described as a crisp value due to different problem definitions. For example, the description of
people who are fAoldo could be different fronm

precisely measured.

In the effort to better represent the real wofld;zy set theorydeveloped by Zadeh, accepts
partial memberships betweensgt solve manyeal life problems.Using fuzzy set theoryye

let S be a norempty set, called the universe set, which consists of the possible elements of
concern in a partical problem. Each of these elements is called an element or a men®er of
Therefore, a union of several members of elementS isfcalled a subset d§ and can be

written as:

SN S

However, if an element is not a member of suBsétis represented as
se S

Considering a set & in S the characteristics functionaXf subset A is defined as
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p'Q@N b

Qe [2.3]

which is an indicator of the members and mo@mbers of the crisp set A. However, to
generalize the concept of making a partial membership, one needs to describe the membership
grade of the element in a set. Back to the example where people are catdgotizegroperty

of Aol do, suppose S be the set of people and
S={s~ S | sis old}

whereSi s a 0 f uzS8bye csauubssee toof otfhe property of fAol do
be measured precisely. Therefore, a generalized membership function associaBedhaitioe
constructed to avoid ambiguity in the decision. The suBsend the membership function

associated with the subset is called the fuzzy subset.

2.12.1 Fuzzy Set Shapes

There are several shapes that can represent membership function fuzzy logic; nevertheless, the
shapeaised the mosdre the linear approximations: trapezoidal and triangular stiBpbésis &

Prade 198B Figure 2.6 displays these two shapes for any membership function. The trdpkzoi

fuzzy set can be represented by four poimisk c, J, wherea andd are the lower and upper
bounds, respectively, and b and c are the lower and upper middle values, respectively. The triangular
fuzzy set can be considered as a special case of the trapezoidal fuzzy set provided that

Therefore, the membership fungtican be expressed as given in equation 2.4.
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X—a

a<x<h
b—a
1 a<x<bh
ya(x) = e [2.4]
c<x<d
c—d
0 otherwise

As per equation 2.4, ia (X) = 0, this means thathas a null membership in the expressed fuzzy set

A; while if ya(x) = 1, it means that has full membership in the defined fuzzy &et

Degree of
Membership (y)
4
y=1
1.0 .
X ¢
_x-a v¥=-—; Trapezoidal Fuzzy Set
T h-a
g ] T T Y Variable Values
a b c d
Degree of
Membership (y)
1.0
- _x-d i
5 = Triangular Fuzzy Set
" T T I #\/ariable Values
a b=c d

Figure 2.6 Fuzzy Sets Representation

2.12.2 Fuzzification and Defuzzification

Fuzzification and defuzzification are essential steps in formulating fuzzy logic; the end product
is a crisp value that minimizes subjectivity. The fuzzification process translates raw data from
linguistic terms such as very old, old, medium, young ang yeung into distinct membership

functions, while he defuzzification process, is converts the overall membership functions into

crisp valus (Mamdani 1974).Several defuzzification methods are commonly used to change fuzzy
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values into crisp values. THellowing examples demonstrate the calculationzyf a defuzzfied

valug using different defuzzification methods (Ross 2010):

1 Centroid Method: also called the centre of area method, this is the most prevalent
defuzzification method and is calculated gsiequation 2.5 (the function is shown in

Figure 2.7)

1z

o — %  forallzy 2 [2.5]

AS

Figure 2.7 Centroid Defuzzification Method (Ross 2010)

1 Weighted average method: due to its computational simplicity compared to the other
methods, this approach is often preferred. The algebraic formula is shown in equation
26, whereE i s t he al gtlhe eentiwid of eath sgnmmetrical membership

function. This function is illustrated in Figure 2.8.

. _Zue@).7 2.6
S ES) [2.6]

M

Figure 2.8 Weighted AverageDefuzzification Method (Ross 2010)

39



1 MeanMax membership: also called the middle of maxima method. mbibod can be
utilized when the peaked output membership function is a plateau, as shown in Figure

2.9. Equation 2.7 represents the calculation for this method.

« — [2.7]

Figure 2.9 Mean-Max Membership Defuzzification Method (Ross 2010)

1 Center of Sums: one of the fastest defuzzification methods. Accomplished in three steps,
this defuzzification method is summarized kigure 2.10. The defuzzified value,
however, can also be calculated as shown in equation 2.8.

5 = Y= v (z) szdZ [28]
Yh=iten(z) [ dz
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Figure 2.10 Center of Sums Defuzzification Metlod i a) First Membership Function; b) Second Membership Function
and c) Defuzzification Step (Ross 2010)

2.13 Weibull Analysis

Weibull analysis has caught the attention of many researchers since its discovery by Waloddi
Weibull (188%1979) asindicated by thénundreds of papersn this topic(Rinne 2008). Rinne
(2008) claimedhat Weibull distribution is without any doubt the most popular model in modern
statistics. It has been utilized by many practitioners due to its special feasiies able to fit

data frommanydifferent fields such as in engineering, heaitigeteorology etc. Furthermore,
Jardine and Tsang (2006) stated ta&ibull analysis is the most popular techniquanalyze

and predicall types offailuresand malfunctions.

Waloddi Weibull found that the distribution of data for a specific asset or product can be fitted

by the following function:

"Q0 - — z'Q fort>g [2.9]
where

b is the shapéactor and is greater than ner

g is the location factor and is greater than zero

h is the scale factpandt is the time.

Meanwhile,the Weibull cumulative distribution function (cdf) described by equation 2.10

which determineshe failure at any time

00 p Q [2.10]
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Therefore, one can describe the reliability at ttras the deduction dhe cdf function from ong

asshownin equation 2.11:

Yo p 00 © [2.11]

Il n this research, S e madapted ® mgdel tha deferionatmrt df assets,h a s
as historical data are scarce and this approach only requires one data point to plot the
deterioration of an asselhe reliability of the asset is calculated based on its calculated

condition.

2.14 Particle Swarm Optimization (PSO)

Among the many evolutionary algorithms (EAs), the Particle Swarm OptimizationrP$Q
method is easr to implement and has more competitive exploration and detection capabilities
(Kennedy and Eberha(2001); Parsopoulos and Vrahai{i2002) The PSO alsohas a faster
convergence when compared to other EA methods. Several resedraliersvaluated the
performance of multiple optimization methods. For exampleay and Srinivasan (2003)
optimizeda power plantmaintenance scheduling problem using GA, Evolutionary Strategy (ES)
andthe PSQ and stated that the PSO method supplied better results and perfothmamGa

and ES.Coello et al. (2004) and Baltar and Fontane (2006) utilinad distinct optimization
tools to evaluatefive multi-objective problems and concluded ttiae PSO attained faster
convergencethey concludedhat itis well-suited tothe multtobjective optimization problem.
El-Ghandourand Elbeltagi (2017) compardid/e different optimizatio techniquesthe GA,
PSO, Ant Colony (AC), Memetic Algorithm (MA) and Shuffled Frog Leaping (SFL) methods

on two benchmark water networks to determine the least cost for one and the least rehabilitation
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cost for the other They concluded thathe PSO supassed the other algorithms both test

situations.

Comparing the application of the GA and P8f@thodsin solving single objective problems,

Jung and Karney (2006) evaluated the performance of GA and PSO in optimizing the sizing and
the selection of hydwulic devices for protectigrand found that both methods provided similar
results. However, they concluded thhe PSO outperformed the GA methatien the same
number of iteratiosand population sizavere usedBased on these multiple positive resute

PSO methodavas selected fahis research to solibe budget allocation problem.

The PSOmethod was introduced by Kennedy and Eberhart in 1888. method was inspired

by the flocking patterns of birds and fish that move in swarms to search for food. As illustrated
in Figure2.11, this method commencesgth an initial random pool of solutions represented by a
swarm. Each swarm encompassesumber of solutions that are known as the sizehef
population. The swarrdetermines the number of solutipngth eachexemplified as a particle.

Following an iteratie approach, the best solution is found by considering the prttleamd.
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Initialize %g(0), Via(0), D = maximum of dimensiongd), N= swarm
size containing particlg$) and T is the number of iteratiof

|

Evaluate §(0)

Vig (E+ 1) = w=*v(t) + cp = 1;(t)(pbesty(t) — xiq(2)) + €2 * 12 (t)(gbesty(t) — x4(E))

t=t+1 . . d=d+1 l
Xig(t+1) = x4(t) + vt +1)

Yes
d<D
No
Yes
i<N
Compute §(t) applying Xq (t)
fia(pbes) =fig(t), pbesh(t) =xi (1)
J
f(gbes) =fiq(t), gbest=xiq (t)
]
Yes

Figure 2.11 PSO Flowchart

Each particle in the swarm has a specific position. The fitness of thentcposition ofany
particle is evaluated according todefined fitness function Subsequently, the best fitness

solution of each particle is denoted @sest(particle best) and is archived and automatically
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updated once a better solution (position) ignid. Considered as a minimization problem, the
personal best of particlen the subsequent step can be represented as

noOQI6o QOO 6 p N OQI0o

NeRIoP s v 006 p  §OQI0O [2.12]

Among thepbestfound in each iteration, the best position amondhapositiors is also stored
for subsequent iteratisrand is described ae gbest The" Q' Qidd & Q& ' Qid o is

always updated whenever newtbeverall positia is reached.

The particles in the swarm are always updated by a better position in emetjoit by
considering randomized values towaame directions. These changes are calculayedsing
the velocity. The velocity of the particle relies on threeaméactors:pbest gbestand the

random function. The evaluati scheme and the modificationspeat until the termination

criteria is reached. The modifications are always completed through the velocity function.

Considering D elements of array A =i1(zi2, ziz¢ , zip) as the search space, tjigestdescribes
the global best particle of a swarm grsestdenotes the archived best position ofithearticle
in the swarm populationTherefore the velocity of the particle can be calculated according to
equation 2.13 (Shi and Eberhart 1998). Consideriige v el oci ty values,

position is computed using equati®dri4 (Shi and Eberhart 1908

U 0 p VzZ0 0 ®ZI O NORI0O w o6 wzi 0 QAo o

W O [2.13]
w o0 p W O O 0 p [2.14]
where
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t is the iteration

t+1 is the subsequent iteration;
d is a value from the D space ranging from Dto
N is the total number of partes in aswarm (population size);

[ particle number that ranges between Nto

w is the inertia weibt that is taken as a parameter;

Xid(t) is the current position of théh particle in the d dimension;
Xig(t+1) is the new position dahe ith particle ird dimension

Vid(t) is the current position of théh particle in the d dimension;
Vig(t+1) is the new velocity of thih particle in the d dimension;

pbest is the best position of théh particle stored;

gbest is the global best position afswarm from among all the particles;
ri is a uniform random number [0;1]

r2 is a uniform random number [0,1]; and

c1 andc, are acceleration coefficients

The parametewiq restrains the particle to consider its previous direction and speedby
allowing the particle to discover new areas in ggarchspace. The cognitive learning rate
controls the velocity of pbdastevhilptaersocialdehreny satemo v e m

c2 controls the velocity towards thgbest Large numbers of; and ¢ can lead to expedited
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particle movements toward the currgfestor pbest a situation which could lead to premature

convergence.

Particles with largewnis tend to move rapidly towards the global area; but, if they are close
enough to the global area, the global position may be ignored and they can move to alternative
areas. Since the value of thigimpacts the converging criteria to a global optimum, the global
and local searches shall be restrained such that the search spdimited tow N

o ho , 0 o Y Q p. Nevertheless, the inertia factow was
introduced byShi and Eberhart (1998n order to limit the particle movement to new search
areas. Keeping a value wf=1 will maintain the standard form of PSO. In general, a large value
of the weight expands the range towards new areas, while lower values encourage the particles to

search in closer range areas.

2.14.1 PSO Algorithm Parameters

In order to perform the PSO ansly, several parameters shall be considered before commencing
the iteration process. These parameters have significant impact on the efficiency of the
optimization model (Carlisle and Dozier 2001). In PSO, the basic parameters are the swarm size
(number ofparticles or population size), the number of iterations, the velocity components and

the acceleration coefficients.

2.14.2 Swarm Size

The swarm size represents the number of particles used in the evaluation. A larger number of
particles allows larger parts did search space to be reached in each iteration. The number of
iterations can be reduced to reach to the near optimum solution, but then the computational time

may increase when compared to that of smaller swarm size. Based on empirical studies, it has
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been observed that the common population considered in PSO is between 20 and 60 per swarm

(van den BerglandEngelbrech2002)

2.14.3 Number of Ilterations

A too-low number of iterations could block the converging criteria and produce premature
solution. Meanwhilea higher number of iterations adds complexity to the mdeed€lbrecht

2007).
2.14.4 Velocity Components

A particleds velocity is dependent on three m

that control the movement direction of the particle.

1. Theterm0 is the inertia component. This component provides an archive of the
previous particle direction in the space,
movement.

2. Theterm®zi 6 N w®i6 o o0 iscalledthe cognitive component. This
component evaluates the performance of the particle compared to the previous archived
performance. It acts as an individual memory for each particle in the search domain to
ensure the particle returns to its bestipon.

3. Theterm® zi 6 QOOIO0 & O represents the social component. This
component evaluates the performance of a particle relative to the whole population size.

The main aim of the social component is to drive each particle towadest position.
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2.14.5 Acceleration Coefficients

These coefficients, along with and rz, maintain the stochastic impact of the cognitive and
social components of the particle velocity equation. The fagtolescribes the confidence of
each particle in i&f, while c; indicates the confidence level of the particle in its neighborhood

(Engelbrech2007).

1 If ct=c2= 0, the particles are moving at their current speed until they reach the search

boundary. As a result,
O 0 p 0 [2.15]

1 If c1 >0 andc. =0, the particles are independent and they do not rely on the best

performance of the population. Therefore, the velocity equation becomes

~

b o p 0z0 o GOz 0 ORI [2.16]

1 If c2>0 andc, = 0, the velaity of the particles are attracted towardsghest

~

O 0 p DzZL O 0zl O NOBRIidO ® O w2
i 0 QOeio o o [2.17]
1 If c1=cy, the particles are attracted to the averagabektandgbest

1 If c1> ¢, the particles are significantly influenced by their own positions and vice versa.

2.14.6 Graphic lllustration of the PSO

The velocity of a particle is dependent on three main parameters: the inertia, the cognitive and

the social componentEigure2.12 andFigure 2.13 display the performance of one particle at t
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ard t+1, respectively. It can be observed that the particle that was initially at x (t) moves to x

(t+2) until it closely reaches to the value gibest

Personal best position Best position of neighbors
Xy A P '.
Cognitive velocity / o
/ P -
/‘ P e
/ id
/ P
/ -~ Social velocity
Y e
/ -

- New velocity, vi**!
\“
Initial position, x' ™\
AN

f New position, x;*!
W/

~

Inertia velocity ..

Figure 2.12 Particle Performance at t
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Figure 2.13 Particle Performance at t1

Thegbestor star topology, representedfigure2.14, allows each particle in theearch space to
connect with the other particles. This topology provides for a faster convergence as it is

influenced by thegbestof the total population size.

@ ()
DA
@

Figure 2.14 ghest (star topology)

2.15 Current PracticesLimitations

Current practices rely o8CTV, the mostwidely-used inspection technigu record the inner
condition of pipelineassetsAn overall rating ighendeduced based on a specifiarglard used
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by each municipality. The overall ratinggdeducedisingeither the peak score or the mean score

of all defect grades. Peak scoflatten the data and provigevague overaltating fora pipeline

(Daher 2015)as some defectare neglected. However, the overall grading deduced from the
mean calculation of all defects considers common weights for all the defestdting in
misleading conclusions for decision makédrsaddition, the reviewed literature does not assess

void eosion and hence does not consider it as a deféetre is no doubt that this lacunae is
because there are few (if any) techniques and methodologies that can predict or assess erosion

voids.

Sewer systems are not only composed of sewer pipelthes main concern for many
researchersManholes are importargystem assett® considerand maintain in goodondition
(Sever et al. 2013However, nany of the availablstandards do not considaanhole condition
assessmensurprisingly,recent manhole assesgnt® either consider similar overall ratings as

those ofsewer pipelinesortheyd o not comprehensively assess ea

As stated previously, sewer assets are prone to ageirgy@sadibject to deterioratimvertime.

If no interventims are planned, assets may fail and collapse cassungreeconomic and
environmental consequences. Consequently, drugial to model the deterioration afewer
assetsn order to predict their future conditiomhe literature shows a distinleick of modeling

for the deterioratiorof manholeassetsin sewer systemsSome sewer pipeline deterioration
modeling techniques are available, butany of the developedmodels utilize regression
techniques or Markov Chain$hese models require huge dataséut the requirethspection
reports may beery difficult to obtain. In addition, they require extensive statistical analysis and
mathematical calculationgurthermoremany of them are not dynamic in natwued thus it is

difficult (or impossible) taupdatether deterioration curve
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To date, researchers have not studied the overall assessment of sewer networks to enhance
rehabilitation prioritization. According to the reviewed literature, rehabilitation prioritization is
planned for sewer pipelinedsn s ewer net wor ks. In fact, seve
objectives are to improve the condition of sewer pipelines, even though they disregard the

enhancement of the overall sewer network performance, considering the whole assets (pipelines

and maholes).
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Chapter Three: Research Methodology

3.10verview

This chapter provides an extensive formulation and illustration of the technigques used in the
research. The first part discusses the erosion void factors and the attribute values coltsidered.
also illustrates the proposed condition assessment models for pipelines and manholes as well as
the grading scale and description formats. In addition, this chapter comprehensively explains the
techniques deployed in this research, including the QFEMATEL, the ANP, Weibull

analysis, fuzzy logic and the PSO algorithm.
3.2Literature Review

The research begins with a review of the literature pertinent to sewer networks, conducted as per
Figure 3.1. This literature is valuable for the of several available condition assessment tools,
inspection techniques, sewer network overall performance, etc. Some limitations are depicted
from the available literature. Based on these limitations, the researchecmesnthe modelling

stage by proposing the erosion void prediction model for sewer pipelines. This model is

essential, as the outputs are used in the pipeline condition assessment model.

The QFD and DEMATEL approaches are utilized to conclude an indsswar pipelines. Next,
manhole conditions are studied, after dividing the manhole into several components and finding
their importance weights using the ANP method. Both assessment models are validated using
actual data. After the validation model is costptl, deterioration curves are constructed using

the Weibull analysis tool.
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Beyond the proposal stage, the research will also investigate the overall sewer network
assessment process by integrating the criticality of each asset in a sewer networkrtmeleter

the performance of a sewer network. In addition, the research will design an optimized decision
analysis tool for rehabilitation actions that maximizes the overall sewer performance and

minimizes the available budget, given some constraints.

3.3Data Collection

This study reviewed several sewer protocols available in the industry and extracted significant
information to tailor the proposed condition assessment models. The collected data is divided

into several parts in which each has its own importanteetstudy.

The data collection relies on a questionnaire that is distributed to stakeholders and sewer system
experts to help in constructing two major models (DEMATEL and ANP). The questionnaire
pertinent to the DEMATEL approach contributes to finding ithfluence of each defect on the

other; hence, establishing a cause and effect relationship among them. The questionnaire
designed for the ANP approach is instead bas
components (pavement, channel, bench, end the relative importance weights of each
component. For the erosion void model, the experts are asked to provide a weightage percentage

for each factor considered.
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3.4Erosion Void Factors

3.4.1 Bedding Material

The stability of the pipeline is influenced by different factors such as thpipeiinteraction and

the uniformity of soil support arouna pipeline. A stable foundation with consistent bedgi
with attributes apresented imable 3.1, is important for uniform longitudinal support along the
pipeline. The use of unstable foundation materials, -exeawation, andthe non-uniform
compaction of bedding material can lead to loss of support for the invertharthunches
(Balkaya et al. 2012). Moreover, erosion voids may expand around the pipe if |&ageggent
due tostructural defect¢Balkaya et al. 2012)The fuzzy membership function established for
the bedding type is based @n95% confidence level (certainty) as the type of data used is

discrete.

Table 3.1 Bedding Type Factor and Attributes Descriptions

Factor Type Description
Class A Excellent
) Class B Good
Bedding Class C Fair
Class D Critical

3.4.2 Pipeline Depth

Pipeline depth is another factor that could influence the erosion voids surrounding the pipeline.
The analysisncludes the effect of the sestructure interaction on earth pressuBalkaya et al.

2012) Deeper pipelines provide higher static pressures as they will form higher soil interactions.
Il n addition, O 6determihetithat the tdefeat Iratdecfeds8s8Wh increasing
pipeline depth, which may lead adower rate of structural defects. Based on the aforementioned

explanation, the depth is categorized as displaydalohe 3.2.
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Table 3.2 Depth Factor and Attributes Descriptions

Factor Depth (m) Description
_ Very Deep
=5 (Excellent)

3.655 Deep(Good)

Depth 2-3.65 Medium (Fair)

1.252 Shallow(Poor)
Very Shallow
<1.25 (Critical)

3.4.3 Soil Type

Different soils are used as backfilling materials to provide soil envelopes around pipelines:
sandy, silty, clayey, etc. In forming erosion voi@sio et al. (2013) reported thée volume

and diameter of erosion voids increases when finer coht=sersoil exists due smaller
submerged angle of reposeathiMoghadam et al. 2010)The soil types aregherefore
classified as shown iffable 3.3. The coarser the soil type, the higher the resistance to

erosion A 95% confidence level (certainty) is assumed as the data are discrete.

Table 3.3 Soil Type Factor and Attributes Descriptions

Factor Soil Type Description
Gravel Excellent
Course Sand Good
Fine Sand Fair
Soil Type  Fine Sand and Poor
Silt
Low Plasticity Critical
Clay

3.4.4 Pipeline Age

Sewer pipelines are prone to ageing and hence are susceptible to deterioration. This is due to the
nature of many of the continuousahged items. The higher the usage, the higher the chance of
losing some of its initial condition. As sewer pipelines geenl more structural defects will

propagate. O 6 Raumndlthiatymore defedslare présén®i® @der sewer pipelines. In
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addition to a pipelinebds age, I f a sewer pipe
subject to inflow, therisk of confronting void erosion will be higher due to the presence of
structural defects and the groundwater table or inflow. Therefore, pipeline age is classified into

five different groups as shown Trable3.4. The newer the pipe, the better its condition.

Table 3.4 Age Factor and Attributes Descriptions

Factor Age (years) Description

0-15years (NEengellent)
1530years (200
Age 305 years ?{I:Z?ri)um
50-75years Old (Poor)
>75years z/c(:errist/i(Bcc’;l'()]|

3.4.5 Groundwater Table

Water flowing through structural defects could lead to soil loss; heraek of pipelinesupport
(Davies et al. 2001). Ithe groundwater level exists above the sewer pipeline or ataye
structural defect, there is a greathance of infiltration and soil entrance to the sewer pipeline
(Davies et al. 2001). WRc (2001) has repottieel effect of groundwater level on grouluss

theseare categorized as p€able3.5:

1 High risk to ground loss: water table is above or close to sewer

1 Low risk to ground loss: water table is below sewer

The membership functiomsed is based on a 95% confidence level as the type of data is discrete

and is in linguistic form.

Table 3.5 Groundwater Factor and Attributes Descriptions

Factor Pipeline De<ription
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Location

Below Pipeline  Excellent
Above Pipeline  Critical

Groundwater

3.5 Pipeline Condition Assessment Model

Pipeline condition assessment is an important practice as it helps decaens to plan for
proactive maintenance/rehabilitation. Therefore, this study develogsfextbased pipeline
condition assessment model considering a cause and effect religtibesiieen the identified
defects. According td-igure 3.2, the first step is gathering defects that affect the condition of
buried pipelines. In addition to tteommon defects discussed in many available protocols, soil
loss (erosion void) is added to the model due to its importance in propagating other defects
(Davies et al. 2001). The DEMATEL method is deployed to find the relative influence weight of
each defec To this end, a questionnaire was sent to sewer experts in different regions to
evaluate the influence of one defect on another. An average influence matrix is established and
used in the HOQ instead of the regular correlation matrix. Based on the DEM&TEQFD
integration, severity condition percentages are calculated after aggregating the severity

percentages of each defect.

60



Pipeline Defects

< Questionnaire <

Average
Influence Matrix
DEMATEL Total Inflluence
- Matrix
Normalized
Influence Matrix
Influence WHATS
Matrix &
Pipeline QFD [«
Defect Counts ‘ HOWG

Severity
Conditions
Relative Pipeline
Weights Condition Index

Figure 3.2 Pipeline Condition Assessment Model

3.5.1 Pipeline Defects

There are several defects that can be observed in sewer pipelines and that are categorized
according to their nature. Each category has a number of defects that explain the type of the
damage occurring in thpipeline. PACP (NASSCO 2003) cgt@izessewer defects into four

different groups:

1. Structural defects are ones that jeopardize the structural integrity pype these
comprise deformation, surface damage, holes, breaks, etc. In fact, the most severe

situation occurs when the pipelindlapses; hence, it requires replacement.
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2. Operational defects are defects that could have an adverse effect on the flowainside
pipe. Theedefectsinclude families of infiltration, settled deposits, roots, soil intrusion,
etc.

3. Construction features areefibcts that occuduring constructionsuch as intruding sealing
material, tap, line, etc.

4. Miscellaneous defects include observations noted by inspectors, such as abandoned

inspections.

Davies et al. (2001) explained the three main stages that leguigeliae collapse. They found

that erosion voids could lead to deformation. Next, deformation defects cause longitudinal
cracks. Eventually, excessive deformation can open the cracks to form fractures. In the presence
of some structural defects and grourdiev, water can infiltrate sewer pipelines and offer room

for roots to penetrate into the system. When roots have an attractive environment, they expand.
As a result, the severity of fractures can increase and could lead to some breaks and holes. In
addition, as the flow runs through the pipeline, deposits get attached to the roots inside the
pipeline. Over time, these deposits will accumulate and disturb the flow. Due to the inexorable
relation between these defects, the system disregards the four diff@tegories listed above to

combine all defects into one system.

The present study considers twehip defects from structural, operational and construction
features, grouped as presentedale3.6. Unlike many of the sewer protocols, the erosion void
defect is included in the defects6 |ist due t
addition, the same table ranks the severity of each defddterent grades that range between 1

and 5. The higher the grade, the more critical the defect.
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Table 3.6 Sewer Pipeline Defects

Number Pipeline Defects Description Grade Grade Description Remarks
1 Length <75 mm
Line is apparent but 2 75150 mm
1 Longitudinal Crack 1Ot oPenrunning 3 >150225
along the pipelingé s
axis 4 >225- 300 mm
5 >300 mm
1 1 clock positions
Line is apparent but 2 2 clock positions
Circumferential  not openrunning at i .
2 Crack right angles to the 3 3-4 clock positions
pi pelaisned 4 5-6 clock positions
5 >6 clock positions
1 Length <75 mm
Combination of 2 75-150 mm
3 Multiple Crack  'ongitudinal and 3 >150225
circumferential
cracks 4 >225- 300 mm
5 >300 mm
Width
1 Length <75 <15
mm
mm
15 Consider
2 75150mm  mm to maximum
Lonaitudi An open crack that 5
4 ongitudinal runsalong the 5150225 5108 grade
Fracture oS 3 0%  phetween
pipelined axis mm mm length and
4 >225-300 8to16 width
mm mm
5 >300mm .16
mm
Width
L e s
P mm
15
2 clock
2 hy mmto Consider
positions ;
An open crack that 5 maximum
5 Circumferential  runsat right _arlgles 3-4 clock 5to8 Orade
Fracture to the pipeliné s 3 positions mm  between
axis length and
4 5-6 clock 81to 16 width
positions mm
5 >6 clock >16
positions mm
Combination of Length <75 Width Con§|der
- 1 <1.5 maximum
. longitudinal and mm
6 Multiple Fracture . mm  grade
circumferential
1.5 between
fractures 2 75150 mm
mmto length and
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Number Pipeline Defects Description Grade Grade Description Remarks
5 width
3 >150225 108
mm
4 >225-300 8to 16
mm mm
5 >300mm .10
mm
1 Deformation < 2.5%
When the cross 0 0
section of the 2 2.5% and < 5%

7 Deformation pipeline is altered 3 5 and <7.5%
hon;ontally or 4 7.5 and <15%
vertically

5 >=15%
o . 3 1 clock position

8 Hole A.V'S.'ble hole in the 4 2 clock positions
pipeline

5 >=3 clock positions
Pieces are noticeabl 3 1 clock position

9 Break displaced in the 4 2 clock positions

pipeline wall 5 >=3 clock positions
1 <5%

When pipeline slope 2 5 and<10%

changesthis can be

10 Sag detected through 3 10 and <236
ponds. 4 25 and <50%

5 >=50%
Loss of structural
11 Collapse integrity of the 5 Pipeline Collapsed
pipeline
0-10%thickness loss
or increased roughnes
2 <10%20% or spalling
<20%-30% or
Pipeline surface is 3 aggregate visible or
changed from its projecting, missing

12 Surface Damage original condition omortaor
(loss of wall 30%<50% or
thickness) 4 aggregate missing,

displaced brick
>=50% or
5 reinforcement visible
or corroded, missing
brick
Materials in a sewer 1 0-5%
pipeline which could 2 <5-10%

13 Settled Deposits cause flow o
turbulence and 3 <10-20%
reduction of cross 4 <20-30%
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Number Pipeline Defects Description Grade Grade Description Remarks
section (i.e. debris) 5 >30%
Presence of soil 1 0-5%
from pipelineinlets 2 <5-10%
14 Soil Deposits  OF Surrounding 3 <10-20%
ground; causing
turbulence in the 4 <20-30%
flow 5 >30%
1 0-5%
2 <5-10%
Ingress of roots o
15 Roots through defects 3 <10-20%
4 <20-30%
5 >30%
<6 ml/min
Ingress of 6-500 ml/min
16 Infiltration groundwater througt >500 ml/k5 I/min,
defects >5 I/min 10 I/min
>10 I/min
1 0-5%
. 2 <5-10%
17 Obstruction Qpai?]bstacle in the 3 <10-20%
4 <20-30%
5 >30%
1 0 to 6% of pipe
diameter
> >6-12 of pipeline
A pipe is not diameter
o 0 I
18 Offset Joint concentric with the 3 >12to 1_8 % of pipeline
socket of the diameter
adjacent pipe >18% to 25% of
pipeline diameter
>25% ofpipeline
5 X
diameter
1 >0to 12 mm
Adjacent pipelines 2 >=12mmand < =25
10 Open Joint which are mm
ben Join longitudinally 3 >25mm and <= 50mm
displaced at the joint 4 >50mm and <=100mm
5 >100 mm
1 Excellent
2 Good
Soil Loss Erosion Loss ofsoil support .
20 Void) around the pipeline 3 Fair
4 Poor
5 Critical
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Number Pipeline Defects Description Grade Grade Description Remarks

Forei erial 1 0-5%
oreign materials
are attached to the 2 <5-10%
21 Attached Deposits sewer pipeline and 3 <10-20%
continue to 4 <20-30%
accumulate
5 >30%
1 0-5%
Objects that have 2 <5-10%
22 Protruding Service been inserted after 3 <10-20%
construction 4 <20-30%
5 >30%

3.5.2 Overall Pipeline Grade

The pipeline grade is essential as it reflects the state of the pipeline inspected. The output of the
model shall be an input for the decision making procéssthis approach, five different
percentage severities are concluded; the relative weightseardatind to calculate the overall
t

grade of the asset. The overall grade of

percentages with the value of the grade condition as per equation 3.1.

Overall Pipeline GradeB Yo z Q [3.1]
where
Yo is the relative weight of each grade found; and

i is the weight of each condition severity. For example, Excellent is 1, Good is 2,

Fair is 3, Poor is 4 and Critical is 5.

The calculated grade ranges between 1 and 5 (Excellent to Critical). Thedgsaaliption is
interpreted inTable 3.7. The table provides information about each condition grade with its

corresponding overall grade range and description.
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Table 3.7 Proposed Pipeline Overall Grades, Conditions and Descriptions

Overall Grade  Condition Description

Minor defects ar®bserved with small to medium

1.50to < 200 Good severities; soil support erosion started with minimal
severity.

2001t0 < 300 Eair Moderate defects with medium severity; soil erosion is
progress

30010 <400 Poor Major defects with medium to high severity; vabsion

is severe.

3.6 Manhole Condition Assessment Model

Manholes are another asset found in sewer systemsatbegssumed to be vertical pipelines.
Therefore, due to ageing, they are susceptible to deterioration. Nevertheless, a manhole is
composed of several components in which one could be more important than another. Indeed,
several defects found in a typicapeline can be observed in manholes. In spite of its significant
contribution to the sewer system, minimal attention has been given to manhole condition

assessment as per the reviewed literature.

Consequently, this study develops a manhole condition assessmodelbased on components

and defectghat produces a condition index for manholes in order to plan for maintenance and/or
rehabilitation. Figure 3.3 displays the process of the developed model. The first step in this
model is to filter the twentywo defects according to their possible availability in each
component. For example, for the cover, frame and pavement components, protruding services is

notconsidered as a defect, unlike cone and wall components.
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After filtering the defects for each manhole component, each of them had its own QFD model; in
total, nine models corresponding to nine components are designed. The influence matrix of each
HOQ isrelevant to the defects involved in each, and the values are acquired from thetiveenty
average matrices analyzed previously. For example, a component in a manhole that has a
deformation as a defect will share similar average influence values of thendgém in the
pipeline, taking into account the other defects. It is worth mentioning that a longitudinal crack
and a longitudinal fracture in a pipeline is considered as a vertical crack and a vertical fracture,
respectively. Similarly, a circumferentiatack and a circumferential fracture in a pipeline is

expressed as a horizontal crack and a horizontal fracture, respectively.

Therefore, in order to compute the overall grade of any component of a manhole, one can use the

following equation:

Overall Compnent Grade (6v) =B Yo z Q [3.2]
where
RW is the relative weight of each grade found; and

[ is the weight of each condition severity. For example, Excellent is 1, Good is 2,

Fair is 3, Poor is 4 and Critical is 5.

The next step is to seradquestionnaire to sewer experts to compare the manhole components
investigated in the study. Such a step was achieved by a pairwise comparison completed by the
participants. Each participant 6s response i s

wei ghts based on the ANP applicati on, and to
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components into manhole severity percentages as indicafgglire3.4. The relative weights of

the conditions are then computed and the final overall grade is found according to equation 3.3.

Overall Manhole GradeB 6 wz O [3.3]
where

CW is the relative component weight computed by ANP method; and

Gem is the overall grade of each component.
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Figure 3.3 Manhole Condition Assessment Model
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Figure 3.4 Manhole Components Aggregation Process

3.6.1 Sewer Manhole Components

Manholes are important assets in sewer systems; yet, their conditions are mostly ignored. When
the researcher demanded condition ratings for sewer manholes, multiple cities did not have
recads for manhole assessment. As a result, this research aims to develop a comprehensive
manhole assessment by decomposing manholes into multiple components. The components that
are assumed to affect the condition of manholes are: pavement, cover andfiamey, cone,

wall, channel, bench, seals and steps. These components are illustitrde.5. This study
assumes several defects in each component, depeodiitg location and the nature of the

defects.
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Figure 3.5 Manhole Components (Hughes 2009)

a) Pavement

Pavement is the part of the rigid or flexible pavement that surrounds the manhole cover. It is
considerd in the manhole assessment because damaged pavements surrounding the asset can
expose other components, causing them to degrade. According to Hughes (2009), signs of voids
outside the manhole structure, which can affect the manhole wall strength, cagdéed from
observations of alligator cracking in asphaltic concrete, and spalling, cracking, or tipping in

pavements. Therefore, the defects pertinent to pavements are based on the damaged part of the

pavement.

b) Cover and Frame

The cover is the lid thairovides access to the interior of the manhole, and the frame is the cast

or ductile ring that supports the cover (Hughes 2009). Defects identified for these components

are cracks, breaks, grades, corrosion and inflow.
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c) Chimney, Cone and Wall

The chimney s the narrow vertical part built from either brick or concrete materials with
adjusting rings that extend from the top of the cone to the frame and cover (Hughes 2009). The
cone is the reduced section that tapers concentrically or eccentrically fronp tivaltgoint to

the chimney or from the frame and cover (Hughes 2009). The wall is the vertical barrel portion
extending just above the bench joint to the cone (Hughes 20@3@cts pertinent to these
components are vertical cracks, horizontal cracksticat fractures, horizontal fractures,
deformation, holes, breaks, collapse, surface damage, roots, I/, obstruction, attached deposits

and protruding services.

d) Seals

Seals are materials or devices that prevent the intrusion of water at the joints ipfemult

components (Hughes 2009). Defects pertinent to seals are I/l, cracks and roots.

e) Bench

The bench is the concrete or brick floor of the manhole, generally shaped as a fillet to direct
incoming flows to the outlet pipeline and minimize the accumulaifateposits (Hughes 2009).
Defects pertinent to the bench component are vertical cracks and fractures, horizontal cracks and

fractures, holes, breaks, collapse, surface damage, settled deposits, roots and I/I.

f) Channel

The channel is the floshaped way whin the bench (Hughes 2009). Defects pertinent to the

channel component aneertical cracks and fractures, horizontal cracks and fractures, multiple
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cracks and fractures, holes, breaks, collapse, surface damage, settled deposits, roots, obstruction

and IA.

g) Steps

The steps are composed of a ladder made of separated parts that are fixed to multiple
components in the manhole. Steps allow inspectors to move in and out. Defects pertinent to the

steps component are related to corrosion, missing and/or brokeidual steps.

3.6.2 Sewer Manhole Defects and Deduct Values

This study assumes several defects in each component depending on its location and the nature
of the defectsas shown imable3.8. In total eighteen defects are identified and filtered based on

the component. According to the tabtbe pavement and steps each have one defduw.
chimney, cone and wall share the sanaededts. Attached deposits are expected to emerge in

components above the bench. However, settled deposits are expected to accumulate in the bench

andthechannel.
Table 3.8 Manhole Component Defects
Manhole Component
Defect
Pavement Clo:\rlzrrnaénd Chimney Cone Wall Seals Bench Channel Steps
Damaged
Pavement o]
Crack (Vertical &
Horizontal) 0 0 0 0 o} 0 0
Fractures (Vertical
& Horizontal) 0 0 0 0 o]
Break 0 0 0 0 0 o]
Grade 0
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Surface Damage

including corrosion 0 0 0 0 0 o]
I/l 0 0 0 0 o] 0 o]
Deformation o] 0 0
Obstruction o] 0 0 o]
Roots 0 0 0 o] 0 o]
Attached Deposits 0 0 0
Collapse 0 0 0 0 o]
Hole 0 0 0 0 o]
Protruding Service 0 0 0
Settled Deposits 0 o]
Multiple Crack 0
Multiple Fractures o]
Damaged,
Corroded, Missing
Steps 0

Each of these defects haspecificdeduct values thatre collected fromthe literature (Hughes,
2009; Nelson et al., 2010) and range between 1 and 5, where 1 is excellent and 5 is critical.
These values explain the severities of the defect as display@dbie 3.9. For example, a
component with a deformation of more than 15% is critical and will laadeduct value of 5.
Nevertheless, a deformation lower than 2.5% is considered as exceilna value of 1 is

assigned

Table39Manhol e Defectsd Deduct Values

Defect Description Defect Criteria Deduct
Value
Damaged parts © Pavenlent damage
Damaged the flexible and <= 25% of cover 2
Pavement  rigid pavements circumference
surrounding the Damage >25% and 3
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Crack

Break

Grade

Corrosion

I/l

Deformation

manholecover

Any crack lines
that are observed i
the  components
The severity s
expressed by th
number of cracks
recorded

Any broken parts
of the component
expressed as a
percentage 0
material loss
compared to the
actual material are:

The location of the
cover, whether it is
above, below or ot
grade

Any corrosion
material observed
Expressed by the
corrosion  surface
area

The inflow ofwater
to the manhole
asset through an
component

When the cros:
section of the
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<=75%
Damage >75%
1
2
3
4
>5
>0 and <=2.5%
>0 and <=5%
>5% and <=10%
>10% <=25%
>25%
On grade

below or above

>0 and <=2.5%
>0 and <=5%
>5% and <=10%
>10% <=25%
>25%
0 and <= 0.757 I/m

>0.757 I/m and
<=1.514 I/m

>1.514 I/m and
<=3.028 I/m

>3.028 I/m and
<=6.057 I/m

>6.057 I/m
Deformation < 2.5%

2.5% and < 5%
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Surface
Damage

Roots

Attached
Deposits

Collapse

Hole

component i
altered horizontally
or vertically

Surface is change
from its original
condition (loss of
wall thickness)

Ingress of roots
through defects

Foreign  materials
that are attached t
the component an
continue to
accumulate

Collapse of a
component

Visible hole in the
component
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5 and <7.5%
7.5 and <15%
>=15%

Aggregate visible,
crackedmortar

Chipped , wall loss
< 10%,eroded
mortar

>=10% to <20%,
missing brick,
missing mortar

>=20%, missing
brick

<=25% of
component

>25% to <=50% of
component

>50% of componenti
0-5%
<5-10%
<10-20%
<20-30%
>30%

Collapsed

<=5% of component

>5% and<= 8.33%
of component

>8.33% and >=
16.6667 %

>16.667% and
<=25%

>25% of component



Obstruction

Protruding
Service

Vertical Crack

Horizontal
Crack

Vertical
Fracture

Horizontal
Fracture

Objects that block
parts of the
component

Objects that hawvt
been inserted aftel
construction

Crack Ine is

apparent but no
open running

along the
manhol® axis

Crack Ine is
apparent but no
open running at
right angles to the
axis of the manhole

An open crack
running along the
manhole axis

An open crack
running at right
angles to the axis c
the manhole
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0-5%
<5-10%
<10-20%
<20-30%
>30%
0-5%
<5-10%
<10-20%
<20-30%
>30%
Length <75 mm
75150 mm
>150225mm
>225- 300 mm
>300 mm
Length <75 mm
75150 mm
>150225mm
>225- 300 mm
>300 mm
Length <75 mm
75150 mm
>150225mm
>225- 300 mm
>300 mm
Length <75 mm
75150 mm
>150225mm
>225- 300 mm
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Length <75 mm

75150 mm
Combination of

>300 nm S
0-5% 1
<5-10% 2
Settle_d Materials settled or <10-20% 3
Deposits  the component
<20-30% 4
>30% S
Length <75 mm 1
Combination of 75150 mm ?
Multiple Crack vertical and >150225mm 3
horizontal cracks ~225- 300 mm 4
>300 nm S
1
2
Multiple ol and  >150225mm 3
Fractures horizontal fractures
>225- 300 mm 4
>300 nm S

3.6.3 Manhole Overall Grade

After calculating the grade of each component the overall manhole grade can be interpreted
according toTable 3.10. Five different conditions are described in thelgalalong with their
corresponding overall grades. An excellent condition describes a -flefeananhole. At the

other extreme, a condition between 4 and 5 could result in collapse.

Table 3.10 Proposed Manhde Overall Grades, Conditions and Descriptions

Overall Grade  Condition Description
1.50to < 200 Good Minor defects are observed with small to medium severi
2.00to < 300 Fair Moderate defects with mediuseverity
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3.00to <400 Poor Major defects with medium to high severit

3.7 DEMATEL

DEMATEL is utilized to determine the influence power of each defect in a system. The
backbone of this approach is to design a questionnaire and send it to experts in the field. To
accomplish th EMATEL approachand ease its integration with the QF&veal stepseed to

be applied (Shieh et al. 2010 and Tzeng et al. 2007):

1- Find the average matrix. The average matrix is calculated from the questionnaire
responses to evaluate the direct and indirect influence between any two participating
elements; herein, the defects in the system. The influence is represented by cerain valu
which are tabulated ifable 3.11 along with their definitions. The lower the number,

lower the influence and vice versa.

Table 3.11 DEMATEL Influence Values and Definitions

Influence Number Definition
0 No Influence
1 Low Influence
2 Medium Influence
3 High Influence
4 Extreme Influence

The degree to which the respondents believe that facioaffected by factoy is given
by the notationk;. For example, if an expert assigns a value of 3 when comparing the
influence of deformation to that of longitudinal crack, this means that deformation has a
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high influence in initiating the crack. Hower, fori = j, which are the diagonal values in
a matrix, the values are set to zero. For each respondenk anon-negative matrix can
be established a§ = [xXj] wherek is the number of participating respondents vithk
OH, andn is the number of factors. As a resudt, X%, é ™ ar&the number of matrices
found from each respondent. Therefore, the values ofxganheach matrix is computed

through the average, as per equation 3.4.
N - o [3.4]

The average matrix is displayed in the HOQ as the top roof triangle, which is originally
the correlation matrixFigure 3.6 shows the average influence matrix of ystem
comprised of four elements. Taking elements 2 and 3 as an illustrat®ig the
influence of element 2 on factor 3, arad: is the influence of element 3 on factor 2. In

fact, the zeros in the triangle are the diagonal values of the matrix, which are always zero.

“ %
>3
q) :33.\))
Rl I~T . 4
DS QR IS
\ i TN~ N~ SS /
0 0o 0 S0

Figure 3.6 Relationship Matrix in HOQ

2- Calculate the normalized direct influence relation mabBiXrom the average matrix

found in step 1 and according to equation 3.5. The first step is to identify the maximum
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value from summing the; values in the rows and in the columns. The maximumevalu

will be used to compute matrix.

A — [3.5]

3- Calculate the total relation influence matrix. The total relation influence matis<

calculated by equation 3.6.
Y O™ © [3.6]

wherel is the identity matrix. Define andc asn x1 and 1x nvectors representing the sum of

the rows and the sum of the columns of the total relation matnigspectively. Considet as

the sum of the&th row in matrixT, thenr; concludes both the direahd indirect effects given by
factori to the other factors. i denotes the sum of tlh column in matrixXT, thenc; shows both

the direct and indirect effects of facjoon the other factors. Wher i, the sum(r; + ¢j) shows

the total effects given and received by factor u. In other words, it represents the total cause and
effect relation in the whole system. However, the differgnce ¢)) translates the net effect that
factori contributes to the system. If the valobomputed is positive, then the factor is a cause. On

the other hand, if the calculated value is negative, then the factor is an effect.

4- Consider setting up a threshold to filter out negligible effects. Nevertheless, in this
research, setting up a thre&havill not be considered as all participating elements are

assumed to be significant in assessing the condition of the sewer assets.
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3.8 Analytic Network Process (ANP)

The ANP is one of the decisionaking processes that is based on a pairwise comparison
betveen elements in any system. This approach is utilized for the manhole condition
assessment. The ANP is employed to conclude the relative importance of one component

compared with that of another and with respect to a certain criteria.

1- The processs acomplished by designing a tailored questionnairee questionnaire
shall raise a question to tparticipant as follow§Tzeng and Huang 201:1)
AHow much 1 mportance does a criterion have
to anotheranonrexempae9p Abe question for th

i mportance does a bench have compared to s

The relative importance values that an expert selects are odd number from 1 to 9, ranging
from Aequad tianpfoaxtarmneme i mportanceodo. The con

and definitions can be found Trable2.3.

2- The questionnaire is significant in forming the supérixawhich has the following

general form
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whereCndenotes thenth clusteremnrepresents theth element in thenth cluster and\Vij is
the principal eigenvector of the influence of the elements compared jthtbkeister to the
ith cluster. It is worth noting that if théh cluster has no influence on thh cluster, then

Wij shall be equalb zero (Tzeng and Huang 2011).

3- Thethird step is forming the weighted supermatrix by transforming all cohgheoms to
unity exactly. This step is similar to the concept of Markov chfin ensuringthat the
sum of these probabilities of states is equal to one. Later, the weighted supermatrix is
raised tolimiting powersto obtainthe global priority vectors ohe relative importance

weights(Tzeng and Huang 2011)

In this study, the Superdecisions software was adopted in the calculation of the relative

importance weights after feeding the software with the responses from the experts.

3.9 Fuzzy Set Theory

Fuzzy setheory is utilized to minimize uncertainty in the assessment of the erosion void. After

reviewing the literature and considering the unanimity decisiaking process, five different
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parameters in the erosion void model were considered to affect thetysevehe erosion void

defect. These five factors are the bedding class, pipeline age, soil type, groundwater table
presence and the pipeline depth. Triangular membership functions are established to translate the
linguistic definitions, where applicabl8ince the output of the developed model is in the form of

a membership function, a defuzzification method, the weighted average method, is used to
convert the fuzzy membership functions into a crisp value. The crisp value obtained from the
aggregation of lathe parameters is evaluated on an overall scale to include it in the HOQ of the

pipeline.
3.10 Sewer Component Deterioration Models

This research proposes an evaluation scheme for sewer pipelines and manholes utilizing the
DEMATEL and QFD for sewer pipeliseandthe DEMATEL, QFD and ANP for sewer
manholes. Each model supplies an index that suggests the performance or condition of the asset.
The index of each asset is then used to plot the deterioration curve which estimates its
deterioration through its seace life and finallydeterminingthe remaining service life of the

asset. In this researdine deterioration model developed by Semaan (2644 )oeen adopted to
construct the deterioration curvas perfFigure3.7. According to the authorhere are three main

curves to be constructed to form the deterioration curves: the ideal deterioration curve, the
updated deterioration curve and the predicted deterioratioe.dtmeh has a specific application

as will be demonstrated in the next sdztions.
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Figure 3.7 Asset Deterioration Curve Formulation Process

3.10.1 Ideal Deterioration Curve (IDC)

According to Semaan (2011)het ideal deterioration curve is constructed to overcome the
difficulty in estimating the Weibull distribution factors. The reliability function starts at the
maximum performance level and stays constant for a certain pertodegfwhere the slope is

equal to zero. In practice, once the asset is constructed, the asset functions properly and in
excellent condition before the condition starts to deteriorate. After Boragthe condition starts

to deteriorateand so its reliabity diminishes which forms a negative slope. The actual scenario

of the assetbds deterioration can be model |l ed

According to the literature review, the Weibull probability distribution function is defined as the

following:

"Q0 2 zQ fort>a [3.7]

where
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a is the location factor,

t is the scale factor
d is the shape factor, and
t is the time

The cumulative Weibull distribution fution (cdf) is described as injeation3.8

e p G T [3.8]

So,the reliability function can be described accordinggoation3.9:

Yo p 06 QT [3.9]

The Ideal Deteriroation Curve (ID€gan be described according wuation3.10, which shares a

similar shapeo thatof the previous equation.

VO% |zt [3.10]

Certain conditions are applied to construct the IDC c(®emaan 2011)

1 Attime zerqthe slope of the curve is zero as ther following:

T O

1 The ideal srvice life of sewer pipelines and manholes is 75 years
1 The lowest performance is 0.2 (1,/5)

1 Att=0, the reliability of the asset shall be 1.00 (excellent condition); as a result,
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oon | z¢ M | [3.11]
Thereforea = 1.0Q and

At t = 75 years, the reliability of the asset is equal to the lowest performance which is 0.2.

Therefore,
M T pzC ™ then

t

[3.12]

8
The shape factor shall be greater than 1. The optimum valdésafqual to 3as other

integers do not supply a desired deterioration curve. Conside#rg)

t=64.00

Thus the Condition Index for Pipelines at timéCI_P) is described as inqeiation3.13
60 00& pzQ E [3.13]
and the Condition Index for Manholestahe t (CI_M) is described as imeation3.14
Cl M_IDC (¢¥) (Ideal) 2z Q ~& [3.14]
By using any of the twaondition indexequationsFigure3.8 is plottedand thudisplays

the ideal deterioration of any of the two asséthen an asset is constructed, it will be in

excdlent condition. After 75 years, it will reach the critical condition.
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Figure 3.8 Ideal Deterioration Curve

3.10.2 Updated Deterioration Curve (UDC)

According to Semaan (2011 IDC is constructed to understand the ideal deterioration of
assets. However, not dhspectedassets share similar deterioration curves and therefore, the
deterioration curve shall be updatéérein called the Updated Deterioration Curve (UDRe
distribution is modified considering an input value (conditjomhichis used to plot the curve.

Therefore, an updated service life is concluded.

The UDCfor each asset can be calculated as follows

6 0Yoe pzc [3.15]
60 'YO& pzl [3.16]

whereCIl_P_UDCis the updated condition index of the pipeline at any tint@ tM_UDCis the
updated condition index of the manhole at any tin@ tP andCI_M; are the condition indexes

at any time tof both the pipeline and manhole, respectiv€lgnsidering the aforementioned
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equations, the UDC can be plotted for any agsgure 3.9 illustrates the UDC and the IDC of
any assetn this example, the asset is underperforming, as the updated curve is below that of the

IDC.

Updated Vs. ldeal Deterioration Curves

1 -
0.9 -
0.8 - == |deal Performance Curve

0.7 -
0.6 - Updated Performance
0.5 - Curve

0.4
0.3 -
0.2
0.1 -

0

Asset Performance

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75
Time (years)

Figure 3.9 UDC vs. IDC

3.10.3 Predicted Deterioration Curves (PDC)

The last deterioration curve constructed is the Predicted Deterioration Curve (B&@aan
2011). Since assets are subjiectieterioration over time, municipalities are required to allocate
budgets for maintenance and rehabilitation at acipetime (tn). These actionsonce

implementedenhance the condition and the performance of the asset.

After rehabilitation, the curve can be modelled as follows (Semaan 2011):

6 ®0 066 60 z'Q [3.17]

80 00s0 80 z0Q [3.18]

90



where # is the time of M&R actionCl_P_PDC (t)is the condition of the pipelingfter M&R at

time t, andCl_M_PDC (t)is the condition of the manhobdfter M&R at time {. Cl_Pwv is the
condition of the pipeline directly before M&R ar@_My is the condition of the manhole
directly before the M&RSubsequently, the IDC, UDC and PDC can be plotted and represented
as follows. As perFigure 3.10, once the M&R actions are conducted, a spike in the asset

condition is observed. The enhanced performance extends the service life of the asset.

IDC Vs. UDC Vs. PDC
1 -
o 09 -
2 0.8 -
£ 07 -
S 0.6 -
"5 0.5 Ideal Performance Curve
?_‘, 0.4 - O Updated Performance Curvg
Q
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é’(’ 05 Condition Predicted Condition Curve
0.1 mprovement
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Figure 3.101DC vs. UDC vs. PDC

3.11 Sewer Network Performance

As illustrated earlier, the overall sewer network performance is calculated considering the
relative importance weights of pipelines and manholes. This is accomplished thritglakty

study for manholes and pipelines in the sewer netw&irice several studie§éllay et al. 2006,
Borchardt et al. 2007, Hunt et al. 2010, Vroblesky et al. 2011, Verlicchi et al. 2012, Bradbury et
al. 2013, and Meffe and de Bustamante 2014elshown that defective sewer pipelines may
cause severe environmental, public and economic impacts, the sewer netwoltkconeion

computation reliesn the criticality of eaclsset, ashownin Figure3.11.
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Figure 3.11 Sewer Network Performance Model

In this research, the criticality of an asset is defined according to Miles g0al7), who
expressed it as the consequence of failure. Therefore, several factors are identified which could
impact the economic, environmental and public contributiéigure 3.12 and Figure 3.13
illustrate the factors and sdlctors considered for pipelines and manholes, respectizath

factor is comprised of several stdrtors that could differentiate the criticality of oneeis®
another.The consideration of the criticality factors is highly dependent on the applicability of
each. For example, the number of inlets is applicable to manholes but not to pipelines. As a
result, three and five sdiactors are identified for bothssets under the environmental and
economic factors, respectively. However, sevenfaators are considered for pipelines and six

for manholes under the public factor.
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Figure 3.13 Sewer Manhole Criticality Factors and Subfactors

Each subfactor from the list is evaluated based on cert#inbate values. The attribute values
are collected from the literature and standards bodies. The attribute values range between 1 and

5, where 1 corresponds to noncritical and 5 is extreme.
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3.11.1 Criticality Factors/Sub-Factors

a) Environmental Factors

These ardactors that are related the environmental consequences if asdeik They are

categorized into three different stdrctors for both pipelines and manholes.
1) Soil Type

Soil forms an envelope to the asset iasurround pipelines. Soil types range between fine
aggregate to coarse aggregate. The finer the particle, the easier the exfiltration and vice versa.
Therefore, the most criticataseis when particles are the finest as they will expedite the
exfiltration flow to he surroundingsSoil types are categorizedand assigned their criticality
values as shown ihable3.12. Gravel soil type is Excellenthile finer soils like clayard silt are

worse types

Table 3.12 Soil Type Criticality

Criticalit
Factor Type Valuey

Gravel 1

Course Sand 2

, Fine Sand 3

Soil Type Fine Sand and 4
Silt

Clay 5

2) Flow Conveyed

The flow conveyeds determined according to the location of the pipeline or manhole from the
upstreamasset The upstream asset in not as critical as the downstream asset. Any failure in the

downstream asset will exfiltrate more sewer medium to the surrowndimg to moreflow
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transfer. Hence, it will increase the chance of havimgge significantenvironmental impacts
upon failure The determination of the flow conveyed factobased orthe flow direction in the
network and the accumulation of the flow. The accumulatiaihe flowvaries according tthe
contribution of each pipeline. The factor of each pipeline is determined according to the
maximum accumulated flow. Therefore, the accumulation flow factor is determined according to

equation3.19

5 HOHO 6 EENTHETDN GO & 4 [3.19

As an illustration, the simple network Figure 3.14 is comprised of five pipelines and three
manholes. Each pipeline will contribute to the flow by a factor,cissuming equal flow for
each pipelineTherefore, the accumulation flow factoayndiffer from one asset to another. For
example, P1 will contributby 1 to the networkandP2 will contribute the accumulation flow
from P1 andfrom P2 itself. Based on this approachable 3.13 was prepared to find the

accumulated flow factors for each asset.

P4 = P 1
N ) /o)

Vi
Al

Figure 3.14 Flow Conveyed Sample

Table 3.13 Sample of Flow Conveyed Calculation

Asset Accumulated Factor
P1 1
M1 Flowof P1=1
P2 Flowof P1+P2=1+1=2
P4 1
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P3 Flowof P3+P4=1+1=2
M2 Flow of P1 +P2 + P3+ P4 =4
P5 Flowof P1+ P2+ P3+P4+P5=5

Accordingly, since the final downstream asset will transfer all the flow received from all other
assets in the network, it will be the most critical asset. Any failure in this asset will have the
highest exfiltration hw compared tdhe other assets and hence will impact the surrounding
environment. Based on this concept, five different ranges have been pregmasbdwn on

Table3.14. The most critical asset will have a factor of 1.

Table 3.14 Flow Conveyed Criticality

Factor Accumulated Criticality
Flow Factor Value
<0.2 1
Fi 0.22<0.4 2
ow 0.4 <0.6 3
Conveyed
0.6-<0.8 4
0.81 5

3) Proximity to Surface Water

Any sewer exfiltration will have a negative impact on the surrounding environment. City
inspectors hava higher likelihood of locating sewepverflowson land than in surface wate.

sewer pipeline could cause severe consequences for the surface water as it may impact the water
guality and hence the water habitats. Therefore, the nearer thésdesmirface water, the more

critical the situation. The criticalitis assessetlased orthe closestdistance of the sewer asset to

the surrounding surface wates shown imable3.15.

Table 3.15 Proximity to Water Criticality

Factor Accumulated Criticality
Flow Factor Value
Proximity >=450m 1
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to Surface 450 mi 215 m
Water 215mi 120 m
120 mi 45 m

<=45m

ga b~ wWwN

b) Economic Factors

These ar¢hefactors that require financiaésources once assets failich as repairs and costs. In

this researclive subfactorsareidentified for both manholes and pipelines.
1) Depth

Sewer assets laid above bedding materials and surrounded by any ground soil type. Deeper assets
require extensi excavation and heneee costly Therefore,Table3.16 is prepared for pipeline
depths andrable 3.17 for manhole depthsThe deeper the asset the more critical that asset

compared to others.

Table 3.16 Pipeline Depth Criticality

Criticality

Factor Depth Value
<=2 1
Pinell 2m to 3m 2
Ipeiine <3mto3.5m 3

Depth

<3.5mto 4m 4
>4m 5

Table 3.17 Manhole Depth Criticality

Criticalit
Factor Depth Valuey
<=2m 1
2to5 2
Mgggtor:e 5to7 3
7 to 10 4
>=10 5
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2) Diameter

Sewer$ pipelines andnanholesare constructeavith various diametersThe decisiorto use a
specific diameter is based on the flow thatasset is required to transfer. Bigger diameters
require coster repairs than smaller diameter assets. Abiding with this concept, bigger sizes are

more critical than smaller sizes as pable3.18 (pipelines)andTable3.19 (manholes)

Table 3.18 Pipeline Diameter Criticality

Factor Diameter Criticality
Value
< =300 mm 1
300 mm to 450 2
Pineli mm
Dig)ritlart]; <450 to 750 3
<750 to 1200 4
mm
>1200 mm 5

Table 3.19 Manhole Diameter Criticality

Factor Diameter Criticality
Value

<1200mm 1

12007 1800 2
mm

g’:gnmhe‘ig 1800i 2200 3
mm

2200 2800mm 4

> 2800mm 5

3) Water Table

Sewer pipelines are buried underground; their laying process involves trenching, excavation,

piling, backfilling, etc. In fact, sometimes, the underground water tablgpresent and impact
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the installation process. Therefore, before the assets are tedjatering process is required to
ensure that the bottom of the excavation is in a proper state for the asset to be installed. In
general, deeper sewer linequire adewateringprocess $wamee 2001 )whichwill add to the

cost and require additional financial resources. Therefibrean asset idocated below or
surrounded by the groundwater taldelewatering process is required; hence, it is more critical

than that of an assketcatedabove the groundwater tabbes indicated iTable3.20.

Table 3.20 Water Table Location Criticality

Factor Diameter Criticality
Value
Asset Above 1
Water Water table
Table Asset Below 5
Water table

4) Lengthof PipelinéDepth ofManhole

The assets are made of distinct materials that each thaireown unit cost. The common
practice in orderingan asset is per unit length. Therefore, the longer the assehigher the

criticality value, as pefable3.21.

Table 3.21 Pipeline Length Criticality

Factor Diameter Criticality
Value
<30m 1
Pinell 30-75m 2
Ipeline <75120m 3
Length

<120-:150 m 4
>150 m 5

5) Accessibility

Minimal access to failed assets could require additional resources fortesha.In addition,

moretime will be required to repair the damage. Inaccessible piackgle e confined areas
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where meganachines cannot enter thenstruction siteAs a result, inaccessible assets are more

critical than accessible ones, as showhable3.22.

Table 3.22 Accessibility Criticality

. Criticality
Factor Diameter Value
Accessible 1
— Moderate 3
Accessibility Accessibility
Inaccessible 5

6) Number of Manhole Inlets

The number of manhole inlets depends on the number of pipelines connected tagiher
number ofinletsrequiresmore sealing materials, time and s3therefore, the most critical case

is when a manhole has more inlets than the others dapk3.23.

Table 3.23 Manhole Inlets Criticality

Factor Number Criticality
Value
0 1
Number of
1 2
Inlets
>2 5

c) Public Factors

These are factors that could hinder the public or the commuhiéyn failure situations occur,
and include aspects such as puliiealth, travel time, service interruption, disruption, etc.
Several factors have been identified that could impact the public factor: population density, road

type, land use, length, depth and accessibility.
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1) Accessibility

Limited access to failed assetsutd impactrepairtasks. According to the US Environmental
Protection Agency (EPA) (2015), inaccessible areas could tleadcreased impacts to the
community. The agency also stated that longer repairs contribute to longer disruption. The

criticality of this factor depends on the situation itself.

2) Population Density

The higher tk population, the more criticéie situation. When sewer assets fail, some sewer
medium will be exposed to the public; therefore, it could impact public health. The tigher
number of people residing the area of a failed sewer asset, tireaterthe exposure to sewer
medium and th@greaterthe health impact. Therefore, the attributes are preparédbte 3.24

based on different population linguistic criteria as High, Medium and Low.

Table 3.24 Population Density Criticality

Factor Diameter Attribute
P lati Low 1
opuiation Medium 3
Density ,
High 5

3) Road Type

Sewer assets could be laid in different locatiamsirban citieghey are laid beneath roadss a
result, any failure imnasset could disturb the public as the travel time will increase. Therefore,
city and municipalities need tmanagethe roadloadsby flagging to facilitate the flow of the
traffic. Some road sections of will be closed due to rehabilitation tasks. The most critical
situation is when an asset fails in a high capacity,raacperTable 3.25. In this research, the

roads are categorized as local, collector, arterial, highway and freeway.
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Table 3.25 Road Type Criticality

Factor Diameter Attribute
Local 1
Collector 2
Road Type Arterial 3
Highways 4
Freeway 5

4) Land Use

The criticality of afailed sewer asset to the community differs in terms of the type of land used.
For example, in an abandoned space, the criticality of a failed sewer agswicls) lower
compared t@ failed sewer an institutionalocation Therefore, different critex have been set

to consider this type of social fact@aslistedin Table3.26. Based on the table, the most critical

areas are when the assets fail in an instiiati and health center

Table 3.26 Land Use Criticality

Factor Diameter Attribute

Abandoned 1
Space

Agriculture

Land Use Residential/Park
Industrial

Institutional and

Health Centre

a b~ wDN

5) Lengthof Pipeline

Long failed sewer pipelines require more space forirepeadng to greater community

disruption.

6) Diameter

Larger diameters require more space for iega excavationleadng to a greater chance of

disruption for the community.
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7) Depth

Deeper assets require deeper trenching and excavation. To prevent the soil from caving in, the
bank angle shall be consideredhich in turn will requiremore construction area. Hence, it will

increase théevel of public disruption.

3.11.2 Criticality Index

The weight of each factorand its corresponding sufactor is found through a questionnaire
designed and sent to experfBhe importance weightof pipelines and of manholare

investigatedising the samdesignedjuestionnaire.

Therefore, the criticalityndex (CRI) of each pipeline can be found using equation 3.20

0'YO wQB wQz w [3.20]
where
Wi is the relative importance weights of the criticality factors of pipelines

(environmental, public and economic);

Wis is the relative importance weight of each$attorsin factorc; and

Xcsi is the attribute value for each stdrtor for each pipelinein populationk.

The CRIfor each manhole is calculated according to equation 3.21

§'Y0 00 OQ 2z @ [3.21]

where
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Wik is the relative importance weights of the criticality factors of manholes

(environmental, public and economic);
Wrheq is the relative importance weight of each-$attord in factore; and
Xedj is the atribute value for each stflactor for each manhojan populationn.

The computations of each criticality index will supply an index that ranges between 1Tdmisl 5.
index can be interpreted accordingTable3.27. The higher the index, the more critical asset

is in terms othe environmerat, public and econoit concernsand vice versa.

Table 3.27 Asset Criticality Grade, Criticality Type and Description

Criticality
Index

Criticality Type Description

1.50 to < If failed, the assehtas low criticality to the
Low . .
2.00 environment, econoynand public
2.00to < . Moderate criticality to the environment,
Medium i
3.00 econony and public
3.00to < High High criticality to the environment, econgm
4.00 9 and public

3.11.3 Sewer Network Performance Grade

The performanceof the network will be computed by considering all assets in the network along
with their criticality to inform the decisiomakeraboutthe overallperformanceof the sewer

network utilizing equation 3.22
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[3.22]

where

CR

is the pipeline number in populati@n

is the manhole number in population

is the relative importance weight of the pipelines;

is the relative importance weights of the manholes;

is the condition index of the pipeling

is the condition index of the manhgteand

is the criticality of the asset.

The performance grade is interpreted accordintatde3.28. The higher the perforamce index,

the more critical an asset is to the network performance.

Table 3.28 Network Performance Grade, Condition and Description

Overall Grade  Condition Description

Sewer assets have mindefectshatare observed with

1.50to < 200 Good . .

small to medium severities
2.00to < 300 Fair Sewer assets haveonterae defects with mediurseverity
30010 <400 Poor Sewer assets haveajor defects with medium to high

severity
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Overall Grade  Condition Description

3.12 Optimized Sewer Performance Rehabilitation Plan

Urban cities have thousands of pipelines and manholes that require regular maintenance,
rehabilitation and replacement decisions. Due to several constraints such as budgets and
personnel, decisiemakers require robust models that optimize their selecbhassd on certain

given budgets. Therefore, an optimization model is designed in this research and the overall

representation is explainedfgure3.15.

The main wo objectives for this problem are ensuring that the overall sewer performance is
performing above a certain threshold and that the costs of enhancements are minimized. This can
be accomplished by deciding on an optimization tool that takes into accoenals@puts to

supply optimum or neasptimum solutions. The overall outputs of the model are improved

performance and better rehabilitation decisions based on defined decision variables.
Therefore, the main two objectives are:

1 Maximizing the overall seer network performance; and

1 Minimizing the total costs.

This research adopts the PSO algoritesausét outperformed multiple optimization methods,
as mentioned in the literature. Building a budget allocation problem utilizing the PSO requires a
procesgo represent each particle in the swarm, setting parameters to balance the exploration in

the defined search space and accommodate the PSO algorithm in the budget allocation problem.
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In designing a rehabilitation plan, assets in thevagt are subject tany type ofintervention

action. Therefore, each pipeline and manhole can be considered as a project. Each project can

hold different types of rehabilitation actions (decision variables) throughout the considered life

cycle and could have multiple combiiwans over the studied number of yeals.addition,each

asset shall interact with the other assets in order to measure the fithess of each particle in the

swarm.

Network
Performance
Model

Deterioration
Model

Cost Decisions
Variables

4—( En hancment<

Objective
Function

Rehabilitation
Decisions

Improved
Condition

Figure 3.15 Optimized Rehabilitation Plan Model

3.12.1Particle Encoding

Particle coding is key to facilitate solving the budget allocation problem as it impacts the

initialization of the particle, fitness computation, movement and the archiving process. In this

resarch, a particle is represented as a 2D array (n x m) to propose a solution considering pre
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defined objective functions. It is composed of rows and columns; the rows represent the number
of the assets (s) in the network, and the columns represent therminykars considered in the
study, which is five years. Each element in the array is considered as a potential decision variable

(q) for each asset. The decision variables considered in this research are Tisigle 329.

Table 3.29 Decision Variables

Decision Cost for
Cost for the
# ) N Manholes
Interpretation Example Improvement Pipelines
(Adiusted) ~ Average
(Adjusted)
0 . Do
Do nothing nothing - ; )
1 Chemical
Minor Grouting ;- of 1 state $40/m $40/m
Rehabilitation and
sealing
2 . StrL_JcturaI Max of 3 $5531.149
Major Liner Stales 6177 (mm/im)  (Hughes
Rehabilitation (Curedin- (Marzouk and ' 2039)
place) Omar 2013)
3 Return state tc ~ $1943.4/m $11434

Replacement Replace 1 (Halfawy et (Marzoukand (Hughes
al. 2008) Omar 2013) 2009)

A\ A

¥ wx

Ay

As a result, the 2D array of each particle will be represented as shdvigure3.16:

nt qut qi2 l
Ny qy1 qy2
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Figure 3.16 Particle Encoding

Consideringy to be 5 and as 109, then each particle will hold an array of n =5 and m =AK9.
per the array representation, q11 can be any integer value from the decision variables [0,3].

Therefore, a single particle will possess 545 random decision variables to solve the problem.

3.12.2 Initializing Particles

In the first iteration, the particleseaninitialized only once and then the same number of particle
sizes is considered in the defined number of iterations. Each particle will represent the total
population of the assets in the network and consider the same number of years studied. Each
valueon the array will hold a random integer value [0,3], where O represents do nothing and 3
calls for replacement. Since the two objective functions will be aggregated into one objective
function by means of uselefined weights, there will be one swarm sanel the total number of
particles is the swarm size. By considering the different decision variables, each particle will be

evaluated according to the defined fitness function.

3.12.3 Performance Measures

Since each particle will hold 545 random decision vargbdach particle will possess a fitness

value that is evaluated by the fitness function. As a minimization problem, in each iteration, the
pbestof each particle will be stored and the updagbdstwill be archived for the next iterations.

All of thepart cl es® wupdated velocities and positions
pbestof the particle angbestof the swarm. The computation will continue until it reaches either

of the stopping criteria:

1- Covering the defined iteration number; or

2- Problem converges.
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3.12.4 Parameters

The PSO has a number of parameters to set before the computation commences. The parameters
are the swarm size, iteration number, cognitive parameter, social parameter and inertia weight.
These parameters are selected by ther asid can differ from one application to another.
According to Kennedy (1998), the optimum summation of the cognitive and social parameter is
equal to 4.0 and therefore, and c; are both 2.0. The population size, however, is problem
dependent. In factn many applications the particle size was [20,50]. In this study, the swarm
size selected is 20kor a model to perform welShi and Eberhart (1998) suggestedt the

inertia weightto be between 0.9 and 1.2

Table 3.30 PSO Parameters

Parameter Value
Swarmsize 20
Iteration 20000
Cognitive

parameter 2.00

Socialparameter  2.00
Inertia Weight 0.99

3.12.5 Objective Function

Each particle in swarm is evaluated based on a fithess function. In this research, the fitness
function is a combination of the total cost and the ONP. The aggregation of these two parameters
are based on weights that are udefined. An equal importander the two parameters will
establish 50% weights for each. To accomplish the optimization tool, the ONP shall be

maximized and the total cost shall be minimized, given several constraints.
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b doQatamioe ——mM—m— o — [3.23]

0 Q¢ "QEYRWOTEIATD i o D '®WE —— B 0O

—_— 0 [3.24]

i —_— P [3.25]
where

r is thereal interest rate;

z is the period from one inspection to another (in this siuidy5 years); and

C is the cost of the intervention plan of pipelirend manholg¢ at any timd.

Thesetwo functions are aggregated into a single function as follows

0 Q& "QECIHOG @ & O 6 b & A — [3.26]

subject to:

One decision variable per asset in thalg period, such that

00 00O®Ql Q¢ daidd Q [3.27]
YO & 6 "Yé 0&XIQQQ O [3.28]
where
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W is the importance weight of thie ) (parameter; and

W is the importance weight of tH®)0 Oparameter. These weights are user defined.

The most significant parameter will have the higher weight.
3.12.6 MATLAB CODE

3.12.6.1 ONP Function

The first objective function considered is to maximize the overall network performance at the

end of the study periodn(ithis research, it is 5). Four decision variables are considered as
demonstrated earlier (do nothing, minor, major and replace). Each decision variable has an

i mpr ovement I f applied (except for do nothing
the improvement will increase by 1. For instance, if the initial pipeline condition is 2.3, applying

the second decision variable will make it 1.3. However, a replacement will return the asset to
condition 1. This is defined as peigure3.17. The total number of the population is 109, which

is the sum of the pipeline and manhole population.
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1 function zl1 = ONP(Wp,CI,CR,decision,Age)

w
EEEE
] a
R =
|

X1PP_Improvement = 0;
X2PP_Impr

19 - Improvement = zeros([1 109]):
20 - Rehab = zeros([1 109]):

Figure 3.17 Decision Variable Improvements

The improvements for the pipelines and manholes are similar; however, the costs differ. Since
the population contains 85 pipelines and 24 manholes, the improvements for the pipelines are
only applied for the first 85 elements in the 2D array. Theridettion of the assets are
measured by time, as explained by the IDC, UDC and PDC equations. The UDC of the pipelines
are defined based on the age and the condition at a given year. However, if an improvement is
suggested, the PDC will be applied, accogdio Figure 3.18; otherwise, the UDC will be used.

The age of the pipelines and manholes are also coded aBiquee 3.19. Similarly, the

conditions of manholes ACI MHO Rgurd32@i pel i nes
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52
53 = if Improvement(j) ~=0
54 - Factor = (((6-CI(3))/5)+Improvement (j)*exp(log(0.2)*((year+Age (j)-Rehab(j)+1)/y)"3))
55 - if Factor > 1
56 - Factor = 1;
57 - end
58 - CI(j) = é-5*Factor:
58 - else
60 — CI(j) = 6 - S*exp(log((6-CI(j))/5)*((vear+Age(]))/Age(]))"3):
61 - end
Figure 3.18 PDC Coding
129 - AgePP = [ 53 53 53 54 53 54 54 53 54 54 54 53 53 54 54 53 53 54 54 54 54 54 54 54 ...
130 54 54 54 54 54 54 50 54 54 54 54 54 54 52 52 53 54 51 54 52 52 54 54 54 54 52 ...
131 53 53 53 53 53 53 53 54 53 54 53 54 53 53 53 53 53 53 53 53 53 53 53 53 50.02 ...
132 54 54 54 47 31 53 32 53 53 8 ]:
Lss = AgeMH = [ 53 53 54 54 54 54 54 54 54 50 50 50 50 50 53 54 54 54 54 54 54 53 54 47 ]

Figure 3.19 Defining Population Ages

o7 = CIMH = [ 1.92 2.73 2.59 2.49 2,33 2.415 2.56 2.97 3.165 2.27 1.99 2.435 ...

Loe 2.45 2,215 1.75 1,725 1.99 1.36 2,345 1.835 1.46 2.165 1.955 1.99 );

109 = CIPP = [ 1.83 2.765 2.44 2.04 3.445 3.39 2.49 2.485 2.56 3.655 3.145 2.8 ...

L10 2.37 3.81 3.875 2.49 2.21 3.195 2.15 3.995 2.875 2.95 3.885 3.73 2.76 ...

111 1.68 2.705 2.575 2.105 2.42 2.22 3.04 2.955 1.875 1.875 1.465 2.71 2.525 ...

112 2.525 3.25 3.335 2.355 2.585 3.32 2.3 2.17 1.975 2.445 2.5 2.27 3.52 2.415 ...
113 2.51 2.635 3,02 2.565 2.815 2.605 2.33 3.295 2.905 3.185 2.55 2.55 2.54 3.285 ...
114 3.295 3.075 3.275 2.88 2.535 2.805 2.38 2.48 2.25 3.46 3.465 2.31 2.485 ...

L1s 1.83 2.34 3.17 2.285 2.735 2.075 ]:

Figure 3.20 Defining Population Condition Values

Therefore, the improved pipeline condition is calculated asHigure 3.21. Similar coding is
used for manholes. The improvements are changed from 0 to 1 as the PDD@na@lues are

between 0 and 1.
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24 - for year=

25 for j =

26

27 - if abs(floor (decision(year,3))) == 0
CI(3) = CI(3) + X1PP_Improvement;

29 - elseif abs(floor(decision(year,3))) == 1

30 - ovement;

n

32

3 -

M- elseif abs(floor(decision(year,3j))) == 2

35 ( I(3) + X3PP_Improvement;

36 - Improvement (3) = 0.6;

N - Rehab()) = year + Age(]):

8 -

- elseif abs(floor(decision(year,j))) == 3

40 - CI(j) = X4PP_Improvement:

“- Improvement (j) = X4PP_Improvement;

42 - Rehab(j) = year + Age(3):

43 -

“ - end

Figure 3.21 Improved Condition Coding

Therefore, the improvements that occur during the study period will affect the ONP calculated in
year 5.

Figure 3.22 demonstrates the ONP computation after defining the criticality of each Bpae(

3.23).

109

110 % Calculate ONP @ Year Five
111
112
113
114
115
116
117
118
119
120
121
122 - zl = (Wp*Suml/Sum2) + (1-Wp)*(Sum3/Sumd):
123

124 - end

Suml = CI(j) * CR(jJ) + Suml;
Sum2 = CR(j) + Sum2;

(I T
U
HEa
i

Figure 3.22 ONP Objective Function
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Figure 3.23 Defining Population Criticality Values

3.12.6.2 TLCC Function

The second function to be evaluated is th&al cost required to attain the improvements
suggested based on a predefined budget. This function applies the real interest rate after
considering the inflation rate, the cost of each improvement and the year it is applied. The four
improvements for theipelines and manholes are defined and listed in Figure 3.24. All the costs

of the pipelineds i mprovement

asset geometry=gure3.25) . Unl i ke

fixed costs regardless of the geometry.
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1 2 = TLCC(r,decision,Diameter,Length)

2

3- Suml = 0

4 - Sum2 = 0;

8 = Sum3 = 0

6 - Sum4 =

7

]

9= X1PP _Cost =

a0 = X2PP_Ci 40;

= X3PP 1.77746805659921; T
R = 4 = 1943.42034300741;

13

14 -

15 - % LENGT!
16 - 3

17 - 5

1e

a0
a- LengthPP = [ 113.6 121.93 73.84 82.04 108 6.5 13
[H 1.5% 39,67 89,59 108.22 79.

4

i

[

a6

o

e 66.46 24.38 6 18.

48

850 - DiaPP =[ 450 450

51 200 200 201

52 450 450 450 250 3

53 200 200 200 200 2

54 375 450 675 600 3

s5

56 - DepuhMH = [ 4.59 6.635 7.292 7

57 4,89 3,506 4.89 7,424 3,679 3,438 3,477 3.53 3,686 4.028 10,71
s8

59 - DiaMH = [ 1200 1200 1200 1200 1200 1200 1.

(] 1200 1200 1200 1200 1200 1200 1200 12

61

Figure 3.25 Defining Population Geometry

The total life cycle costing is the summation of the costs incurred as if they were returned to year
zero (present value). As péiigure 3.26, the costs for the first set are synchronized to the

pipeline population and those for the second set are connected to the manhole population.
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Figure 3.26 TLCC Obj ective Function

3.12.6.3 PSO Code

After defining the two functions required for the tool, they are aggregated and evaluated based
on a fitness function considering uskafined weights as pefigure 3.27. Therefore, each
particle in the swarm wil/| be evaluated basedc

the AWocoo are the user defined weights for e

Figure 3.27 Fitness Function

The PSO parameters are also a main part of the tool and are defined accoFiguye8.28.
These parameters areardefined and dependent on the complexity of the problem. The budget
definition acts as a constraint so that the TLCC does not exceed the defined budget. The

~

parameters Acld and Ac20 have values of 2 and
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Figure 3.28 PSO Parameters

Since the lower bound of the decision variables is 0 and the upper bound is 3, the maximum and
minimum velocities are defined according Figure 3.29, where thek factor is taken as 1.

Therefore, the maximum value of the velocity is 3 and the minimum veloceBy is

(VarMax-VarMin) ;

-
w
I
<
-
< <&
U
[
(o]
[#]
1
nn

-MaxVelocity:

Figure 3.29 Velocity Lower and Upper Bounds

Each particle will be defined according to its position, velocity, objective value, best position and
best objective value. The template of each particle is defined accordifgguoe 3.30.
According to the same figure, each particle is represented as an array of 5x109, where 5 is the
number of years and 109 represents the population of the assets. In the first iteration, each
particleinitializes at distinct positions; however, the initial velocity is set to zero. These values
are updated according to subsequent iterations. The same figure codes, from line 219 to 231, the
first constraint that is pertinent to the number of decisioralbbas applied for each asset. Based

on the constraint, i f any decision variable

remaining years will be the Ado nothingo deci
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196 — empty_part

Log - empty_part zeros(5,nVar) ;

199 - empty_particle.Best.Objective = zeros(5,nVar);

if particle(i).Position(year,j) > 0

particle(i).Posicion(k,j) = 0:

128 - for k = year+1:5

Figure 3.30 Particle Encoding

In Figure3.31, the velocity of each particle is defined according to the parameters defined earlier
and based on the calculatgloest gbestand the current position. After calculating the velocity of
each particle, the updated position of the particle is computed. To restrain the particles in the

domain, the upper and lower bounds are defined as well.
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324
325
326
327
328
329

331
332
333
334
335
336

338
339
340
341

As perFigure3.32, each iteration will contain thebestof each particle and thgbestbased on

for i=1:nPop

% Update Velocity

particle (i) .Velocity = w*particle(i).Velocity ...

+ cl*(rand(VarSize)).* (particle(i) .Best.Position - particle(i).Position)
+ c2*(rand(VarSize)).* (GlobalBest.Position - particle (i) .Position);:

% Apply Velocity Limics

particle (i) .Velocity = max(particle(i).Velocity, MinVelocity):
particle (i) .Velocity = min(particle(i).Velocity, MaxVelocity):

% Update the position

particle (i) .Position = particle (i) .Pozition + particle(i).Velocity:
% RApply Lower and Upper Bound Limits

particle (i) .Position = max(particle(i).Position, VarMin):;
particle (i) .Position = min(particle(i).Position, VarMax):;

Figure 3.31 Velocity and Position Equations

the evaluateditness function. Therefore, the position and the velocities are updated accordingly.

The bes

t

position in each iterat

minimum fitness value of all particles in the same iteration.

470

BestObjective (it) = GlobalBest.Objective;

num2str(it) ': ! . num2scr (BestCbjective (it))]);

Figure 3.32 pbestand gbestUpdates
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Chapter Four: Data Collection

4.10verview

Onesignificantpart of this research work is to design questionnaires and send it to experts in the
infrastructure field and more specifically in sewer systems. These questioraraiegsential in
completing theresearch objectives by includirgx per t s 6 @ ptudy.Thismesearchn t h
designed a questionnaire that was divided into several parts. The first part collected weights of
factors that are correlated &vosion voidin sewer pipelines. These weighdee significant in
aggregating the multiple factors intocondition to understand trs®il support loss occurring

around pipelines.

The second partis pertinent tothe deployment of the DEMATEL method iconcluding
influencing factors betweerseveral elements indifferent systens. Another part of the
guestionnae is to computethe relative importance weights of the manhole components through
a pairwise comparison to establish the ANP approach and find the relative weight of each
componentln addition, a questionnaire is also designed for the criticality modampute the

considered factorsé weights.

The last phase of the data collectiortamcerned with thease studies. These samples are used

to implement and validate the developed modBEte validation implemented in this research is
based on comparing and verifying the results obtained with the case studies brought from a third
party. The first case study isertinentto sewer pipelines samples that are tested for erosion void
existenceThe second case study is related to an actual sewer network brought from the city of

Edmonton, Canada.
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4.2Questionnairel

More than 115 questionnaires were distributed as adapd and a softcopy, with the help of

social media engines, in different regiof@rtunately,27% of the distributed questionnaires

were received; in specifi@2 experts from four differerreasNorth America (Canada and US),
Middle East, Europe and China, participatétler e s p o nndnebartofsyéars of experience

were categoriz into five different groups as pdrable4.1. Based orrable4.1 andFigure4.1,

the highest number of responses were participants having experience betareeh59years.
However, the lowest number of responses were participants having experience between 3 and 6
years. In addition, participants from North Amengare the highest participating region among

the other regions; whilthe Middle East region respondenigere the lowest participants as per
Figure 4.2. This was expected since sewer condition assessment practice and trenchless

technology in the Middle East is napopular as in the other regions

Table 4.1 Respondents Years of Experience

Years of Experience Responses
1-3 years 6
3 -6 years 4
6 -9 years 7
9- 15 years 9
15+ years 6
Total 32
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Respondents Years of Experience

9- 15 years

28% 6- 9 years
22%

Figure 4.1 Respondents Years of Experience

Respondents Locations

Middle East
16%

Figure 4.2 Respondents Locations

4.2.1 HOQ Influence Matrix

As mentioned earlier, the generalized form and the widely usawkrmathe HOQ, in the QFD
method, is the correlation between the elements in the system. However, in this research, the
influence matrix is utilized to suggest the cause and effect relationship between the elements and
in this research are the defectseich asset assessed. Therefore, a questionnaire was designed
and distributed to experts. The questionnaire included general defects found in pipelines and
manholes. In total, 22 defects wemsed in the questionnair&igure 4.3 is a sample ofa

guestionnaire distributed to experts. Each taivlethe figure,represert two different defects.

124



The expert shall select the influence of X on Y and the influence of Y @onXidering the 0, 1,

2, 3 and 4 factors.

x Mo Low Medium Extreme ¥
Influence | Influence | Influence Influence
] 1 2 3

Fracture . Infiltration

3 2 1 0
X Extreme Mednum Lowr Mo v
Influence | Influence Influence | Influence
X Mo Low Medinmm Extreme v
Influence | Influence | Influence Influence
0 1 2 3

Roots . - Infiltration

-

3 2 1 ]
X Extreme Mednum Lowr Mo v
Influence | Influence Influence | Influence

Figure 4.3 HOQ Influence Questionnaire Sample

After reviewing each response the average influence matriwas calculatedand the same

average values were used foe different HOQs of the sewer assets and components.

4.2.2 Manhole Componens Relative Weights

According to this research, several components were considered when computing the condition

of the manhole such &lse pavement surrounding the cover, manholeec@and frame, chimney,

cone, wall, channel, benckeals and steps However, the contributi ol
condition is distinct due to the relative importance of one component to the other. As a result,

this study examined the components ihgtact the condition of the manhole. ANP method was
considered in finding the relative importance weights of the elements of the ssiedepicts

the interdependencies among the elements involved in the sydtemrespondents of this part

125



were similar to those of the previous questionndihgrty-two responses were gathered and each

was analyzedeparatelyTable4.2 shows a sample of a questionnadhat helped in completing

the ANP deployment The respondents filled the tables comparing component X and Y with

respect to Z.

Table 4.2. Sample of Manhole Relative Importance Questionnaire

Degree Of Importance

@©

X >2 | & |&E8 o | @ n |22 Y
S 2| = S| & |E°?
(2) Cone
Pavemen
Chimney
Wall
Cover Steps
Seals
Channel
Bench
(2) Cover
Pavemen
Cone
Wall
Chimney Steps
Seals
Channel
Bench
(2) Seals
Pavemen
Cone
Wall
Channel Steps
Cover
Chimney|
Bench
(2) Pavement
Seals
Cone
Pavemen
Wall Steps
Cover
Channel
Bench

According tothe data collected, thirtivo experts responded to the questionnainel therefore,

the rel at

vV e

mportance

wei ght s

wer e

comput ed

are shownin Table 4.3. The table shows the average relative weight of each component, the

standard deviation, the minimum and maximum value, the 95% confidence intervals and the

percentage difference between therage value and any of the confidence interval bounds.
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Table 4.3 Manhole Component Weights and Statistics

95% Confidence

Difference%
gg\l/ri]gt?c:(rjw Min Max LowlenrterviljI er (Average
PP and Bounds)

Bound | Bound
Bench 6.21% 0.0283 2.85% | 11.23% | 5.23% | 7.19% 15.81%

Channel 11.10% 0.0529 6.58% | 29.94% | 9.27% | 12.93% 16.52%

Chimney | 11.52% 0.0120 9.39% | 14.60% | 11.10% | 11.93% 3.62%
Cone 15.46% 0.0222 11.14% | 18.43% | 14.69% | 16.23% 4.97%

ler‘;f]:(f‘ 15.13% | 0.0282 | 11.08% | 20.83% | 14.15% | 16.10%|  6.45%

Pavement | 4.70% 0.0241 2.12% | 9.64% | 3.87% | 5.54% 17.75%
Seals 14.44% 0.0274 8.71% | 19.03% | 13.49% | 15.39% 6.57%
Steps 3.83% 0.0068 3.01% | 5.78% | 3.59% | 4.07% 6.17%
Wall 17.61% 0.0308 12.69% | 23.73% | 16.54% | 18.68% 6.07%

Component | Average

Byconsul ting the tabl e, it can be observed t
opinions. The extreme minimu and maximum values shaapparentdiscrepancies among the
experts in gnifying the importance of one componeatanother This can be observed in the
channel and wall components. As per the data collection chapter, the responses were collected
from four different regions around the world and therefore, not all experts are homogenous in

thinking and judgment.

Howeve, the 95% confidence level ranges are not far from the average value calculated for each
component. Based on the difference percentage calculated between the average relative
importance weight of each defect and the lower or upper bound of the confidiemeal value,

it can be observed that the percentage difference ranges between 3% and 18%.

4.2.3 Erosion Voids Factors

The factors that arexpected to explicitly influencéhe formation of the erosion voids have been

identified The questionnaire ifable 4.4 asked the respondents to rate the factors fraf@
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which explains the strength of the factor contributing to the condition of the void erosion in

pipelines.

Table 4.4 Erosion Void Factors Sent Questionnaire

# Factor Percentage
Bedding Material
Pipeline Depth
Soil Type
Pipeline Age
Groundwater Table

Total 100%

R [WIN|F

Accordingly, the weights of each factor were collected and averaged to use it in calculating the
severity or condition of therosion voiddefect The average weights collected are summarized

in Table 4.5. In addition, the lower and upper bounds of the 95% confidence interval were
calculated. As per displayethe weights are differenand this isdepictedfrom the maximum

and the minimum values for each factor weights. This explains the different opinions by the
participants in distinct regions.

Table 4.5 Erosion Void Factors Weights and Statistics

95% Confidence

Factor Average Standard Min Max Interval Difference
9€ Deviation Lower  Upper %
Bound Bound
B$33$9 12.03  5.9378 5 20 9974 14.089 17.10%
Pipeline 1, 66 58177 5 20 10.641 14672 15.93%
Depth

Soil Type 21.09 4.8749 10 30 19.405 22.783 8.01%
Pipeline Age 24.69 5.2267 15 35 22.877 26.498 7.34%
Groundwater 29.38 8.4003 20 50 26.464 32.286 9.91%
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4.3Questionnaire 2

Unlike Questionnaire 1, only sixteen responses were gathered from three r@dmitis
America, Europeand China). The years of experience of the participants are categorized
according toTable4.6. Fifteen percent of the participants were located in North Amegica

around 31% of the participants were located in China.

Table 4.6 Respondents Years of Experience

Years of Experience Responses

1-3 years 1
3 -6 years 2
6 -9 years 4
9-15 years 5

15+ years 4

Total 16

The criticality of one asset shall differ from another in the network based on several aspects.
These aspects rely on timapactsof the failed asset to the environment, economic and public.
Nevertheless, the effect of the factors dgfnom one to anotherThe research deployed the
ANP technique to find out the weights of each factor andfactor. The questionnaire included

the factors and sufactors considered in this research for pipelines asTpbte 4.7 and
manholes as pérable4.8. In addition, it collected the percentages of the manholes and pgpeline

that contribute to the condition of the overall sewer network as showabie4.9.
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Table 4.7 Pipeline Criticality Questionnaire

Criterion . o o o o . Criterion
1% = ° o = 1%
o 2 E g |22 || f] | o
2 = = D = O = = e
Sewer PIPELINES Criticality
. Environmental
Economic
Factors Factors
Social Factors
Environmental Social Factors
Factors
Environmental Factors
Flow
Soil Type Conveyed
Proximity to
Surface Water
Flow Proximity to
Conveyed Surface Wate
Economic Factors
Diameter
Depth Water Table
Length
Accessibility
Water Table
Diameter Length
Accessibility
Water Table Length
Accessibility
Length Accessibility
Public Factors
Road Type
) Land Use
Population
Density Leng_th_ -
Accessibility
Diameter
Depth
Land Use
Length
Road Type Accessibility
Diameter
Depth
Length
Land Use Acgessibility
Diameter
Depth
Accessibility
Length Diameter
Depth
Accessibility Diameter
Depth
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Table 4.8 Manhole Criticality Questionnaire
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Table 4.9 Pipelines vs. Manhole®uestionnaire

Which is more important t
the SEWER network
Condition?

Asset Percentage

Pipelines

Manholes|

4.3.1 Pipeline Criticality Weights

Each questionnaire was analyzed taking into account the consistency of the respbmse
weights of each responseasrecorded andthe statistical parametersere calculated: average,
minimum, maximum 95% confidence interval upper and lower bouraide 4.10 summarizes

the results of the weights computed along with the statistical paranfetetBe pipeline
criticality factors The table suggests the differ@pinionsamongthe experts in the field. As per

the table, the economic factors had the highest average weight compared to the other two factors.
In fact, the accessibility sufactor under the economic factor scored the highest average global
weight compred to the other facterOn the other hand, the same $attor under the public

factor had the minimum average global weight.

Table 4.10 Pipeline Criticality Weights

95% Confidence

Pipelines
Facetor/Sub Average Star_]dz_ird Min Max Interval
factor eviation Lower Upper
Bound Bound
Environmental 28.44% 8.58% 19.21% 51.34% 24.23% 32.64%
Economic 39.27% 10.85%  20.54% 62.32% 33.96% 44.59%
Public 32.29% 8.82% 18.04% 55.59% 27.97% 36.61%
Environmental
Soil Type 35.82% 9.62% 20.12 54.22 31.11% 40.53%
Flow Conveyed 26.49% 6.96% 13.85 37.35 23.08% 29.90%
Proximity to
Surface Water  37.69% 11.75% 20.54 60.87 31.93% 43.45%
Economic

132



Depth 25.56% 4.71% 16.07% 32.10% 23.26% 27.87%

Diameter 21.58% 5.11% 13.04% 30.24% 19.07% 24.08%
Water Table 8.24% 5.05% 1.36% 18.70% 5.76% 10.72%
Length 16.88% 4.65% 10.09% 24.33% 14.60% 19.16%
Accessibility 27.74% 7.98% 15.85% 41.34% 23.83% 31.66%
Public
Population
Density 27.99% 7.07% 16.00% 40.20% 24.53% 31.45%
Road Type 29.44% 6.21% 19.07% 39.08% 26.40% 32.49%
Diameter 13.44% 3.72% 6.05% 19.07% 11.61% 15.26%
Length 8.54% 4.18% 1.40% 17.04% 6.49% 10.59%
Depth 8.55% 4.66% 3.67% 16.04% 6.27% 10.83%
Accessibility 3.56% 2.58% 1.09% 10.06% 2.30% 4.83%
Land Use 8.47% 6.43% 2.04% 23.31% 5.33% 11.62%

4.3.2 Manhole Criticality Weights

In addition, the weights for manhole criticality factors and subfactors were calculated along with

their statistical parameterBased onTable4.11, t he envi ronment al factor
the leastwhile the highest was for the economic factdrsthe context of the subfactors, the

highest average global weight was the proxinigysurface water under the environmental
category. However, the lowest average global weight was for the depth under the public

category. Based on the results, the experts had different ovemnagarding the criticality of the

two assets.
Table 4.11 Manhole Criticality Weights
Manhole Average Standgrd Min Max 95% Confidence Interval
Factor/Sub-factor Deviation Lower Bound  Upper Bound
Economic 37.80 15.27 20.00 60.00 30.32 45.28
Environmental 28.81 10.31 17.00 60.00 23.76 33.87
Social 33.39 16.15 6.00 61.00 25.47 41.30
Environmental
Soil Type 37.53 13.30 20.00 60.00 31.01 44.04
Flow Conveyed 24.91 11.87 11.00 49.00 19.09 30.72
Proximity to water 37.57 13.01 20.00 64.00 31.19 43.95
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Economic

Depth 30.00 7.06 17.21 36.12 26.54 33.46
Diameter 22.94 541 16.15 36.03 20.29 25.59
Accessibility 28.19 5.97 21.01 39.00 25.26 31.11
Water Table 12.48 6.57 2.40 24.20 9.26 15.70
Number of Inlets 6.40 3.75 0.89 14.30 4.56 8.23
Public
Population Density  22.38 5.83 13.31 32.00 19.52 25.24
Land use 20.58 5.53 10.00 31.00 17.87 23.29
Depth 6.21 3.05 3.00 13.40 4.71 7.70
Road Type 20.07 8.19 9.60 34.00 16.06 24.08
Accessibility 14.77 8.50 3.14 33.10 10.60 18.93
Diameter 15.99 8.65 6.40 30.10 11.76 20.23

4.3.3 Pipelines vs. Manholes

The questionnaire also collected the percentage

importance of one asset to the other when

deciding the network conditiofTable4.12). The results show that pipelines are more important

t han manhol es accor di

ng

to the expertso

opi

providing higher percentages to the pipes when compared to manholes. The average

percentage of the pipelines wés.3X% while the percentage for the manholes @&€0%.

Table 4.12 Manhole vs. Pipelines Weights

Standard

95% Confidence Interval

Asset  Average Deviation Min Max Lower Upper
Bound Bound
Pipelines 65.3%%0 6.94% 55% 75% 61.91% 68.72%
Manholes 34.60% 6.94% 25% 45% 31.28% 38.09%

4.4 Erosion Void Case Study

The first case study consists of sixteen pipelines obtained from a contractor that conducts

sinkhole and void detection surveys us@BR The pipelinesarelocated in distinct regions in

North America. Due tdhe high confidentiality of the information, the locatiowerescarce. The

contractor used antennas with lower frequencies (< 250 megahertz) for potential detection of
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deeper voids. However, higher frequencies were used to detect shallower voidgpdtie
included he inputs required for thdevelopedmodel. The informations pertinent to the five
factors identified in thistudy. The bedding typesere Clasgs A, B, and C. However, the
depths rangedbetween 1.50 m to 6.00 m. The average age of the peselias 51.19 years,
where the youngeswas 21 years and the oldestas 140 years. The soils surrounding the
pipelineswerein the categories of fine sand and silt, fsad coursesand and gravel. Fronthe
sixteen pipelines, fivewere below the groundwar table. Besides, the conditions by the
inspection resultsvere provided in three differeninguistic grades: acceptable, moderate and
inadequateThe grading, according to the repavgasbased on the analyzed hyperbolas of each
GPR inspection. Accegble means that no voidsere detected. Yet, moderate explains that
minor voids were observed while inadequate represenssgnificant voids. The number of
pipelines in acceptable, moderate amadequategradeswere nine, five and two, respectively.

To acommodate the application of the case study and for the validation purposes, the five
proposed severitiesvere restructured according to the three severities in the case study.
Therefore, acceptablgasconsidered as excellent and good; modenatsfair; inadequatevas

poor and critical.

4.5 City of Edmonton Case Study

This research obtainddh e Roy all Ga r d dronstlie city ef wdmonton shdaww im r k
Figure 4.4. Royal Gardensa residential areas located in the Petrolia subdivision of south

central Edmonton with a population of 3,500.
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Figure 4.4 Royal Gardens Sewer Network

45.1 General Information

The information obtained was for sewer pipelines and som¢hefn et wor k 6es. man h c
Extensive manhole condition informatiaasdifficult to obtain due to their scarcity in the city

of Edmonton.The information received consisted of 481 sewer pipeline8addcanholes. The

database for the pipelines includgeneral information abouhe pipelines such athe year of
construction, depthmaterial type, etc. Besides, 4067 defetisérvationsare reported in the

database according to PACP coding systemreBole sample result is used to locate the
groundwater table and obtain soil distribution. Comparing the depth of the pipeline with the
borehole information, soil type and pipeline location witspect to thgroundwater table are

obtained.
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On the other hand, the manhole database consisted of information about theathefetaeral
manhole information such as the age, shape, location (longitude and latitude). In addition, the
city provided soméiipfo  f ofilesnfartmanholes inspection as gagure4.5. PipeTechView
software was used tmn the manhole inspection faeA 360-degree viewof each manhole was
acquired with the help of the software; zoom in and out as wegbaasand tilt vievs were
accessibleln this context,24 extensive manhole reports were supplied by the Bite to the

lack of the actual data, the reports werevaluated by an expeas shown ifmmable4.13.

Table 4.13 Manholes Conditions

Manhole # | Condition | Manhole # | Condition | Manhole # | Condition
1 3 9 4 17 2
2 4 10 4 18 1
3 3 11 2 19 2
4 3 12 2 20 3
5 3 13 4 21 2
6 2 14 2 22 3
7 2 15 3 23 2
8 4 16 2 24 3

2/ DN 1000 Z: %0° L: 0.00m Pos. 7h, 242° Ang: 14°
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Figure 4.5 Manhole Inspection Snapshat (a,b and c)

4.5.2 Royal GardensSewer Network Information

1 Bedding Class
0 Some bedding typeseremissing. With the collaboration with an engineer in the

City of Edmonton, the engineer suggestesihg Class A for larger pipes. The
researcher examined the pipelines in the datadrad®bservethat pipelines that
were 900 mm and lowemere in class Bmore than 900 mmClass Awas
consideredTherefore, for any unknown pipeline with a diameter of 900 mm and
above will be assignedotClass A and the rest adaSs B. Therefore, the
distribution of the bedding classes are as Figure 4.6. As per the figure, the

majority of the beddings were Class B.

Bedding Class

Figure 4.6 Bedding Class

1 Pipeline Age
0 Seventeen pipelinds®adanunknownyear of construction. Therefore, the average
ageof the known pipelines was calculated and assigned to the pipelinesawith
unknown year of construction. The average of known ages50.02 yearsAs

perFigured7, t he majority of the pipelinesb6 e
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Pipelines Ages

= <30 years =40 to <50 years =>=50 years

/

Figure 4.7 Pipeline Ages

1 Pipeline Depth
o0 The average depth of the upstream and downstream depths was calculated and
considered in the evaluation. Riwe unknown depth the average of the known
depths was calculated and consideredtli@ missingones The average depth
was found to be 4.74 nkrom Figure 4.8, the majority of the

were between 3 m and 4 m.

Pipelines Depths

= <3m = >=3m to <4m = >=4m to <bm

>=5m to <6m =>=6mto <llm =>=11m to <14.5m

2%

Y/

Figure 4.8 Pipelines Depths

M1 Groundwater Level
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o The city provided one test hole for the Royal Gardens. arka groundwater
(GWT) level was 3.60m measured fronthe surface. Therefore, the average
depths of the pipelinevas compared withthe depth of the groundwater level to
decide onwhether the pipelinevasabove or below the water levéls perFigure

4.9, the majority of the pipelineserelocated above the GWT.

Pipelines Location with respect to GWT

= Above GWT = Below GWT

Figure 4.9 Pipeline Location with respect to GWT

1 Soil Type
o One borehole test wawovided and was reviewed with tkeil distribution in the
hole. The soil layersvere made ofgravel, silt, sandand clay.Comparingthe
depths of soils and the pipelines, the soil type surrounding the pipelines were
determined As perFigure 4.10, most of the pipelines were surrounded by fine

sandy soil.
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Soil Surrounding Pipelines
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Figure 4.10 Soil Surrounding Pipelines

1 General Manholénformation

The general dimensions for the manholes were 1200 mm as per the daBdsades the
database included the ages for the sanitary manholes/e@ing of constructioranged between
1962 and 2010. However, the majority of the manholes werstromted in 1964 and 1965 as
shown inFigure 4.11. Nevertheless, 16 of the manhol=ar of constructiorwere unknown.
Excluding the unknown manhole ages, the avenrggar of construction for the manholeas in

1968 years.
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Figure 4.11 Manholes Year of Construction
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Chapter Five: Model Implementation & Validation

5.10verview

This research consisted of several parts, each part dedicated to accomplish a specific objective.
The first part implemented a fuzbased assessment of the erosion void surrounding sewer
pipelines. The second part proposed a condition assessment modelwkr pipelines and
manholes. Nine different models were developed assessing manholes, which were then
aggregated together to produce a manhole condition index. A number of techniques were used to
accomplish these tasks. The DEMATEL approach was adaptddy the influence of different
defects on the asset or component being analyzed. Later, a QFD model was built for each asset
and component. Since manhole assessment utilized nine different models, relative importance
weights were computed using the AMfethod to aggregate the severity percentages of each
component. The results of the condition assessment models were used to determine the overall
sewer network performance using the criticality model. Based on the calculated network

performance, rehabiltion decisions were suggested by applying the PSO tool.

5.2Erosion Void Model

The erosion void model was developed using five different factors extracted from the literature
and suggested by experts. The five parameters are the bedding type, soil typdwateu

presence and pipeline age. The strength of each factor contributing to soil loss were collected
from questionnaires from different regions. The scale that was adopted for this model ranged

from Excellent to Critical according to certain valuesslaswvn inTable5.1.
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Table 5.1 Void Erosion Condition Scale

Condition Range
Excellent 0-1
Good 1-2
Fair 2-3
Poor 3-4
Critical 4-5

5.2.1 Membership Functions

5.2.1.1 Bedding Material

Soil type interaction is significant for a pipeline; a stable foundation and consistent bedding
along the pipeline lessen and slow the growth of an erosion void around a pipeline. Using
unstable foundation or bedding could hinder the soil support atwee lavel and at the

haunches, allowing an erosion void defect to propagate and lead to serious implications such as
sinkholes. The membership functions for bedding material are displajeglire5.1 and they

are discrete. A confidence level of 95% (certainty) is assumed. The type of data used for the
membership construction are linguistic and based on bedding classes: Class A (ExCédisst)

B (Good), Class C (Fair) and Class D (Poor).
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Figure 5.1 Bedding Class Membership Function

5.2.1.2 Pipeline Depth

Pipeline depth is another factor that is considered to impact the severity of the erosion void
around a buried pipeline. The soil interaction with a pipeline is important to ensure a stable
environment around it. Accordingly, the deeper a pipeline isengtiound, the greater the soil
interaction, due to the effect of the ssifucture interaction on the earth pressure. Therefore, the
membership function was developed for five different linguistic categories as very deep, deep,
medium, shallow and very alow, as shown irrigure5.2. The input values are extracted from
Pipeline depth is another factor that could influence the erosion voids surrounding the pipeline.
The analysisncludes the effect of the sestructure interaction on earth pressuBelkaya et al.

2012) Deeper pipelines provide higher static pressures as they will form higher soil interactions.
I n addition, O odetermihetithyat the tdefeat Iratdec{eds8s8wh increasing
pipeline depth, which may lead &dower rate of structural defects. Based on the aforementioned

explanation, the depth is categorized as displaydalihe3.2.

Table3.2.
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Pipeline Depth Membership Function
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Figure 5.2 Pipeline Depth Membership Function

5.2.1.3 Soil Type

According to the reviewed literature, in the presence of the groundwater table, finer sogparticl
are more prone to flow inside a pipeline that presents some structural defects. As a result, the
finer the soil composition around a pipeline, the more critical the situation. The membership
functions are displayed iRigure5.3 and they are discrete. A 95% confidence level (certainty) is
assumed. The type of data used for the membership construction are linguistic and based on soil

type: excellent, good, fair, poor and critical.
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Soil Type Membership Function
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Figure 5.3 Soil Type Membership Function

5.2.1.4 Pipeline Age

Sewer pipelines are prone to deterioration due to ageing; structural defects initiate and eventually
evolve to critical ones. Defective sewer pipelines that are continuously below the groundwater
tableor subject to inflow have higher risks of confronting erosion voids. Therefore, five different
categories are used to represent the pipeline age parameter: new, young, medium, old and very
old. The membership functions representing the age parametehaave & Figure 5.4. The

older the pipe, the more critical is the need to assess and prevent erosion void.
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Age Membership Function
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Figure 5.4 Pipeline Age Membership Function

5.2.1.5 Ground Water Table

The formation of voids around pipelines depends on the presence of the inflow or infiltration.
Therefore, the most critical situation for a pipeline with erosion void is when the pipeline is
below the goundwater table (and vice versa). The membership functions are displdsigdna

5.5 and they are discrete. A 95% confidence level (certainty) is assumed. Ehef tgpta used

for the membership construction are linguistic and based on the presence of the groundwater

table, with the pipeline below or above.

Groundwater Table Membership Function
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Figure 5.5 Pipeline Location w/r to Groundwater Table Membership Function

5.2.1.6 Grading Scale

To represent the overall condition of the void erosion maids)e 5.1 is used to determine the
condition grading scale considering the fuzzy outputs obtained earlier. If the condition of the
void erosion is Excellent, the ranges would be from 0 to 1. If thditwon of the void erosion is
critical, then the range would be from 4 to 5. The fuzzy output membership function of the
proposed condition grading is displayedFigure 5.6 and the outputs are used as a percentage
for the pipeline condition assessment as a HOW. For example, if the crisp value of the
defuzzified overall output was 2, this means that the condition of the void erosion is 0.5 good
and 0.5 fair. As a refiuin the HOQ of the pipeline, 50% of the Good condition and 50% of the

Fair condition of the void erosion defect will be used.

Grading Scale Membership Function
1.2 -

—4=—EXxcellent
) === G00d
g Fair
o
5 == Poor
é =@=Critical
(]
=

@

3 5
Overall Score

Figure 5.6 Membership Function Grading Scale
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5.2.2 Erosion Void Implementation & Validation i a GPR Case Study

Sixteen collected pipelinesvere used to calculate the crisp index of the erosion voids
considering the fuzzy membership functions an
severities, the outputs will be eithercaptable, moderate or inadequate. Thus, a value that is
lower or equal to two is acceptableyt a value that is larger than three is inadequate. The

resulting computations are summarizedrigure5.7.

4.5
4

1.5

9 10 11 12 13 14 15 16

Plpellne Number
m Acceptable © Moderate mInadequate

Erosion Void Condition

[

o

Figure 5.7 GPR Case Study Erosion Voids

According to the calculated indexes, eleven pipelines were predicted as acc¢eptablevere
predicted as moderate and two as inadeqiatele5.2 summarizes the results and compares the
case studylata with the predictedatg this will facilitate forming the confusion tables for each
severity to compute the three indicators, which are the accuracy, true positive rate (TPR) and the

precision as per equatiobsl, 5.2and5.3, respectively.

Table 5.2 Case Study 1- Erosion Void Results

Severity Case Study
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Acceptable  Moderate Critical

% Acceptable 8 3 0

g Moderate 1 2 0

o Critical 0 0 2
dowdil Qe [5.1]
YO'Y —— [5.2]
00 —— [5.3

This type of validation was considered as thease studydata is in a linguistic form ankcks
numeral indexes. The three indicators were calculated after finding the true positive (TP), true
negative (TN), false positive (FP) and false negative (FN) of each severity from each confusion
table. The TP presents the numbef timesthat the model coectly predicted each category
when compared with thease studylata (predicted: acceptablsgse studyacceptable)The FP
indicator describes the incorrect prediction of the model (predicted: moderase; study
acceptable or inadequatend theFN representdhe numberof timesthat the model failed to
predict the severitgven thoughhe severity was observed (predicted: moderate or critical and
case studyacceptable). The higher the valuestioé TPR, the more reliablea modelis in
classifying tle erosion void severitieand vice versa. Similarly, higher values of accuracy and
precision denote an accurate and precise maddhel.confusion matrix for each severitgn be

used to find the three indicators

Table 5.3 GPR Case Study Confusion Matrix

Condition Condition
Samples Positive Type Samples Negative Type Samples
Positive TP Acceptable Ep Acceptable
Predicted Classification Classification
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Condition Moderate Moderate

Classification 2 Classification 1
Critical 5 Critical 0
Classification Classification
Acceptable 1 Acceptable 4
Neati Classification Classification
egative
Predicated  FN Moderate 3 ™ Moderate 4,
- Classification Classification
Condition - -
Critical 0 Critical 14
Classification Classification

The three indicators cahusbe calculated to test the applicability of the model. The results of

the three indicators are summarized able5.4.

Table 5.4 Case Study 1- TPR, Precision and Accuracy Values

Category TPR Precision Accuracy
Acceptable 89% 73% 75%
Moderate 40% 67% 75%
Critical 100% 100% 100%

According toTable5.4, the TPR of the moderate group was the lowest percergagke model
predicted three pipelines in acceptable condition while#ise studylata graded thsepipelines

to bein moderate condition. Howeveilor these three pipelines, the calculated indexes were
closer to 2. On the contrary, the accuracy in predicting the three categories wasithigin
average accuracy of 83% .he average precision was 80% and the TPR was Th@étefore the

model has theapability of predicting the presence of erosion voids based on the proposed fuzzy
expert model.Since the actual erosion void data from the city of Edmonton is scarce, the

developed erosion void model was used as validation and the results were satisfact

5.2.3 Erosion Void Implementationi City of Edmonton Case Study

Since the previous case study attained satisfactory results, the erosion void model is used to

predict potential soil support loss in the Royal Gardens neighborhood of Edmonton. The input
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dataf or al | the networko6s pipelines are used s
pipeline assessment model. Based on the implementation, the conditions ranged between 1 and
3.5. Since the outputs of this model will be the inputs for the HOQ &pibeline condition
assessment model, the crisp value shall be interpreted using the overall fuzzy membership
grading scale, shown iRigure5.6. Therefore, the oput of the model shall be in the form of
Condition_1, Percentage_1 and Condition_2, Percentage_2. As an example, a crisp value of 1.82
is interpreted as Good, 68% and Fair, 32%. The conditions and their corresponding percentages
are used in the HOQ to finer calculate the pipeline condition. , The summarized results based

on this case study are displayedHigure 5.8, where three condition groups were concluded.
Detailed percentages are shown in Figligsire5.9, Figure5.10 andFigure5.11. Based on the

results, almost half of the pipelines of the neighborhood have a condition of Good to Fair. The
remaining are classified such that 28% are considered Fair to Poor and 26% are in Excellent to
Good condition. No critical scenarios are triggered, as 71.5% of the population are buried above
the groundwater table. In addition, the bedding types ambuswuding soils for most of the
pipelines are adequate to prevent void erosion situations. Therefore, the results suggest that the
pipelines are all in a condition wherein collapses or sinkholes are not imminent. This conclusion
is confirmed with the senianfrastructure engineer who claimed that no sinkholes were reported

in the neighborhood.
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Figure 5.8 Royal Gardens Pipelines Erosion Void Conditions Summary
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Figure 5.9 Royal Gardens Pipelines Erosion Void Conditions Excellent to Good Conditions
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Good to Fair Conditions
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Figure 5.10 Royal Gardens Pipelines€rosion Void Conditions - Good to Fair Conditions
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Figure 5.11 Royal Gardens Pipeline€rosion Void Conditions - Fair to Poor Conditions

5.3Pipeline Condition Assessment Model
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The pipeline condition assessment model relied on two methods: DEMATEL and QFD. The

DEMATEL method was used to establish an influence matrix in the QFD model, where the

WHAT6s and HOW6s were identified accordingly.

severity conditions: Excell ent, Good, ®Bair,

percentages computed from actual reports after considering the defect counts for each defect.
Twentyt wo def ect s were considered to evaluate
operational, structural and construction feature defects. They werd asrtine group to study

the influence of each one on the other and to determine the cause and effect relationships.

5.3.1 QFD

Based on the questionnaire received from thirty two experts, the influence matrix in the HOQ of
the pipeline was developed and is shoimnFigure 5.12. For example, defect number 1,
longitudinal crack, had an influence of 0.03 on defect number 7 (deformation); however, the
deformation defect (7) hadhanfluence of 3.98 on longitudinal cracks. This shows that the
deformation defect has a very strong influence on the propagation of a longitudinal crack.
However, a longitudinal crack hadinimal to no influence on causing a deformation, according

to the average influence matrix. On the other hand, when comparing defect number 2
(circumferential crack) with defect numbgérthe deformation defect haah influence of 1.82 on

the propagation of the circumferential crack, which was obviously lower thanfthenice of
deformation on the longitudinal crack. This is inherently true, because longitudinal cracks initiate
due to structural consequences; however, circumferential cracks propagate due to construction

faults and so are not as critical as longitudaratks.
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Figure 5.12 Influence Matrix

After finding the average influence matrix, the normalized influence matrix was computed after
comparing the maximum summation of each column and row. The highetdier was taken
and was divided by the values in the average influence matrix. The resulting normalized

influence matrix is shown in Table%.
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Table 5.5 Average Influence Matrix

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

0.000

0.000Q

0.047

0.065

0.027

0.065

0.001

0.019

0.029

0.002

0.049

0.041]

0.001

0.027

0.026

0.048

0.000Q

0.002

0.024

0.000

0.021

0.00Q

0.003

0.000Q

0.040

0.000Q

0.061

0.069

0.000

0.018

0.025

0.005

0.013

0.037

0.000

0.021]

0.024

0.047

0.000Q

0.002

0.022

0.000

0.025

0.00Q

0.000

0.000

0.000

0.000

0.000

0.063

0.000

0.047

0.038

0.000

0.047

0.048

0.000

0.027

0.047

0.043

0.000

0.001

0.046

0.004

0.021]

0.000

0.000

0.000

0.000

0.000

0.000

0.055

0.000

0.033

0.036

0.004

0.040

0.049

0.000

0.043

0.043

0.071

0.000

0.000

0.044

0.000

0.020

0.000

0.000

0.000

0.000

0.000

0.000

0.071

0.000

0.018

0.019

0.003

0.021

0.043

0.001

0.038

0.044

0.069

0.000

0.000

0.042

0.000

0.017

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.043

0.045

0.003

0.039

0.048

0.005

0.041]

0.035

0.062

0.000

0.000

0.049

0.000

0.026

0.000

0.088

0.049Q

0.074

0.079

0.037

0.064

0.000

0.019

0.017

0.062

0.074

0.048

0.065

0.022

0.021

0.026

0.000Q

0.049

0.067

0.064

0.071

0.000

0.003

0.000Q

0.002

0.000Q

0.0009

0.000Q

0.000

0.000

0.000

0.000

0.065

0.069

0.015

0.086

0.086

0.087

0.084

0.002

0.087,

0.002

0.007

0.009

O|o(No|Oad|W|N|F |3

0.003

0.002

0.000

0.000

0.000

0.000

0.000

0.081

0.000

0.000

0.060

0.063

0.071

0.065

0.085

0.083

0.069

0.000

0.058

0.000

0.086

0.000

=
o

0.048

0.004

0.042

0.041

0.014

0.054

0.000

0.051]

0.048

0.000

0.041]

0.065

0.064

0.021

0.061

0.082

0.000

0.005

0.013

0.000

0.025

0.000

[
=

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.015

0.010

0.000

0.000

0.004

0.065

0.060

0.082

0.087

0.087

0.000

0.086

0.000

0.087

0.000

I
N

0.000

0.000

0.000

0.000

0.000

0.000

0.000Q

0.016

0.050Q

0.002

0.060Q

0.000

0.020Q

0.025

0.017

0.044

0.000

0.000

0.019

0.000

0.065

0.000

=
w

0.000

0.000Q

0.000Q

0.000Q

0.000Q

0.000Q

0.000

0.000

0.000

0.000

0.000

0.063

0.000

0.005

0.071

0.000

0.000Q

0.000

0.000Q

0.000

0.085

0.000Q

[N
N

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.072

0.000

0.006

0.015

0.000

0.000

0.084

0.000

0.000

0.000

[y
ol

0.005

0.003

0.011

0.009

0.004

0.013

0.000

0.003

0.000

0.000

0.069

0.021

0.084

0.063

0.000

0.081

0.000

0.047

0.065

0.070

0.069

0.000

[y
[«

0.000

0.000

0.002

0.001]

0.001

0.000

0.000

0.000

0.000

0.000

0.048

0.071]

0.042

0.065

0.065

0.000

0.000

0.000

0.086

0.000

0.000

0.000

[y
~

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.071]

0.000

0.040

0.000

0.000

0.000

0.000

0.000

0.062

0.000

=
o]

0.027

0.018

0.02¢9

0.024

0.013

0.024

0.000

0.003

0.005

0.004

0.044

0.049

0.042

0.017

0.039

0.028

0.000Q

0.000

0.019

0.086

0.052

0.000Q

=
©

0.047

0.041

0.048

0.043

0.039

0.048

0.087,

0.041]

0.021

0.043

0.07¢Q

0.025

0.005

0.043

0.051

0.066

0.000Q

0.017

0.000Q

0.021]

0.000Q

0.00Q

N
o

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.049

0.046

0.035

0.071

0.065

0.062

0.000

0.000

0.070

0.000

0.026

0.000

N
[y

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.047

0.000

0.042

0.000

0.000

0.020

0.000

0.000

0.000

0.000

0.000

0.000

0.000

N
N

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.071]

0.000

0.048

0.000

0.046

0.000

0.000

0.000

0.063

0.000

Later, the total direct ifience matrix was found; the matrix

shown inTableb.6.

Table 5.6 Direct Influence Matrix

resulting from this operation is

# 1 2 3 4 5 6 7 8 9 10 [ 11 | 12 | 13 | 14 | 15 | 16 [ 17 | 18 | 19 | 20 | 21 | 22
1 0 0 10.05/0.07)0.03{0.08| 0.01]|0.04/0.04]/0.01{0.08]| 0.07[0.03] 0.06] 0.06/ 0.09/0.01/0.01)0.07{0.01]0.05] O
2 |001) O |0.05 O [0.06[/0.08|0.01|0.03|0.04]|0.01|0.04|0.06| 0.02] 0.05]| 0.06| 0.08]/0.01|0.01|/0.06| 0.01)0.05| O
3 [0.01] O |0.01|/0.01] O |0.07({0.01{0.06|0.05|0.01]|0.08]0.08(0.03|0.06|0.08| 0.08| 0.02]| 0.01| 0.09/0.01/0.05| O
4 1001 O |0.01{0.01] O |0.06/0.01|0.05[0.05|/0.01|0.07|0.08]0.03/0.08)/0.08{/0.11) 0.01{0.01/0.08/0.01{0.05] O
5 |001] O |0.01{0.01f O [0.08]0.01|0.03|0.03]0.01|0.05|0.07|0.03]0.07]0.07] 0.1 {0.01/0.01/0.08/0.01)0.04| O
6 [001] O [0.01/0.01] O [0.01)10.01]0.05|0.05/0.01/0.07]0.07({0.03]0.07{0.07] 0.1 ]0.01/0.01]0.09/0.01]0.05] O
7 0.1 10.05/0.09] 0.1 [0.05/0.11]|0.01/0.05]| 0.05/0.08| 0.14(0.12| 0.11{ 0.09| 0.1 | 0.11[0.02] 0.06] 0.14)| 0.08] 0.13| O
8 [0.01/0.01|/0.01|/0.01/0.01{0.01{0.01{0.01|0.01]/0.01] 0.1 | 0.1 [0.06/0.12|0.13] 0.13| 0.09] 0.01| 0.13/0.02|/0.05| O
9 10.01{0.01)0.01{0.01]/0.01/0.01/0.01)0.09(0.01]10.01| 0.1 ] 01]0.12/0.11)0.14({0.13]10.09/0.01/0.11|0.01{0.13] O
10 | 0.05]/0.01| 0.05]| 0.05(0.02]| 0.07{0.01| 0.07]| 0.06/ 0.01]| 0.09/0.11) 0.1 [0.07/0.12]| 0.14[ 0.02]| 0.01| 0.07| 0.01]|0.07| O
11 [{0.01({0.01|0.01]0.01]0.01]0.01{0.01|{0.03|0.02| 0.01]| 0.03] 0.04| 0.1 [0.09/0.12] 0.12] 0.09]0.01|0.12/0.01/0.12] O
12 0 0 0 0 0 0 0 [0.03/0.05/0.01/0.08] 0.02(/0.04] 0.05/0.04|0.07]0.01] O |0.05[ O |0.09] O
13 0 0 0 0 0 0 0 0 0 |0.01)0.01|0.07{0.01]{0.02{0.08| 0.01] O 0 [0.01)001) 01| O
14 {0.01f 0 |0.01]0.01] O |0.01{0.01{0.01f O ]0.01]/0.01{0.01]{0.08(/0.01|/0.02|/0.03] O 0 [0.09] 0 |Oo.01] O
15 1 0.01]{0.01| 0.02]| 0.02(0.01| 0.03{0.01/0.01{0.01/0.01] 0.1 [0.06)0.12| 0.1 |0.05/0.12/0.01|0.05/0.11|/0.08/ 0.1 | O
16 [0.01(0.01|0.01]0.01]0.01]|0.01{0.01{0.01|0.01] 0.01]| 0.07] 0.09] 0.07| 0.09/ 0.09| 0.03] 0.01]{0.01|0.12/0.01/0.03] O
17 0 0 0 0 0 0 0 0 0 0 10.01/0.01)10.08/0.01)0.05[{0.01] © 0 |]0.01f 0 |0.07f O
18 | 0.03]0.02| 0.03]| 0.03[ 0.02]| 0.04[ 0.01| 0.02] 0.02| 0.01]| 0.08| 0.08) 0.07[ 0.05| 0.08]| 0.07[0.01]| 0.01| 0.06]| 0.09/0.08] O
19 [0.06[0.05| 0.07] 0.06] 0.05]| 0.08[ 0.09( 0.07| 0.04] 0.06]| 0.13]| 0.08| 0.06( 0.1 | 0.11) 0.14] 0.02| 0.03| 0.07[/ 0.04|/ 0.05| O
20 ({0.01)0.01{0.01|10.01{0.01{0.01]0.01{0.01)0.01{0.01| 0.08/0.07{0.06] 0.1 {0.09|/0.09/0.01/0.01] 0.1 [{0.01]0.05] O
21 0 0 0 0 0 0 0 0 10.01/0.05|/0.01{0.05/0.01{0.01{0.03]0.01f O 0O |0.01f O |0.01f O
22 0 0 0 0 0 0 0 0 0 0 [0.01]0.01]0.08|0.01]0.06/0.01{0.05| 0 |0.01] O |0.08] O
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As a result, the contribution of each element in terms of its cause and effect in the system was
found by summing up the column of each defect with the row of the same defect. This

information is displayed iffable5.7.

Table 5.7 DEMATEL Method Results

Sum of
Number Columns Sum of Rows C+R R-C Weight
1 0.87 0.36 1.23 0.51 0.035
2 0.73 0.20 0.93 0.53 0.026
3 0.81 0.45 1.26 0.36 0.035
4 0.80 0.41 1.22 0.39 0.034
5 0.70 0.31 1.01 0.39 0.028
6 0.74 0.78 1.52 -0.05 0.043
7 1.79 0.23 2.02 1.55 0.057
8 1.04 0.68 1.72 0.36 0.048
9 1.22 0.56 1.79 0.66 0.050
10 1.21 0.34 1.55 0.87 0.044
11 0.97 1.44 241 -0.47 0.068
12 0.56 1.45 2.02 -0.89 0.057
13 0.35 1.34 1.69 -0.98 0.047
14 0.34 1.40 1.74 -1.06 0.049
15 1.05 1.74 2.78 -0.69 0.078
16 0.70 1.78 2.48 -1.08 0.070
17 0.25 0.51 0.76 -0.25 0.021
18 0.89 0.25 1.14 0.64 0.032
19 1.66 1.47 3.13 0.19 0.088
20 0.75 0.45 1.20 0.31 0.034
21 0.21 1.47 1.68 -1.26 0.047
22 0.33 0.00 0.33 0.33 0.009

Based on this table, the value of C+R of each defect represents the impact of each element in the
system considering its cause and effect power
the relative total influence of the defect in the system, céedpdrom the C+R column.
According toTable5.7 , voids present outside pipelines had the greatest weight. This reflects the

reality, as when soil voids present, pipelines are subject to deformation and critical structural
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defects. More @acks and fractures will propagate with leakage, causing other defects to initiate
as explained earlier. The cumulative influence of all defects influenced by the soil void is
amalgamated in the relative influence weight. The least relative weight wdsrtagirotruding

service. The reason for such a low value is that protruding services only exist in the system due
to design and construction faults. Based on the questionnaires, a protruding service can cause
defects such as settled deposits, ingressodf soots, obstruction and attached deposits;

however, no defects contribute to the protruding service.

The RC column in the table distinguishes defects in terms of influencing defects and influenced
defects. Any value that is less than zero is constles an influenced defect, while any value

that is greater than zero suggests that a defect is an influencing Befem5.13 scatters the R

C values of each deft number. Based on the results and as showrFigure 5.14, the
influencing defectsd percentage in the syster
longitudinal and circumferential fractures, deformation, hole, broken, sag, offset joint, open joint,
erosion void and protruding services; the remaining 41% were the defects that were influenced

by defects in the system.
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Figure 5.13 Influencing Defects vs. Influenced Defects
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Figure 5.14 Pipeline Defects Summary Influencing vs. Influenced

After studying the influence impact of each defect, the HOQ model was completed after
considering the relative influence weights foundrable5.7. Figure 5.15 shogvan example of

implementing the HOQ condition assessment model.
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Severity | Influence | 0.035 | 0026 | 0035 | 0034 | 0028 | 0043 | 0057 | 0048 | 0050 | 0044 | 0068 | 0057 | 0047 | 0049 | 0078 | 0070 | 0021 | 0032 | oo0ss | 0034 | 0047 | 0008
Weight
EEER | 0000 | 0.00% | 0.00% | 0.00% |100.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%
Good a 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 85.00% | 0.00% | 0.00% | 0.00%
Fair 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 15.00% | 0.00% | 0.00% | 0.00%
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IEEEE 000 | o00% | 000% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%
Exceftent| 1| 0 ) ) 1 0 ) ) ) ) 0 0 ) ) ) 0 ) ) ) ) 0 )
Good 5 0 0 ) ) ) 0 ) 0 ) ) 0 0 0 0 ) 0 ) 0 85 ) 0 )
Fair 0 0 ) o ) 0 ) 0 o ) 0 0 0 0 ) 0 ) 0 15 ) 0 )
Poor 4 0 0 ) ) ) 0 ) ) ) ) 0 0 1 ) ) 0 ) ) ) ) 0 )
[Citical | 5 | ¢ 0 0 ) ) 0 0 0 ) ) 0 0 0 0 ) 0 0 0 ) ) 0 0

Figure 5.15 Pipeline HOQ Implementation
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The inputs of the model are the defect counts for a pipeline which are inserted in the second table
of the same figure. The percentages of each severity is then calculated based on the aggregation
of the same severity by the relative influence weight cheatefect. The resulting five different
severities of the pipeline are thereby calculated. For example, for pipeline segment number 7, the
report indicated that two defects were observed and the PACP grade was 2.50. The first one was
settled deposits antlé second was a circumferential fracture. Based on the information provided
in the report, each defectds severity was <con
research. Therefore, for the circumferential crack, a grade 1 was considered. Kl daretree

settled deposits, a grade 4 was considered. Since the reports did not evaluate the erosion void
defect, the severity of the aforementioned defect was incorporated from the erosion void model
outputs. In summarylable 5.8 displays the information obtained and the assigned grades, with

the position of the defect reported in the clockwise direction, showing the PACP grade and the
grade based on the researchlaation. It can be observed that the void erosion defect was 85%
Good and 15% Fair. The circumferential fracture grade was 1 since it was located between the 1
and 2 clock positions. The information listed in the table was transferred to the HOQ and

autorratically translated to percentages.

Table 5.8 Sample Pipeline Defects, Actual Grades & Research Grades

To
Defect Value From (Qlock (Clock PACP Research
Position) e Grade Grade
Position)
Circumferential NA 1 5 5 1
Fracture
Settled Deposits  30% 6 NA 4 4
85% Good
Erosion Void NA NA NA NA & 15%
Fair
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The relative influence weights were used to aggregate each severity grade separately,
considering the defect counts and the informatiomable 5.9 shows the severity grade
percentage calculated for the considered pipeline. The pipeline had five severity grades with
different percentages. Since the Good grade for erosion void was 85% and knowing that the
relative influence weight for this defect wHse highest, the aggregated grade percentage for
Good was the highest among the other gradés. relative weights of the condition grade
percentages were then found to calculate the overall grade for the pipeline on a scale of 1 to 5.

As a result, the arall grade can be found as follows:

Overall Grade = 1*0.1728 + 2* 0.4567 + 3*0.0806 + 4*0.2900 + 5*0.00 = 2.49

Table 5.9 Sample Pipeline Condition Grades and Overall Grade

Grade . ConditionGrade Relative Overall
ConditionGrade% Weiaht % Grade
Good 7.48% 45.67%
Fair 1.32% 8.06% 2.49
Poor 4.75% 29.00%

The remaining pipeline conditions were calculated following the aforementioned methodology.
From the 481 sewer pipelines obtained, 85 contained defects and observations. Therefore, 85
HOQs were designed and the overall grades calculated accordiagile 5.10 displays the

resulting grade percentages as well as the calculated overall grades.

Table 5.10 Pipelines Actual and Calculated Overall Grades

Plpgme Good Fair Poor g’?;': Esétslrr;g;ed
1 82.98% 0.00% 0.00% 2.00 1.83
2 47.04% 13.59% 0.00% 1.86 2.76
3 55.96% 44.04% 0.00% 2.00 2.44
4 70.64% 16.61% 0.00% 1.40 2.04
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P|p3|ne Good Fair Poor

42.42%
32.56%
45.67%
26.61%
43.95%
25.88%
48.59%
49.58%
49.55%
23.59%
10.50%
50.94%
79.25%
33.42%
85.06%
21.05%
37.00%
35.06%
0.00%
0.00%
38.68%
68.10%
51.68%
42.65%
76.92%
49.79%
75.64%
26.29%
35.08%
58.00%
58.00%
46.37%
40.16%
47.42%
47.42%
0.00%
0.00%
64.39%

14.14%
31.71%
8.06%
60.98%
56.05%
19.99%
19.96%
22.10%
43.66%
24.02%
17.86%
49.06%
20.75%
40.10%
14.94%
9.02%
38.24%
35.06%
37.23%
23.51%
7.71%
0.00%
0.00%
57.35%
16.81%
9.62%
10.65%
43.21%
34.42%
14.70%
14.70%
0.00%
7.06%
52.58%
52.58%
74.91%
66.37%
35.61%

0.00%
0.00%
29.00%
0.00%
0.00%
16.77%
0.00%
0.00%
0.00%
0.00%
20.24%
0.00%
0.00%
0.00%
0.00%
19.41%
24.75%
29.89%
37.00%
21.71%
0.00%
0.00%
0.00%
0.00%
0.00%
14.37%
8.36%
30.50%
30.50%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
25.09%
33.63%
0.00%
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PACP Estimated
Grade Grade
5.00 3.44
2.33 3.39
2.50 2.49
1.67 2.49
3.00 2.56
2.71 3.66
1.86 3.14
1.00 2.80
1.00 2.37
2.60 3.81
2.38 3.87
2.00 2.49
2.00 2.21
2.33 3.20
2.00 2.15
2.50 3.99
1.00 2.88
2.00 2.95
4.00 3.89
2.40 3.73
2.29 2.76
2.00 1.68
2.25 2.70
3.00 2.57
2.00 2.11
1.83 2.42
2.00 2.22
2.25 3.04
2.00 2.95
1.75 1.87
4.00 1.87
1.86 1.46
2.73 2.71
2.90 2.53
3.00 2.53
2.33 3.25
3.00 3.34
1.00 2.36




P|p3|ne Good Fair Poor

43
44
45
46
a7
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

41.47%
0.00%
70.00%
82.95%
53.70%
55.67%
49.92%
73.04%
12.06%
15.82%
0.00%
37.94%
14.01%
16.40%
18.48%
18.48%
43.48%
19.06%
26.29%
32.55%
45.18%
45.18%
45.84%
0.00%
0.00%
32.40%
39.78%
60.18%
46.49%
27.54%
62.17%
52.06%
75.00%
0.00%
0.00%
68.98%
51.56%
83.06%

58.53%
68.17%
30.00%
17.05%
21.94%
44.33%
50.08%
26.96%
43.76%
41.57%
31.63%
17.83%
39.83%
47.98%
28.97%
16.44%
9.34%
32.31%
36.30%
44.54%
54.82%
54.82%
54.16%
71.35%
70.69%
47.69%
14.32%
15.80%
53.51%
26.92%
37.83%
47.94%
25.00%
53.98%
53.52%
31.02%
48.44%
0.00%

0.00%
31.83%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
24.37%
14.15%
29.20%
0.00%
11.75%
14.66%
16.52%
17.97%
7.88%
48.63%
5.39%
0.00%
0.00%
0.00%
0.00%
28.65%
29.31%
0.00%
4.94%
0.00%
0.00%
11.66%
0.00%
0.00%
0.00%
46.02%
46.48%
0.00%
0.00%
0.00%
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PACP Estimated
Grade Grade
2.00 2.59
1.00 3.32
3.00 2.30
1.00 2.17
1.33 1.98
3.00 2.44
1.00 2.50
2.00 2.27
2.52 3.52
1.88 2.41
1.00 2.51
2.70 2.63
2.21 3.02
2.04 2.56
2.13 2.81
1.88 2.61
2.00 2.33
2.18 3.30
2.39 291
2.00 3.13
3.00 2.55
3.00 2.55
3.00 2.54
3.00 3.29
3.00 3.29
2.80 3.07
2.20 3.27
3.00 2.88
3.00 2.54
2.23 2.80
1.00 2.38
1.00 2.48
3.00 2.25
3.00 3.46
3.00 3.46
3.00 2.31
3.00 2.48
2.00 1.83




81 79.57% 0.00% 0.00% 3.50 2.34
82 0.00% 82.84% 17.16% 3.00 3.17
83 56.01% 36.32% 0.00% 3.00 2.29
84 18.28% 37.54% 0.00% 3.14 2.74
85 33.33% 24.20% 8.67% 2.53 2.08

*Pipeline used for illustration

According toTable 3.7, the 85 pipelines are categorized according to their grading category as
shown inFigure 5.16. The figure suggests that the majority of the calculated overall grades
(62%) were in Fair condition ranging between 2 and 3. However, 30% of the calculated overall
grades were in Poor conditions and 7% of the calculated overall grades for the pipelines were in
Good condition. Nevertheless, 1% of the estimated overall grades of the pipelines were in

Excellent condition. Based on the results, none of the pipelines were in critical condition.

Calculated Pipelines Overall Grades

= Excellent = Good - Fair = Poor = Critical

0%_ 1%

Figure 5.16 Royal Gardens Overall Pipeline Conditions
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5.3.2 Model Validation

The condition assessment model was valid&tedfied) with the actual values obtained from

the city of Edmonton reports. Therefore, this section shall signify the efficiency of the proposed
model compared to the actual results. Equations 5.4 and 5.5 show the average invalidity
percentage (AIP) and thR&VP as a means to check the accuracy of the estimated overall grade.
The closer the AIP is to 0.00, the more the model is considered soundditiorad the root

mean square error (RMSE) and the mean absolute error (MAE) are estimated according to
Equations 5.6 and 5.7, respectively. If their values are close 0, the model is sound and vice versa.
The fitness functionfi) can be calculateds perequation 5.8. If the value dfis closer to 1000,

the developed model is fit for the validation data and vice versa.

Table 5.11 summarizes the results based ba equations below. The AVP was calculated as
58.68%; RMSE was 0.89; MAE was 0.73 anhwvas 578.16 These results suggest that there

were deviations from the actual values. This was as expected, as the model suggests a new
methodology to assess the pipeline condition considering relative influence weights. In addition,
the model took into account arsestial defect, void erosion, which is not considered by many of

the existing protocols.

000 —zpmnm [5.4]
dwd prmmd 00 [5.5]
YO YO — [5.6]
060 2 @ [5.7]
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Q. — [5.8]

Table 5.11 Pipeline Condition Assessment Model Validation Results

Parameter Value
AIP 41.32%
AVP 58.68%
MAE 0.73
fi 578.16
RMSE 0.89

5.4Manhole Condition Assessment

Manhole condition assessment is the other part of the condition assessment model developed in
this research. The difference between the two assets is that the manhole is composed of several
parts that are expected to affect its condition, amdhg&se components must be taken into
account when computing the condition of the manhole. These components are pavements, cover
and frame, seals, chimney, cone, wall, bench, channel and steps. The aggregated manhole
condition index was found by utilizinthe ANP relative importance weights. Not all of these
components share the same defects. Utilizing the information available in the literature, the

defects were allocated based on the expected defect propagation in each component.

The QFD modelwas alsau | i zed, with similar and differen
depending on the number of associated defects. An HOQ was thus constructed for each defect

and the influence matrix values for the defects involved were acquired from the questionnaires.

541 DEMATEL and Defectsd I nfluence

The DEMATEL method was adopted to measure the influencing power of the defects involved
in each manhole component. Therefore, the influence matrix in each HOQ was constructed based

on the questionnaires and the resulting average influence matrix. BasHte @everities
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suggested for each component, pavement and steps did not acquire an influence matrix as they

do not share more than one defect.
5.4.1.1 Cover and Frame

This component of the manholadfive defects that could affect its conditimmacks, break,

grade, corrosion and inflow.
I Influence Matrix

An influence matrix was built for this component, as showitrigure 5.17. Further analysis

based on the average influence matrix was conducted to verify the influence power for each

defect.
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Figure 5.17 Cover and Frame Influence Matrix

ii. NormalizedinfluenceMatrix

The normalized influence matrix was calculated after summing the columns and rows for each

defect. The maximum value of the aforementioned result was used to form the normalized matrix

illustrated inTable5.12
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Table 5.12 Cover & Frame Normalized Influence Matrix

Defect

Number ! 2 3 4 >
1 0.00 0.35 0.01 0.16 0.36
2 0.01 0.00 0.01 0.27 0.37
3 0.29 0.36 0.00 0.09 0.08
4 0.04 0.27 0.00 0.00 0.11
5 0.06 0.02 0.00 0.35 0.00

Total AverageMatrix

The total average matrix was the fimaajor computation of the DEMATEL approach (Table
5.13). From the resulting matrix, one can determine the influencing power of each defect after
evaluating the C+Rlisplayed inTable 5.14 In addition,R-C should categorize the defects in the
system as iftuencing or influenced defext(Table 5.14) as explained in previous sections.
According toTable5.14, the highest influencingower was corrosigrandthe least influencing
power was the grade. According Eigure 5.18, there were two influencing defects: cracks and
grade; havever, three defectsere influencedbreak, corrosion and inflow. As a result, 40% of

the system was based on influenced defects and 60% was based on influencingasefbotsn

in Figure5.19.
Table 5.13 Cover & Frame Total Average Matrix
Number 1 2 3 4 5
1 0.07 0.54 0.01 0.55 0.65
2 0.06 0.17 0.01 0.51 0.51
3 0.35 0.63 0.01 0.49 0.49
4 0.07 0.36 0.01 0.21 0.29
5 0.09 0.18 0.00 0.47 0.15

Table 5.14 Cover & Frame DEMATEL Results-Weights, Influencing and Influenced Defects

Number | Columns Rows C+R R-C Weight
1 1.82 0.64 2.46 | 1.175115 17.88%
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Number | Columns Rows C+R R-C Weight
2 1.26 1.88 3.14 | -0.61865| 22.78%
3 1.96 0.04 2.00 |1.926171] 14.51%
4 0.95 2.24 3.19 | -1.28927| 23.14%
5 0.90 2.09 2.99 | -1.19336| 21.69%
25 - Cover & Frame Defects- Influencing vs. Influenced
2 .
1.5 -
l .
O
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Figure 5.18 Cover and Frame Defects Influencing vs. Influenced

Cover and Frame Defects Influencing vs. Influenced
(Summary)

Influenced
Influencing

Figure 5.19 Cover and Frame Defects Influencing vs.Influenced (Summary)

54.1.2 Seals

This manhole component had three defects that could affect its condiitiloav/infiltration,

crack/deteriorated and roots.
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i Influence Matrix

Accordingly, the influence matrix built for this component is showrFigure 5.20. Further

analysis on the average influence matrix was conducted to determine the influence power for

each defect.
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Figure 5.20 Seals Influence Matrix

il Normalized Influence Matrix

The normalized influence matrix was calculated after summing the columns and rows for each

defect. The maximum value of the aforementioned result was used to form the normalized

matrix.

Table 5.15 Seals Normalized Influence Matrix

Defect Number 1 2 3
1 0.00 0.03 0.50
2 0.49 0.00 0.49
3 0.51 0.13 0.00

iii. Total Average Matrix

The total average matrix was the final major computation of the DEMATEL approach. From the

resulting matrix, one can determine the influencing power of each defect after evaluating the
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C+R which is displayed ifTable5.17. In addition, RC values categorized the defects in the

system as influencing or influenced defect (

Table5.17), as explained earlier. According to that table, the highest influencing power was the
roots, and the least influencing power was the crack/deteriorated. Accordhimgyte5.21, there
was only one influencing defect, crack/deteriorated; however, Hrerevoinfluenced defects:
inflow/infiltration and roots. As a result, 67% of the system was based on influerfeetsdend

33% was based on influencing defects, as shovwigure5.22.

Table 5.16 Seals Total Average Matrix

DefectNumber 1 2 3
1 0.50 0.16 0.83
2 1.19 0.19 1.19
3 0.91 0.23 0.57

Table 5.17 Seals DEMATEL ResultsWeights, Influencing and Influenced Defects

Number C R C+R R-C Weight
1 1.48 2.59 4.08 -1.11 35.39%
2 2.57 0.58 3.15 1.99 27.31%
3 1.71 2.58 4.30 -0.87 37.30%
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2.50 - Seals Defects Influencing vs. Influenced
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Figure 5.21 Seals Defects Influencing vs. Influenced

Seals Defects Influencing vs. Influenced
(Summary)

m Influencing

m Influenced

Figure 5.22 Seals Defects Influencing vs. Influenced (Summary)

5.4.1.3 Chimney,Coneand Wall

These manhole components share similar defects; a total of fourteen defects that could affect
their conditions. These were longitudinal crack, circumferential crack, longitudinal fracture,
circumferential fracture, deformation, hole, break, collapse, cmrfalamage, roots,

inflow/infiltration, obstruction, attached deposits and protruding service.
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i Influence Matrix

Accordingly, the influence matrix that was built for each component is showigure 5.23.
Further analysis on the average influence matrix was conducted to evaluate the influence power

for each defect.
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Figure 5.23 Chimney, Cone and Wall Influence Matrix

ii. Normalized Influence Matrix

The normalized influence matrix§ble 5.18) was calculated after summing the columns and
rows for each defect. The maximum value of the aforementioned result was used to form the

normalized matrix.
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Table 5.18 Chimney, Cone and Wall Normalized Influence Matrix

Defect| 2 3 4 | 5| 6 7 8 9 10 | 11 12 13 14

Number
1 | 0.000| 0.000] 0.100 | 0.043[0.001] 0.030] 0.031 | 0.076 | 0.064 | 0.041] 0.075 | 0.000 | 0.032] 0.000
2 | 0.004] 0.000] 0.000 ] 0.095|0.001] 0.028] 0.039 | 0.020 | 0.058 | 0.038] 0.073 | 0.000 | 0.038] 0.000
3 | 0.000] 0.000] 0.000] 0.000]0.000 0.051] 0.056 | 0.063 | 0.076 | 0.067] 0.110 | 0.000 | 0.031] 0.000
4 | 0.000] 0.000] 0.000 | 0.000]0.000 0.028] 0.030 | 0.032 | 0.067 | 0.068] 0.107 | 0.000 | 0.027] 0.000
5 | 0.136] 0.062| 0.123 | 0.057|0.000 0.029] 0.027 | 0.119 | 0.074 | 0.032| 0.041 | 0.000 | 0.110] 0.000
6 | 0.004] 0.001| 0.000 | 0.000|0.000 0.000] 0.000 | 0.100 | 0.108 | 0.134| 0.135 | 0.131 | 0.011] 0.000
7 | 0.004] 0.002| 0.000 | 0.000|0.000 0.126] 0.000 | 0.093 | 0.097 | 0.132| 0.129 | 0.108 | 0.133] 0.000
8 | 0.000] 0.000] 0.000 | 0.000[0.000 0.023] 0.015 | 0.000 | 0.007 | 0.128] 0.136 | 0.135 | 0.135] 0.000
9 | 0.000] 0.000] 0.000] 0.000]0.000 0.025] 0.078 | 0.093 | 0.000 | 0.027] 0.069 | 0.000 | 0.102] 0.000
10 | 0.007] 0.005] 0.014 | 0.005]0.00d 0.004] 0.000 | 0.108 | 0.033 | 0.000| 0.126 | 0.000 | 0.107| 0.000
11 | 0.000] 0.000| 0.001 | 0.001]0.000 0.000] 0.000 | 0.075| 0.110 | 0.100] 0.000 | 0.000 | 0.000| 0.000
12 | 0.000] 0.000| 0.000 | 0.000]0.000 0.000] 0.000 | 0.000 | 0.000 | 0.063| 0.000 | 0.000 | 0.097| 0.000
13 | 0.000] 0.000] 0.000 | 0.000]0.000 0.000] 0.000 | 0.000 | 0.066 | 0.032| 0.000 | 0.000 | 0.000| 0.000
14 | 0.000] 0.000| 0.000 | 0.000]0.000 0.000] 0.000 | 0.000 | 0.000 | 0.074| 0.000 | 0.072 | 0.097| 0.000

Total Average Matrix

The total average matrixTéble 5.19) was the final major computatioof the DEMATEL
approach. From the resulting matrix, one can determine the influencing power of each defect
after evaluating C+R displayed irable5.20. In addition, R-C values categorized the defects in

the system as influencing or influenced defdcihle 5.20) as explained earlier. According to
Table5.20, the highest influencing power was the roots, and the least influencing power was the
protruding services. Based drigure 5.24, there were eight influencing fets and six
influenced defects. As a result3%of the system was based on influenced defectS@abewas

based on influencing defects, as shown in Figu2é.5
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Table 5.19 Chimney, Cone and Wall Total Average Matrix

Defect| 2 3 4 | 5| 6 7 8 9 10 | 11 12 13 14

Number
1 | 0.001] 0.001] 0.102 ] 0.043]0.001] 0.049] 0.049 | 0.125| 0.110 | 0.102| 0.141 | 0.028 | 0.085] 0
2 | 0.005] 0.001] 0.002 | 0.096|0.001] 0.041] 0.051 | 0.059 | 0.095 | 0.083] 0.121 | 0.019 | 0.077] 0
3 | 0.001] 0.001] 0.002 | 0.001]0.000 0.066] 0.067 | 0.113 | 0.119 | 0.124] 0.167 | 0.031 | 0.084] 0
4 | 0.001] 0.001] 0.002 ] 0.001]0.00d 0.038] 0.039 | 0.072 | 0.099 | 0.108] 0.148 | 0.019 | 0.066] 0
5 | 0.138] 0.063] 0.139 | 0.070|0.000 0.060] 0.058 | 0.191 | 0.148 | 0.121] 0.146 | 0.040 | 0.189| O
6 | 0.006] 0.002| 0.004 | 0.002|0.000 0.010] 0.014 | 0.153 | 0.146 | 0.193| 0.195 | 0.154 | 0.084] 0O
7 | 0.007] 0.004] 0.004 | 0.002[0.000 0.137| 0.016 | 0.163 | 0.160 | 0.216] 0.211 | 0.150 | 0.213| O
8 | 0.001] 0.001] 0.003 | 0.001]0.000 0.029] 0.020 | 0.041 | 0.049 | 0.173| 0.174 | 0.146 | 0.181] 0O
9 | 0.001] 0.001] 0.002 | 0.001]0.000 0.040] 0.083 | 0.126 | 0.038 | 0.079] 0.115 | 0.031 | 0.146] 0
10 | 0.008] 0.005] 0.016 | 0.007]0.00d 0.012| 0.009 | 0.135] 0.067 | 0.046| 0.161 | 0.021 | 0.141] 0
11 | 0.001] 0.001] 0.003 | 0.002]0.000 0.008] 0.012 | 0.106 | 0.125 | 0.127| 0.042 | 0.017 | 0.044| 0
12 | 0.001] 0.000| 0.001 | 0.000]0.000 0.001] 0.001 | 0.010 | 0.011 | 0.069] 0.011 | 0.002 | 0.107| 0
13 | 0.000] 0.000| 0.001 | 0.000]0.000 0.003] 0.006 | 0.013 | 0.070 | 0.038| 0.013 | 0.003 | 0.014| 0
14 | 0.001] 0.000| 0.001 | 0.001]0.000 0.001] 0.001 | 0.012 | 0.013 | 0.087| 0.014 | 0.074 | 0.117| 0

Table 5.20 Chimney, Cone and Wall DEMATEL ResultsWeights, Influencing and Influenced Defects

Sum of Sum .
Number of C+R | R-C | Weight
Columns
Rows
1 0.84 0.17 | 1.01 | 0.67 | 5.18%
2 0.65 0.08 | 0.73 | 0.57 | 3.74%
3 0.78 0.28 | 1.06 | 0.49 | 5.42%
4 0.59 0.23 | 0.82 | 0.37 | 4.21%
5 1.36 0.00 | 1.36 | 1.36 | 6.99%
6 0.96 0.49 | 146 | 0.47 | 7.46%
7 1.28 043 | 1.71 | 0.86 | 8.76%
8 0.82 1.32 | 2.14 | -0.50| 10.95%
9 0.66 1.25| 1.91 | -0.59| 9.81%
10 0.63 157 | 219 | -0.94| 11.23%
11 0.49 1.66 | 2.15 | -1.17| 10.99%
12 0.21 0.73 | 0.95 | -0.52| 4.86%
13 0.16 155 | 1.71 | -1.39| 8.76%
14 0.32 0.00 | 0.32 | 0.32 | 1.65%
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0 Chimney, Cone and Wall Defects Influencing vs. Influenced
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Figure 5.24 Chimney, Cone and Wall Defects Influencing vs. Influenced

Chimney, Cone and Wall Defects Influencing vs. Influenced
(Summary)
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Figure 5.25 Chimney, Cone and Wall Defects Influencing vs. Influenced(Summary)

54.1.4 Bench
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This manhole component had eleven defects that could affect its condition: longitudinal crack,
circumferential crack, longitudinal fracture, circumferential fracture, hole, break, collapse,

surface damage, settled deposits, roots and inflow/infiltration.

i Influence Matrix

Accordingly, the influence matrix that was built for such a component is shotigune 5.26.
Further analysis on the average influence matrix eealucted to evaluate the influence power

for each defect.
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Figure 5.26 Bench Influence Matrix

ii. Normalized Influence Matrix

The normalized influence matrixiéble 5.21) was calculated after summing the columns and
rows for each defect. The maximum value of the aforementioned result was used to form the

normalized matrix.
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Table 5.21 Bench Normalized Influence Matrix

Defect| 2 3 4 5 6 7 8 9 10 11

Number
1 | 0.000 |0.000] 0.105 | 0.044| 0.031 | 0.033 | 0.079 | 0.067| 0.001 | 0.043 | 0.078
2 | 0.004 |0.000] 0.000 | 0.099| 0.029 | 0.041 | 0.020 | 0.060| 0.000 | 0.039 | 0.076
3 | 0.000 | 0.000] 0.000 | 0.000| 0.053 | 0.058 | 0.065 | 0.079]| 0.000 | 0.070 | 0.115
4 | 0.000 |0.000] 0.000 | 0.000| 0029 | 0031 | 0033 | 0069| 0.001 | 0.071| 0.111
5 | 0.004 |0.001] 0.000 | 0.000| 0.000 | 0.000 | 0.105 | 0.113| 0.025 | 0.140 | 0.141
6 | 0.005 |0.003] 0.000 | 0.000| 0.132 | 0.000 | 0.097 | 0.102| 0.115 | 0.138 | 0.134
7 | 0.000 |0.000] 0.000 | 0.000| 0.024 | 0.016 | 0.000 | 0.007| 0.106 | 0.133 | 0.142
8 | 0.000 |0.000] 0.000 | 0.000| 0.026 | 0.082 | 0.097 | 0.000| 0.032 | 0.028 | 0.072
9 | 0.000 |0.000] 0.000 | 0.000| 0.000 | 0.000 | 0.000 | 0.103| 0.000 | 0.115 | 0.000
10 | 0.008 | 0.005] 0.015 | 0.006| 0.004 | 0.000 | 0.112 | 0.034] 0.137 | 0.000 | 0.132
11 | 0.000 |0.000] 0.001 | 0.001| 0.000 | 0.000 | 0.078 | 0.115] 0.069 | 0.105 | 0.000

Total Average Matrix

The total average matrixTéble 5.22) was the final major computation of tHREMATEL

approach. From the resulting matrix, one can determine the influencing power of each defect
after evaluating C+R, which is displayedTiable5.23. In additon, the RC value categorized

the defects in the system as influencing or influenceablg 5.23), as explained earlier.
According toTable5.23, the highest influencing power was the roots, and the least influencing
power was the horizontal (circumferential) crack. According-tgure 5.27, there were six

influencing defects and five influenced defects. Aesult, 45% of the systemvas based on

influenced defects and 55#as based on influencing defects, as showFigare5.28.
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Table 5.22 BenchTotal Average Matrix

Defect| 2 3 4 5 6 7 8 9 10 11

Number
1 | 0001 |0.001] 0.107 | 0.045]| 0.052 | 0052 | 0.134 | 0.117] 0.052 | 0111 | 0.152
2 | 0.005|0.001] 0.002 | 0.100| 0.044 | 0053 | 0.064 | 0.100| 0.039 | 0.090 | 0.129
3 | 0.002 |0.001] 0.002 | 0.001| 0.069 | 0071 | 0121 | 0.126| 0.057 | 0.135 | 0.179
4 | 0.001|0.001] 0002 | 0.001| 0.040 | 0.042 | 0.078 | 0.106| 0.045 | 0.117 | 0.157
5 | 0.006 |0.002] 0.004 | 0.002| 0012 | 0016 | 0163 | 0.158| 0.091 | 0.203 | 0.207
6 | 0.007 |0.004] 0.005 | 0.002| 0.145 | 0.018 | 0.176 | 0.176| 0.193 | 0.236 | 0.227
7 | 0.002 |0.001] 0.003 | 0.002| 0031 | 0022 | 0047 | 0.057| 0.154 | 0.186 | 0.185
8 | 0.001 |0.001] 0.002 | 0.001| 0.043 | 0.087 | 0.134 | 0.040| 0.079 | 0.087 | 0.123
9 | 0001 |0.001] 0.002 | 0.001| 0.006 | 0.010 | 0.030 | 0.116| 0.028 | 0.131 | 0.033
10 | 0.008 |0.005| 0.017 | 0.007| 0.013 | 0.011 | 0.146 | 0.081| 0.177 | 0.066 | 0.174
11 | 0.001 |0.001] 0.003 | 0.003| 0.009 | 0.014 | 0.115 | 0.141| 0.110 | 0.146 | 0.050

Sum of Sum .
Number of C+R R-C | Weight
Columns
Rows
1 0.82333| 0.036| 0.86 | 0.7874| 5.51%
2 0.62728 | 0.018| 0.65 | 0.6089| 4.14%
3 0.76522 | 0.15 0.92 | 0.6151| 5.87%
4 0.58982 | 0.165| 0.75 | 0.4253| 4.84%
5 0.86223 | 0.463| 1.33 | 0.3994| 8.50%
6 1.18855 | 0.395| 1.58 | 0.7931| 10.16%
7 0.68694 | 1.207| 1.89 -0.52 | 12.14%
8 0.59727 | 1.218| 1.82 | -0.621| 11.64%
9 0.3598 | 1.025| 1.38 | -0.665| 8.88%
10 0.70589 | 1.506| 2.21 -0.8 | 14.18%
11 0.5924 | 1.615| 2.21 | -1.022| 14.15%
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5.4.15 Channel
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This component had fourteen defects that could affect its condition. Since the common channel
component is formed like a pipeline (half a pipeline), many of its defects were similar to those of
pipelines. Therefore, the defects that could affect the chaondition were longitudinal crack,
circumferential crack, multiple crack, longitudinal fracture, circumferential fracture, multiple

fracture, hole, break, collapse, surface damage, roots, inflow/infiltration, and obstruction.

i Influence Matrix

Accordingly, the influence matrix that was built for such a component is showigime 5.29
Further analysis on the average influence matrix was conducted to evaluiaftutdree power

for each defect.
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Normalized Influence Matrix

The normalized influence matrix (Table 5.24) was calculated after summing the columns and the
rows for eah defect. The maximum value of the aforementioned result was used to form the

normalized matrix.

Table 5.24 Channel Normalized Influence Matrix

Defect
Number
1 0.000 | 0.000 | 0.065 | 0.090| 0.038 | 0.091 | 0.027 | 0.028 | 0.068 | 0.057 | 0.001 | 0.037 | 0.067 | 0.000
2 0.004 | 0.000 | 0.056 | 0.000| 0.084 | 0.095 | 0.025 [ 0.035 | 0.017 | 0.051 | 0.000 | 0.034 | 0.065 | 0.000
3 0.000 | 0.000 | 0.000 | 0.000| 0.000 [ 0.087 | 0.064 [ 0.053 | 0.065 | 0.067 | 0.000 | 0.065 [ 0.059 | 0.000
4 0.000 | 0.000 | 0.000 | 0.000| 0.000 [ 0.076 | 0.045 [ 0.050 | 0.056 | 0.068 | 0.000 | 0.060 | 0.098 | 0.000
5 0.000 | 0.000 | 0.000 | 0.000| 0.000 [ 0.098 | 0.025 [ 0.027 | 0.028 | 0.059 | 0.001 | 0.061 | 0.095 | 0.000
6

7

8

1 2 3 4 5 6 7 8 9 10 11 12 13 14

0.000 | 0.000 | 0.000 | 0.000| 0.000 [ 0.000 | 0.059 [ 0.062 | 0.054 | 0.066 | 0.006 | 0.048 | 0.086 | 0.000
0.004 | 0.001 | 0.002 | 0.000| 0.000 [ 0.000 | 0.000 [ 0.000 | 0.090 | 0.096 | 0.021 | 0.119 | 0.120 | 0.116
0.004 | 0.002 | 0.001 | 0.000| 0.000 [ 0.000 | 0.112 | 0.000 | 0.083 | 0.087 | 0.098 | 0.118 | 0.115 | 0.096
9 0.000 | 0.000 | 0.000 | 0.000| 0.000 | 0.000 | 0.020 [ 0.013 | 0.000 [ 0.006 | 0.090 [ 0.114 | 0.121 | 0.120
10 0.000 | 0.000 | 0.000 | 0.000| 0.000 [ 0.000 | 0.023 [ 0.070 | 0.083 | 0.000 | 0.027 | 0.024 | 0.061 | 0.000
11 0.000 | 0.000 | 0.000 | 0.000| 0.000 [ 0.000 | 0.000 [ 0.000 | 0.000 | 0.088 | 0.000 | 0.098 | 0.000 | 0.000
12 0.006 | 0.004 | 0.016 | 0.013| 0.005 | 0.019 | 0.004 [ 0.000 | 0.096 [ 0.029 | 0.117 [ 0.000 | 0.112 | 0.000
13 0.000 | 0.000 | 0.002 | 0.001| 0.001 | 0.000 | 0.000 [ 0.000 | 0.067 | 0.098 | 0.059 | 0.090 [ 0.000 | 0.000
14 0.000 | 0.000 | 0.000 | 0.000| 0.000 | 0.000 | 0.000 [ 0.000 | 0.000 | 0.000 | 0.099 | 0.056 | 0.000 | 0.000

Total Average Matrix

The total average matrix (Table 5.25) wie final major computation of the DEMATEL
approach. From the resulting matrix, one can determine the influencing power of each defect
after evaluating C+R which is displayed in Table 5.26. In addition, #@ \Rilue should
categorize the defects in thgstem as either influencing or influenced. According to same table,
the highest influencing power was the roots, and the least influencing power was the
circumferential fracture. According to Figure 5,3Berewere eight influencing defectand six
influenced defectsTherefore 43% of the systewasbased on influenced defects and 5&&s

basedon influencing defects (Figure 5.31).
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Table 5.25 Channel Total Average Matrix

Defect
Number

1 0.001 | 0.001 | 0.067 | 0.091| 0.039 | 0.109 | 0.054 [ 0.053 | 0.121 | 0.108 | 0.044 | 0.101 [ 0.138 | 0.026

0.005 | 0.001 | 0.058 | 0.002| 0.085 | 0.111 | 0.047 | 0.055 | 0.063 | 0.095 | 0.035 | 0.085 [ 0.121 | 0.018

0.001 | 0.001 | 0.003 | 0.002| 0.001 [ 0.090 | 0.083 [ 0.067 | 0.112 | 0.107 | 0.046 | 0.120 [ 0.119 | 0.030

0.001 | 0.001 | 0.002 | 0.002| 0.001 | 0.079 | 0.062 | 0.064 | 0.101 [ 0.107 | 0.045 [ 0.113 | 0.152 | 0.026

0.001 | 0.001 | 0.002 | 0.001| 0.001 | 0.002 | 0.072 | 0.070 | 0.094 [ 0.100 | 0.048 [ 0.097 | 0.132 | 0.026

0.005 | 0.001 | 0.006 | 0.003| 0.001 | 0.005 | 0.009 [ 0.012 | 0.131 [ 0.129 | 0.081 [ 0.171 | 0.167 | 0.134

2
3
4
5 0.001 0.001 0.002 | 0.002 | 0.001 0.101 0.040 0.041 0.068 0.094 0.037 0.102 0.139 0.017
6
7
8

0.006 | 0.003 | 0.005 | 0.003| 0.002 | 0.005 | 0.122 | 0.013 | 0.138 | 0.140 | 0.164 | 0.193 [ 0.180 | 0.128

9 0.001 | 0.001 | 0.003 | 0.002| 0.001 | 0.004 | 0.025 [ 0.018 | 0.033 [ 0.043 | 0.137 [ 0.158 | 0.151 | 0.129

10 0.001 | 0.000 | 0.001 | 0.001| 0.001 | 0.002 | 0.034 [ 0.073 | 0.108 [ 0.028 | 0.061 [ 0.066 | 0.096 | 0.024

11 0.001 | 0.000 | 0.002 | 0.002| 0.001 | 0.003 | 0.004 [ 0.007 | 0.021 | 0.097 | 0.020 | 0.109 [ 0.023 | 0.004

12 0.007 | 0.005 | 0.018 | 0.014| 0.006 [ 0.024 | 0.013 [ 0.010 | 0.122 | 0.066 | 0.147 | 0.050 [ 0.145 | 0.017

13 0.001 | 0.001 | 0.004 | 0.003| 0.002 | 0.003 | 0.007 [ 0.010 | 0.092 [ 0.116 | 0.088 [ 0.118 | 0.035 | 0.013

14 0.000 | 0.000 | 0.001 | 0.001| 0.000 [ 0.002 | 0.001 [ 0.001 | 0.009 | 0.013 | 0.109 | 0.070 | 0.010 | 0.001

Table 5.26 Channel DEMATEL Results-Weights, Influencing and Influenced Defects

Number Sum of | Sum of C+R R-C | Weight
Columns| Rows
1 0.95 0.03 0.99 0.92 | 5.26%
2 0.78 0.02 0.80 0.76 | 4.25%
3 0.78 0.17 0.95 0.61 | 5.09%
4 0.75 0.13 0.88 0.63 | 4.71%
5 0.64 0.14 0.78 0.50 | 4.19%
6 0.65 0.54 1.19 0.11 | 6.33%
7 0.85 0.57 1.43 0.28 | 7.61%
8 1.10 0.49 1.60 0.61 | 8.52%
9 0.71 1.21 1.92 -0.51 | 10.25%
10 0.50 1.24 1.74 -0.74 | 9.27%
11 0.29 1.06 1.35 -0.77 | 7.23%
12 0.64 1.55 2.20 -0.91 | 11.73%
13 0.49 1.61 2.10 -1.12 | 11.22%
14 0.22 0.59 0.81 -0.37 | 4.34%
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5.4.1.6 Discussion

The DEMATEL approach was conducted to study the cause and effect of the defects involved in
sewer assets (pipelines and manholes). The manholes were composed of multiple components in

which each had its owmalysis. The highest and the lowest influence powers among the defects
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were calculated. In addition, the influencing and influenced defects were displayed in scattered

plots.

Table5.27 displays the results found from the DEMATEL approach on pipelines and manholes.
Based on the results, most of the assets have higher influencing defect percentages, except for
the manhol esd seal s0d c¢ o mptlerdefatts that drehdefed ifosthisd u et
component were crack/deteriorated, roots and inflow/infiltration. Based on these defects, it was
obvious that a crack or a deterioration in the seals lead to the root penetration and/or
inflow/infiltration. However,other assets and components involved a higher number of defects in
which each system had its own influencing a
opinions. The erosion void in the pipeline had the highest relative influence power, as is a major
contribution in developing other defects; such as excessive deformation, fractures, infiltration,

etc. (Davies et al 2001). It is worth noting that the defects that propagate due to void erosion are
also influencing the development of other defects. In adalin |, rootsodé6 defects
significant defecthat has a great influeimg) power in multiplemanholecomponents. According

to Schrock (1994), roots caxpand an existing opening in a sewer causing weakening in the
structure and ultimately leadirtg breakage and collapse. Hence, the accumulated effect of root
intrusion on other defects resulted in a higher influence power compared to other defects. On the
other hand, the mosépeated defect found in multiple parts was protruding services, aet whi
represented the lowest influence power. This was as expected, as protruding services present in
the sewer system due to construction and design faults and are not caused by other sewer defects.

Therefore, the accumulation of influence power was wsttiresulting in a low weight.
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Table 5.27 Summary of DEMATEL Approach

Asset Highest Lowest Influence | Influencing | Influenced

Influence Power Power % %
Pipeline Erosion Void Protruding services 55 45
Cover & Corrosion Grade 60 40

Frame
Seals Roots Cracks/Deteriorated 33 67
% Chimney Roots Protruding services 57 43
'CC% Cone Roots Protruding services 57 43
> Wall Roots Protruding services 57 43
Bench Roots Horizontal Crack 55 45
Channel Roots Clrcgrr:éfdfgtlal 57 43

5.4.2 QFD

The QFD was utilized in preparing the tomst roof triangle of each HOQ of each component.

Further analysis was implemented to find the relative influence power of each defect to compute

the final weights that e pr esent s the final WHATO6s in eacl
percentage was based on the HOWb6s of each def

foll owing demonstrates an evaluation met hodol

5.4.2.1 Pavement

The mvement condition was checked using the Pipetech View software. Based on the images,
the manhole was located in a green area where no pavement was available. In such a case, the
pavement condition was taken as Excellent. Therefore, the local pavemetibconds 1.00 as

shown in Table 5.28.

Table 5.28 Pavement Condition

. Pavement
Condition Pavemer;}OCondltlon Overall
Condition
1.00
Good 0.00%
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Pavement
Overall
Condition

54.2.2 Cover & Frame

The information for this manhole component was checked using the Pipetech View software.

Condition Pavemer;tCondltlon
Vi)
Fair 0.00%
Poor 0.00%

Accordingly, the defect counts were considered and used to construct the HOQFaguper

5.32 and to calculate the condition of the component as showabte5.29. Subsequently, the

relative percentage for each grade wasufn d

grade, which was 1.67.
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Figure 5.32 Cover and Frame HOQ

Table 5.29 Cover and Frame Conditions

Condition Cover & Frame Relative % Cover & Frame
Condition % Condition Overall Condition
Good 17.877% 22.83%
Fair 0.000% 0.00% 1.67
Poor 11.572% 14.78%

5423 Seals

The seals condition was computed after checking the PipeTech View software for the manholes
and the information in the database. Accordingly, the defect counts were considered and used to

construct the HOQ as shown kilgure 5.33 and to calculate the condition of the component as
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listed inTable5.30. Subsequently, the relativenqgentage for each grade was found and used to

compute the overall componentés grade, which
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Good 2 0 1 0
Fair 3 0 0 0
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Figure 5.33 Seals HOQ

Table 5.30 Seals Conditions

.. . Relative % Seals
Condition | Seals Condition % 0 Overall
Condition o
Condition
Good 27.31% 27.31%
Fair 0.00% 0.00% 1.27
Poor 0.00% 0.00%

5.4.2.4 Chimney

The chimney condition was computed after checking the PipeTech View software for the
manholes and the information in the database. Accordingly, the defect counts were considered
and used to construct the HOQ as illustratedrigure5.34 and to calculate the condition of the
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component as shown ihable 5.31. Subsequently, the legive percentage for each grade was

found and used to compute the overall compone
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Figure 5.34 Chimney HOQ

Table 5.31 Chimney Condition

Chimney Condition Chimney

Condition Condition ! Overall
Relative % "

% Condition

Good 17.50% 49.52% 2.08
Fair 5.74% 16.23%
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Poor 2.18% 6.17%

5425 Cone

The cone condition was computed after checking the PipeTech View software for the manholes
and the information in the database. Accordingly, the defect counts were considered and used to
construct the HOQ as shown kigure 5.35 and to calculate the condition of the component as
indicated inTable 5.32. Subsequently, the relatiy@ercentages for each grade were found and
utilized to compute the overall componentds g
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Figure 5.35Cone HOQ
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Table 5.32 Cone Condition

Cone Condition Cone
Condition | Condition . Overall
Relative % L
% Condition

Good 6.99% 100.00%
Fair 0.00% 0.00% 2.00
Poor 0.00% 0.00%

5426 Wall

The wall condition was computed after checking the PipeTech View software for the manholes
and the information in the database. The defect counts were considered and used to construct the
HOQ as peFigure5.36 and to calculate the condition of the component as showahie5.33.
Subsequently, the relative percentages for eaelde were found and used to compute the

overall component 6s grade, which was 2.04.
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Figure 5.36 Wall HOQ

Table 5.33 Wall Condition
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Wall
Overall
Condition

2.04

wall Condition
Condition | Condition R = o
o elative %
0
Good 27.46% 77.70%
Fair 0.00% 0.00%
Poor 3.11% 8.79%





























































































































































