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Abstract

Civil infrastructue systems are the foundation of economic growth and prosperity in all
nations In recent ye, infrastructure rehabilitationas been a focus of attention in North
America and around the worldA large percentage of existing infrastructure assets
deterprating due to harsh environmental conditions, insufficient capacity, anddagdly,

an assets management system would include functions such as condition assessment,
deterioration modeling, repair modeling, liggcle cost analysis, and asset prioatian for

repair along a lanning horizon. While many asset managemesystems have been
introduced in the literaturdew or no studieshave reportedn the performance of either

optimization or heuristic tools on largeale networks of assets.

This resarch presents an extensive comparibetween heuristic and genegilgorithm
optimization methods for handling largeale rehabilitation programs. Heuristic and
optimization fundallocation approaches have been developed for three case studies obtained
from the literature related to buildings, pavements, and bridgkedifferent life cycle cost
analysis (LCCA) formulationsLargescale networks were constructémt comparing the
efficiency of heuristic and ojnization approaches dargescale rehabitation programs.
Based on extensive experiments with various case studies on different network sizes, the
heuristic technique proved its practicality for handling various network sizes while
maintaining the same efficiency and perfonoa levels. e performance of thgenetic
algorithm optimization approacttecreased witmetwork size and modetomplexity. The
optimization technique can providéhigh performance level, given enouglocessing time.
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Chapter 1

Introduction

1.1 Background

Civil InfrastructureSystems, for exampjebuildings, water/sewer networks, and roadways
are the foundation for economic growth, and their value is significant in raostries. In
Canadathe established total stocks of buildings and constructed iftaste have a value

of more than $2.94 trillionStatistics Canada, 1994; Statistics Canada, 1996; Statistics
Canada, 1999)The yearly average expendituwoe infrastructure systems is estimated to be
$53 billion, with new assetsbeing built at anincreasing rate of8100 billion per year
(Elbeltagi & Tantawy, 2011; Vanier, 2001Jable 1.1 shows the federal government
infrastructure capitadverage annual growth by region and type of asset, 1961 to(R@g5

2008) Figurel.1 presents the annual federal infrastructure expenditure in C&oad2006

to 2013 (Dupuis & Ruffilli, 2011Y)()()(). In the United Sites, the total value of
infrastructure systems is estimated to be $30 trillaord the yearly average expenditure on
infrastructure systems is estimated to be $303 billElbeltagi & Tantawy, 201; Vanier,

2001) The operation, maintenance, repair, and renewal of these assets represent a rapidly
growing and major cost to Canada and the United States. Similar challenges exist in
Australia and other developed countr{Bsirns, Hope, & Roorda, 1999; Vanier, 2001)

In many regions of the worlda large percentage of existing infrastructure assets are
deteriorating due to harsh environmental conditions, insufficient capacity, ariglagkagi
& Tantawy, 2011)In Canada, infrastructure has been negle in the past few decades, so
the resulting accelerated deterioration has caused many facilities to become unsafe or no
longer serviceabléong befae the end of the expected service liféGiannini, 2008) The
value of current new construction projects ($100 billion) in Canada is less than thet of
renewal, repair, and maintenance maf(§dio4 billion) (Vanier, 2001) In the United States

modification and renovatio projects represent 35%f the overall turnover in the
1



construction secto(Mitropoulos & Howell, 2002) Therefore it is crucial to manage and
operate these infrastructure assets efficiently and sustainably.

$ billions

2006-2007 2008-2009 2010-20M 2012-2013

Figure 1.1: Annual Federal Infrastructure Spending (Dupuis & Ruffilli, 2011)

Table 1.1: Average Annual Growth of Federal Government Infrastructure Capital by
Region and Type & Asset, 19610 2005(Roy, 2008)

Atlantic  Quebec Ontario Prairies British Columbia  Canada

%

Road -2.1 -1.8 -0.9 -1.8 -1.5 -1.5
Environment -2.3 -0.4 -0.8 -1.1 -1.3 -1.1
Water systems -2.4 -14 -0.1 -0.5 -0.8 -0.8
Office building 1.2 1.4 1.0 1.1 1.1 1.1
Culture -1.0 3.1 0.4 -0.3 -1.1 0.5
Marine construction -1.4 -0.7 -1.4 -2.4 -1.7 -1.5
Other transportation -0.3 -0.4 -1.7 -1.1 -1.7 -1.0
Communication -1.4 -1.4 -1.0 -2.3 -3.4 -1.5
Laboratories 0.3 1.7 -0.2 1.4 -2.3 0.2
Engineering -2.7 0.4 0.5 1.3 0.6 0.5
Institutional 0.5 -0.4 -0.8 1.9 0.1 0.3
Commercial 0.2 -1.4 -1.6 -0.5 -1.6 -1.1
Security 0.3 1.1 -0.7 1.3 0.3 0.2
Other -3.4 2.1 -1.1 -2.0 -2.5 -2.1
All -0.7 -0.1 -0.3 -0.2 -0.7 -0.3

Civil infrastrudure assets are characterizedeasg complex imature vastin size and of

big in asset valueMaintaining such assetsdballenging but verycritical task, particularly

2



in light of the lack of available funds for infrastructure rehabilitation and maintenance
(Elhakeem, 2005) Consequently,increasing pressure is being brought to bear on
municipalities to develop new strategies and tools for allocating limited resources more
wisdy and to achieve best valfer thar investment(Elbehaiy, 2007; Shen, 1997)

The allocation of available funds across infrastructure classes or programs is one of the
main activities in infrastructure asset management. Continuous research efforts have been
undertaken in the last few decades to develop talsmethodologies for allocating funds in
infrastructure asset managemengthodologies that range from being based on subjective

prioritizationto mathematicgbrogramming and optimization

Prioritization methodologies are thechniquemost commonly wsd by authorities in
infrastructure asset managem@t Halfawy , Newton, & Vanier, 2006; Shen, 199Fpr
example, in the UK, the local authorities updoritizationbased programdgor fund
allocaton and ranking projects and workKShen, 1997) Also, in Hong Kong, the
Architecture Services Department (ArchSD) and the Hong Kong Housing Department, the
two government departments that are responsible for almasteafifrastructure stocks in
Hong Kong, are using prioritization techniques for constructing and managing their assets
(Shen, 1997)

Although various researchers have dealt with fund allocation, there is a seriou$ lack o
methodologies that can deal with large numsh#rinfrastructure assei{&lbehairy, 2007)
The inadequacy of traditional prioritization and fund allocation methodologies to handle
large scale problems, which isetltase in infrastructure assets, is considered one of the
greatest obstacles in the development of efficient method¢klgghairy, 2007)Moreover,
most of these methodologies were developed for a single classset and lack a
comprehensive view of the whole process of infrastructure asset manag@meRt
Halfawy, Vanier, & Hubble, 2004)Moreover, few or no studieshave reportedon the
performance of either optimizatioor heuristic tools on largecale networks of assets
(Elhakeem, 2005)



1.2 Research Objectives

The goal of tle currentresearch is texamine the efficiency of both optimization and
heuristic techniques in prioritizing furallocation for rehabilitation programshich involve

a large number of infrastructure assétise research then preserasathorities and decisien
makerswith recommaedatiors for efficient methosi for allocating funds for rehabilitation
and maintenangerograms with very large numisasf assetsThe principal objectives of this

research are as follows:

¥ Investigate currerfteuristic and optimization methodologies fond allocation and
prioritization of rehabilitation programs

¥ Develop optimization and heuristic procedures for three case studies obtained from
the literature, related to buildings, pavements, and bridges

¥ Examineand compare the efficiency of heuristic versus optimization methods on
large-scale rehabilitation programs created from multiple copies of the original case
studies

¥ Based on the comparison, provide guidelines for handling-Eogle problems

In essence, the aim of this research iscomduct an extensive comparison between
heuristic and optimization methods for laigmale rehabilitation program$heresearchwill
provide valuable information tassist owner organizations, such as governrhagencies
arnd municipalities, and their consultantsto effectively manage and operate their

infrastructure asts with the optimuncondition and cost.
1.3 Research Methodology

The methodology for achieving the aforementioned research oggds illustratedn

Figurel.2. Each step is briefly described as follows:

1. Review of the Existing MethodologiesA comprehensive survey of the literature is
carried out in order to review and examine existing prioritization and fund allocation
techniques, models, and methodologies. The most appropriate methodologies and

modelswill be selected to be the bafe developing the proposed methodology.

4



2. Examination of Available Methodologies The limitations and characteristicstog
available methodologies will bedentified through implementatiom a reallife case
study.

3. Heuristic and Optimization Prioritization Met hodologiesof Fund allocation For
Large Number of Infrastructure Assets Based on methodologies examination,
suggestions fomnprovement and incorporation will baentified andthe evaluation
criteria of each infrastructure class will besuggested. A metidology that can
effectively prioritize largenetworksand suit different classes infrastructre assets
will be then developed.

4. Case Study and Validation The proposed methodology will balidated andhen

testedon three models for differemasestudies.

Review of Existing M ethodol ogies

Study of Available Methodologies

l

Develop Optimization and Heuristic Models
for Three Case Studies

Experimenting with Large Number of Assets

l

Provide Detailed Comparison Between
Heuristic and Optimization

v

Recommend Guidelines

Figure 1.2: Schematic Diagram for Research Methodology



1.4 Thesis Organization

This thesis is organized as follows:

Chapter 2 introduces a detailed review of the most recent efforts related to asset
management systems. A review of the basic functionanohAsset management system,
condition assessment, deterioration model, repair model, andytife cost model is also
presented in this chapter.

Chapter 3 presents lifecycle cost models for three different case studlasldings,
pavements, and bridges. An overview of each case study is presardetie components,
inputs, and outputs of each model are discussed.

Chapter 4 introduces two fundhllocation approachesoptimization and heuristicThe
validation andtestingof these approaches timethree different case studies is presented. The
validation results and outputee discussed.

Chapter 5 presents validation ahe optimization and heuristic approaches on lsgde
networks. The performance and ability of the two approaches to handletatlgenetworks
arediscussed.

Chapter 6 provides the conclusiorand future work



Chapter 2

Literature Review

2.1 Introduction

The allazation of available funds across infrastructure classeshaldings pavementsand
bridges) or programs (e.g. maintenance, construction) is one of the main activities in
infrastructure asset managemeimfrastructure is a broad category of assets a&nd
consideredo bethe basic physical and organizational structures and services needed for an
economy society or community to function.Asset management is defined ke
Organization for Economic Cooion and Development (OECD) as Oa systematic process
of maintaining, upgrading and operating assets, combining engineering principles with sound
business practice and economic rationale, and providing tools to facilitate a more organized
and flexible appwach to making the decisions necessary to achieve the publicOs expectationsO
(Woodward, 2004)The definition shows that it is important for an asset management system
to include a systematic methodology for fundiajocations (or tradeff analyses)
(Elhakeem, 2005; Gharaibeh, Chiu, & Gurian, 2006)

In many regions of the world, infrastructure systems are ageing and detegioiati
Canada, for example, infrastructure has been negléotéde past few decadeand the
resulting accelerated deterioration has caused many facilities to become unsafe or no longer
serviceabldong before the end of thheexpected service liféGiannini, 2008) An extensive
rehabilitation of all deteriorating assets with the current lack of available funds is impossible
(Farran & Zayed, 2009Y hus, proper management of dahble financial resources is needed
and an adequate rehabilitation program that alld&gsionson the appropriate intervention
at the proper stage and helps miniertatal expenditures is crucial. Hence, in North America
and around the world, infrasttuce renewal has been a focus of attention in recent years
(Elbehairy, 2007)



2.2 Infrastructure Asset Management

All economic resources are considered assets. The term "assets" represents all tangible or
intangible iems that areapable of being owned or held to have a positive economic value.
Infrastructure management can be defined as the pratédscovers the activities involved

in providing and maintaining infrastructure at a level of servicemtable to th@wners or

public (Hudson, Haas, & Uddin, 1997Also, the US Federal Highway Administration
(FHWA) has defined asset management as Oa systematic process of maintaining, upgrading
and operating physical assets ceffectivelyO (Elhakeem, 2005)It combines engineering

and mathematical analysis with sound business practice and economic theory. Asset
management systems are gdalen and like the traditional planning pross, include
components for data collection, strategy evaluation, program selection, and feedback. The
asset management model explicitly addresbesntegration of decisions made across all

program areas.

Infrastructure assets are considetieel basic phgical and organizational structures and
servicedhat areneeded for an economsociety or community to functiofElhakeem, 2005;
WIKIPEDIA, 2011) Nowadays, noone would imagine a town or en a village in a
developed country without infrastructure such as roads, electuatgr supply services, and
communication systems. Whilst maintaining the function of the system as a whole,
infrastructure assets are renewed by replacing individuapopnents and not the whole
system (Alegre, Covas, Monteiro, & Duarte, 2006Hence, infrastructure assets have
indefinite lives andare characterized by being complex in nature, costly to build, operate,

and maintain, hge in size, and highly challenging to manégkhakeem, 2005)

Infrastructureis facing a crisis that isffecting econonnes and social prosperitgMasood,
2008) For instance, in Canada, most infrastructure facilities were built betitheel®50s
and 1970s, anthanyof themaredue for replacemer{Mirza, 2007) According to the Civil
Infrastructure Systems Technology Road M@p32013, 41% of Canadian infrastructure is
40 years old or less, 31% is between 40 to 80 yearantti28% is more than 80 years,old
as shown inFigure 2.1 (Masood, 2008)Yet for the past 20 years, reduced revenues and
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growing responsibilities have caused municipalitiesundergoa fiscal squeez€Mirza,

2007) As a result, needed investments were deferred and infrastructures continued to
deteriorate, withthe cost of fixingthemclimbing from $12 billionin 1985to $60 billion in

2003 to $123 billion in 2007(Mirza, 2007) This deficit must be addressed in a timely
manner or the deteridiag infrastructurs will createa domino effect that carries on for
years into the futur@asood, 2008)This domino effect and deficit can be elimirtgter at

the very least controlled, if the necessary funding is provided and effectivelyeglamd
allocated.

()" (1)
() ()

-3 (2 (Gat

Figure 2.1 Age of Canada'’s Infrastructure (years)(Masood,2008)

2.3 Infrastructure Asset Management Systems

The termOnfrastructure AsseManageme®is often used to clarify that the topic is the
management of physical assets rather than the financial assets. An infrastructure asset
management system is tiset of tools that can support an owner organization to better
managets assets. According t@Hudson et al., 1997)infrastructure management system is

the operational package (methods, procedures, data, software, policies, decisions, etc.) that
links and enables the carrying out of all the activities involved in infrastructure

management".

The purpose of assatanagement is tprovide guide in how infrastructure management
can be conducted in aptimalmannerat minimal cost. An infrastructure asset management

system should answer three main quest{&tisakeem, 2005)



i.  Which assets/componeraseto be treated first (have high priorities)
ii.  When to treat the selected assets/components

iii.  What type of treatment (maintenance, rehabilitation, or reconstruction) should be
applied for each selected asset/component

A practical ad effective infrastructure asset management system should cover the
following aspectgElhakeem, 2005)

a) Conditionassessment

b) Deteriorationrmodeling

C) Repairdternatives andtrategies
d) Improvement afterepair

e) Assd prioritization andepairfundallocation

2.3.1Challenges

Developing an infrastructure asset management system is a complex and challenging task
due to the large number of asset components. The level of complexity of a system depends
on the number ofomponents and pe of theconsidered asseto@d, building, power plant,

etc.). For example, a typical school building camnsist ofabout 170 componentsoff,

boiler, interior door, etc.) and each component can have several instances. To illustrate, a
roof can have several sections, and school buildings usually have multiple doors, windows,
and boilersThe complexity of managing infrastructure assets comes from the fact that each
component should be dealt with independently throughout the whole grivoes condition
assessment to prioritization and fund allocatiéarthermore, an organization is usually
responsible for managingne or even hundreds of asseBne example is the Toronto
District School Board (TDSB)which is responsible for 642 sable, where inspections,
analysis, and ratings involve more than 300,000 comps(ieliakeem, 2005)
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In the ideal situation, budgets are sufficient dhd repair needs of all assets can be
addressedHudson et al., 1997)However, in reality, most public infrastructure agencies

have limited or constrained budgéEhakeem, 2005)

2.4 Asset Management Functions

Asset managemesystems are systematic procedunésndedto achieve the highest benefit
from a facility with the lowest cost (best value of money). Generally, asset management
systems include different functionBigure 2.2 ): (a) condition assessment; (b) deterioration
modeling; (c) repair modelingind (d)life-cycle cost analysi®r the allocation of funds to
different assets

Performance Deterioration Renewal
Assessment model Decisions

Figure 2.2: Asset Management Functions

Life Cycle Prioritization &
Cost Analysis  Fund Allocation

2.4.1Condition Assessment

Condition assessment is one of the most important functiortheirasset management
process. It is considerdke staiing point for other functionsuch as deterioraticemalysisor

repair selectionlt describes the existing condition of the assetompared to its condition at

the time of constructionElbehairy, 2007; Elhakeem, 2005)Rugless, 1993)defined
condition assessment as Oa process of systematically evaluating an organizationOs capital
assets in order to project repair, renewal, or replacement needs that will preserve their ability
to support the missiorr activities they were assigned to serveO.

A detailed ondition assessment can be used directlgdtermine a repair priority list
without having to use deterioration or detailed -tfecle analysis functiongElhakeem,
2005) The condition of the asset is usually assessed by means of an inspeetoiar
inspection of assets is essential for alerting authorities to the deterioration of thAlaeset.
inspection results enable engineers to determinegefunaintenance requirementfue to
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the importance of technical expertise and experience in the inspection process, usually an
inspection is carried owir at least supervisdiy a professional engiee(Elbehairy, 207).

Four main aspects must be addressed for a detailed condition assedSimsgem,
2005)

¥ Asset Hierarchy
0 Inspection level
0 Inspection techniques
¥ Evaluation Mechanism
o Condition scale
0 Required data
0 Requiredanalysis
¥ Field Inspection
o Detect deficiencies
0 Measure severities
0 Add notes, pictures, etc.
¥ Condition Analysis
0 Rate inspected components

0 Calculate condition at any level in the hierarchy

2.4.2Deterioration Modeling

Asset deterioration is the process ofcldee of an asset resultinffjom aging, deferred
maintenance decisions, severe environmental congjtimna combination of theg@bed
Al-Rahim & Johnston, 1995Fach component of the asset has its own urdgterioration
rate, and that mals the problem more complicat¢Blbehairy, 2007) Maintenance and
rehabilitation decisions depend on bdkte assetOs current condition amddjcted future
condition At both netwok and project levels, deterioration models are used for the
determination of maintenance and rehabilitation requiremg@tahin, 1994) Therefore,
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deterioration models are crucial for any management systepnedcting future funding

needs

Several techniquesreused for developing deterioration modeihich can be categorized
into three main categories: deterministic, stochastic, and artificial intelligence models
(Elhakeem, 2005)

Deterministic Models Deterministic models are based on mathematically or statistically
formulating the relationship between factors affecting asset deterioration trend
measureent of asset conditionThe output of such models & deterministic valughat
represents thaverage préicted condition Deterministic models can be classified into three
main techniques: straighihe extrapolation, regression, and ceitting method (Morcous,
2000). The different techniques tiedeterministic methods are discussed below:

a) StraightLine Extrapolationis considered the simplest technique for predicting future
conditiors. It is a straightine exploration of two points with known conditions, give
the assumption that the assetOs usage, environment, and maintenance history follows a
straight line. This method requires performing at least one condition measurement
after construction and assuming an initial condition at the time of construction. Then
the future condition at any time is determinedfbjowing a line between the two
known condition points. The straiglme exploration is used becausetsfsimplicity
and the uncertainty of the future deterioration rate. This deterioration prediction
method is accurate enough for predicting stemin conditions (a few years), but not
for long periods. Also, the straighbhe exploration method cannot predict the future
condition of a relatively new asset, or of an asset that has recently receiadra m
rehabilitation(Shahin, 1994)

b) Regressionis a statistical toolwhich! aims to find a function that represents an
empirical relationship between two or more variables. These variables are described
in terms oftheir mean and variance. This technique provides more accurate prediction
of future condition than straigiihe extrapolation. There are several forms of
regression such as linear, nelnear, stepwise, and multiple regression. The
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technique starts witldeveloping a function that suits the available dHt#. fits a

line, a regression analysis is performed for optimally determining the coefficients that
represent that line. Determining these coefficients is based on minimizing the error
between the acé and the predicted values. Multiple linear regression is a linear
regression that is performed for more than two variablegnbmlinear case, data is
represented by a polynomial loy exponential functions. Then, a correlation factor is
calculatedto choo® the function that best represents the relationship antioeg
variablegElhakeem, 2005; Shahin, 1994)

Stochastic Models The theory of stochastic processes is now being increasingly used in
engineering and other applied science applications. Stochastic models have significant
contributionsfor the field of infrastructure deteriorationodelingbecause of the uncertainty
andrandom nature of the deterioration process. Stochastic models can be classified into three
main categories: (1) Probability Distribution, (2) Markovian Models; and (3) Simulation

Techniques. Each category is discussed in datiollows.

1) Probability Didribution: Probability distribution is the process of describing the
probabilities associated with the values of a random variggi@hin, 1994) An
infrastructure facility condition measure suchRasrement Condition IndefCl) or
Material Condition Rating (MCR) can be treated as a random variabtk the
probability distribution will describe the probabilities associatedh it its values
(Morcous, 200Q)For example, if the PCI is the random variable, then its probability
distribution can be described by its cumulative distribution func@@nshown in
Figure 2.3. The vertical axis in this figure is thHerobability of PClI PPC) being

equal or less than a given value.
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Figure 2.3: Cumulative Distribution Function (Shahin, 1994)

The use of probability distribution in predicting asset condition requires the knowledge of
the distribution law for the variable being predic{&hahin, 1994)Probability distribution
has not been applied or tested practicadiyd this is a main drawback of this technique
(Morcous, 2000Q)

2) Markovian Models: The Markov Decision Process (MDP) is the most popular
technique obtained from operation researchh has been extensively used in
developing stochastic deterioration models for different infrastructure facilities (e.qg.
buildings, pavements, pipes, et¢Blbehairy, 2007) Markovian models capture the
uncertainty of the deterioration modelhey are based on the concept of defining
discrete asset condition states amxtrapolatinghe probability of changing from one
condition state to another over multiple discrete time intervdds. pobabilities of
transition!!,,! from one condition state to another are represented by a matrix of
order (n x n) called the transition probalyilihatrix (TPM) as follows.

e et !

Lt Ly ! Ly

Hhn iy

g1 ! ! P Do ey e vy
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where (n) is the number of condition states, i is the current condition, and j is the condition of
the following state. 1 to represents the condition states, where state 1 is the current or new
condition, state 2 is a deteriorated condition, and so on to rstathich is the critical
condition. Each elemert,,! in the matrix represents the probability of transition frontesta
| to statej during a given period of time known dke transition period. The sum of
probabilities in each row equals 1.0. For example, ) in the matrix represents the
probability of transition (deterioram) from condition state 1 to conditionas¢ 2 while
I,y ! represents the probability of transition (improwen) from condition state 2 to
condition state {Elhakeem, 2005)

Although Markovian models are the most widely used approach for detenorati
modeling and great advances have been achieved with their use, they have some limitations:

¥ TheMarkovian modelsssume that the predicted future condition is a function
of only the current condition andhat past conditions have no effect on
predictedones(S. M. Madanat, Karlaftis, & McCarthy, 1997)

¥ The Markovian modelsasssume fixed assumptiomsd transition probabilities
throughout the predicted peri@dlbehairy, 2007)

¥ It is difficult for Markovian models to consider the interaction among the
deterioration mechanisms of different componé¢8tanipar & Adams, 1997)

¥ The Markovian modelsdo not predict the afterepair conditon (S. Madanat,
Mishalani, & Ibrahim, 1995)

¥ Transition probabilities are estimated based on subjective engineering
judgment and updating is required when new data are obtafieddemir,
Ayvalik, & Mohammadi, 2000)

3) Simulation Techniques:The smulation technique is anothenethodthat can be
appliedin orderto model deterioration behavior. This technique can be achieved by
stochastic analysis of the systesince deterioratin behavior is a complex process in
terms of transition times between various states or conditions. Simulating the

deterioration behavior can be achieved if statistics on transition times are available.
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This technique will result a probabilistic deteriowat model. A main drawback of
this technique is that it has not been tested practi@diblycous, 200Q)

2.4.3Repair Modeling

Repair modeling is the process of determining the suitable repair options and estimating the
condition improvements arassociated costs. In current practice, a fixed cost is assigned as a
percentagef replacement cost to subjectively set repair tyggshas minor, moderate, or
major repair(Seo, 1994)However, this classification may be not accurate in the case of
buildings because it does not define clear strategies to repair specific deficiEttadeem,

2005)

Calculating a compone@treplacement costsioften performed by soliciting quotes to
contractors/suppliers doy consultingpublished data referengeand is considered an easy
process.In RSMeans (2004), data published for estimating cogor almost all types of
building components. Two reference books for elemental estimating were published by
RSMeansSquare Foot CostandAssemblies Coddata. In both references, cost estimates
were developed based on an average of over 11,500 actjedtp reported to RSMeans
from contractors, designgrand owners. RSMeans provides qust square foot for various
projects in a tabular format, in addition to adjustment factors for project size and city

indexes.

After defining the replacement costlculating the repair cost of a component can be
difficult. One common simplification is to assign a fixed cést repair optionsas a
percentage of the full replacement cdBlhakeem, 2005) For example,(Seo, 1994)
estimated the repair cost for light, medium, and extensive repairs for bridge decks as 28.5%,
65%, and 100%f thear respectivaeplacement costAnother example, the replacement cost
in the BUILDER systemis calculated by multiplying the quantity of work by the unit cost
and other parametersuch as the area cost factor (ACWhich represents the following
differences in cost8UILDER UserGuide, 2002; BUILDER User Guide, 200BUILDER
User Guide, 2002; BUILDER User Guide, 20)ILDER User Guide, 2002; BUILDER
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User Guide, 2002BUILDER User Guide, 2002; BUILDER User Guide, 20@)ILDER
User Guide2002)

¥ Weather, climate, and seismic requirements
¥ Local costs of construction labor, equipment, and materials
¥ Labor productivity
¥ Labor availability

The repair cost of a component is then calculated based on current cendhi®n
replacementost, and a proprietary algorithm. However, not much information is provided
onthe algorithm itself. The importance of defining the cost of the available repair optisns
beendiscussed by many other researchers; however, the cost calculations weassedisc
without much detai(Elhakeem, 2005)

2.4.4Life-cycle Cost (LCC) Analysis

Life-cycle cost (LCC)analysisis a systematic process for economically evaluating and
comparing competing projects with the aim of optimizing the valuethef capital
asse))()()(s). All the expected costs and benefits associated with a project during-its life
cycle (initial or installation costs, operation, maintenance, rehabilitation costs, and salvage
value) are taken into account. LCC can be defined as Othe sum of all expenditures associated
with the item during its entire service lif¢@hite, Case, Pratt, & Agee, 1997)he term
GtemOcan be interpreted as a project, system, building, or machine, bue inuthent
research it represents the infrastructure asset. In the context of this research, LCC will be
used as a todio evaluate possible repair scenarios for infrastructure systems in order to
select the optimal repair solutiomhe LCC of each repair scenario should be converted to
either the Present Value (PV), the Future Value (FV), or to an equivalent annualnvalue

orderto have a common base for comparingsthrepair scenarios.

Predicting the condition and deterioration behavior of an asset after a rehabilitation or
maintenance action is a vital asset management fungtiegazy, Elbeltagi, & EBehairy,
2004) The deterioration rate of a rehabilitated asset is greatetttasof a new constructed
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asset. Also, after a rehabilitation action, an asset does not revert back to its best ¢asdition
shown inFigure 2.4. However, assuming that the deterioration rate of dyneanstructed
and a rehabilitated asset are eqaa common practig&lbehairy, 2007)

Condition 4

Parallel curves

Figure 2.4: After -Repair Deterioration

In the literature, estimating the improvemémtcondition after a repair action is usually
done by performing another roundin$pectiors or through empirical judgmen{&lhakeem,
2005) Table2.1 shows an example gredefinedestimatedor the aftefrepair condition for
various building rehabilitatiomptionsused by(Langevine, Allouch, AbouRizk, & Nicoll,
2005) Another example proposed Kpeo, 1994)for defining the expected condition
improvements for bridge decispresented ifTable2.2.

Table 2.1: Predicted Condition for Various Repair Options (Langevine et al., 2005)

Condition Replacement Major Minor Preventive
Best A - - - -
B - - - -
C - - B -
D A B C D
Worg F

Table 2.2: Predicted Condition After Repair Action (Seo, 1994)

. . After Repair Condition
Condition Rating 5 6 778
3,4 Medium Extensive
Current Condition 5,6 Light Medium
7,8 - Light
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Allocating available funds across infrastructure classes or programs is a crucial asset
management function. It is the process oflifug a balance between costs and benefits while
taking all constraints into accoulany research efforts have been undertaken in the last
few decades to develop fund allocation arahking tools and methodologies. These
methodologies rangdrom subjectivgudgementbased methods to mathematical and
computerized methodsThe subjectivgudgemertbased methods are simple, quick, and
easy.However they give inaccurate, unreliable, and far from optimum solutiasle
mathematical and computerized methods are accurate, reliable, and give the optimum
solution but take time to develop, ammplicated, and are not easy to modify. In between,
prioritization methodologies give reliable and reptimum results. Also, they are flexible
and easy to implement and understand. Moreopgaoritization is the technique most
commonly used by authdigs in infrastructure asset managem@nt Halfawy et al., 2006;

Shen, 1997)An overview of these techniques is presented in the following subsections.

Optimization Techniques A maintenance orrehabilitation optimization model is a
mathematical model that quantifies costs and benefits and obtains the optimal balance
between them while taking into account all constrgibeskker, 1996) Optimization models

can be applied to single or mulgear planning periods. The output of such models is a single
or set of alternatives that satisfy a specific objective function where some values are
minimized (i.e. costs) or maximized (i.e. benefits, effectivendb®as, Hudson, &
Zaniewski, 1994) The majority of researchédsbjective functionis to minimize thetotal
life-cycle costin the optimization moddgHegazy et al., 2004 5everal variatiosiof dynamic

and linear programmingreused in formulating these modéldaas et al., 1994However,

the solutionOs quality depends onntiethodof formulationof the optimization problem and

the optimization toolsed(Elhakeem, 2005)

Traditional optimization techniques are not suitable for lsg@e problems, particularly
when considering both project and network levels togetHewever new optimization
techniques known as evolutionary algorithms (EAdhat can suit such problems have
evolved (Elhakeem, 2005)Examples of EAs include genetic algorithmsA&}p, shuffled
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frog, particle swarm, astolony systems, andhimetic algorithms (Elbeltagi, Elbehairy,
Hegazy, & Grierson, 2005)

In principle, optimization models produtiee bessolutionsto certain problers) using the
available informationHowever, the benefits of using such procedwigould be balanced
against the effort of applyindpemand getting the required data. In some problem instances
the expected benefits are just too low to justify such sophisticated prosdDateker,
1996)

Prioritization Techniques Prioritization is the process of addressing those issues that are
considered most critical and practical to addiesgerms oftime, energy, and resources.
Prioritization is a process whereby an individual or group places a number of iteas in
ranked order based on their perceived or measured importance or significance. Prioritization
IS an important process to assist decigi@kers in identifying thenostimportantissues on
which they should focus their limited resources. Usually, all participants have input into the
prioritization process. Participants need to be mindful that the percepfidghose around

them may be diffent from their own. An issue thatusedifficulty in the prioritization
process is thabftenthere is no clear right or wrong order to prioritizing. This is especially
true when prioritizing unrelated options thiosewhose solutions are very differef@entra,

)

There are several prioritization techniques and methods. Some methods are focused on
baseline data, whereas other methods are more participatory and rely heavily on group
participation. Based on the particulagenls of a community, case, or group, a prioritization
method or technique is chosen and adopted. It is important to know that no one method is
best for all cases and needs. In the following section, exsmpf prioritization
techniqueshethods are brieflgdescribed The strengths and weaknesses of gackess are

summarized imable2.3.

Simplex Method This method is a perceptidrased methodlhe perceptions of a group of
participants are obtained by the use of questionnaires. The parti€ipanteptions or

answers to t# questionnaire are scored and rankex the highest priority will be given to
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the issues with the highest scores. This method helps denisikers to analyze problems
more efficiently. Alsgin the simplex method, the prioritevel of a particular ptdem can

be raised by giving it more weight. However, this method depends largely on the way in
which the problems and questions are presented in the questidd®ite, )

Nominal Group Planning The Nominal GroupPlanning technique was developed for
situations where etisions cannot be determined bye person, butvhere individual
judgements are tapped and combined to arrive at a decision. This technique is dxbfgirsuit
priority development, knowledge explokati, program evaluation, program development,
and problem exploration. Possible situations where Nominal Group Planning can be used are:

I to determinavhich community issues are of greatest concern
I to decide on a strategy for dealing with the identifiedass

I to design improved community services or programs.

This method involves is mainly based on information exchange and deliberation.
Generally, themannerof implementing this method is the same for each application.
Decisionmaking criteria aredeveloped based on the participdht®ncerns and ideas
surrounding the topic being discussed. Ranking and prioritizing these criteria through voting
and consensus is the final output of the process. Depending on the type and nature of the

topic being disassed, the criteria may be selected by the comm(@éwptra, )

Criteria Weighting Method The criteria weighting method is a mathematical process
whereby group members generate a relevant set of criteria. ifheas are prioritized and
ranked based on assigning a measure for each issue against each criterion. The final output
list and values do not necessarily dictate the final decision, but offer a means by which

choices can be orderé@entra, )

A "Quick and Colorful" Approach: This approach is based mainly on the individual votes
of the group members, and a secret ballot method or open method may be used. This method
is quick and easy, ands perhapsa more entertainingypproach to prioritizing. If particular
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issues or problems are deemed more impottaant othersthe participants can decide to

place weights on theCentra, )

Table 2.3: Summary of Pros and Consof Prioritization Techniques (Centra, )

Pros Cons O[;tflr;raéluspl)ze
¥ Efficient and quick to use, once ¥Requires the development of a
Simplex guestionnaire is constructed. questionnaire. Any size

¥ Can be used with any size group.
¥ Allows for weighting of problems.

¥ Relies heavily on how questions are
asked.

Nominal Group

¥ Motivates and gets all participants
involved.

¥ Can be used to identify areas for furthe
discussion and came used as part of
other techniques (e.g. to help develop |

¥Vocal and persuasive group members
affect others.

¥ A biased or strongninded facilitator can
affect the process.

¥ Can be difficult with larger groups (mor

10-15 (larger
groups can be
broken down

Planning Simplex questionnaire). than 2025). into
¥ Allows for many ideas in a short period ¥ May be overlap of ideas due to unclear| subgroups.)
of time. Stimulates creative thinking an| wording or inadequate discussion. Not <6.
dialogue.
¥ Uses a democratic process.
¥ Offers numerical criteria with which to | ¥ Canbecome complicated.
prioritize. ¥Requires predetermining criteria.
¥ Mathematical process (this is a weakng
o for some).
V\gilg;irtli?wg ¥ Objective; may be bg;t in situations Any size.
where tlereis competition among the
issues.
¥ Allows group to weight criteria
differently.
¥ Simple. ¥Less sophisticated (may be a benefit fo
¥ Well-suited to customizing. somegroups).
"Quick and ¥ Blinded responses prevent individuals | ¥ DoesnOt offer the ability to eliminate
Colorful” influencing others. options that may be difficult to address Any size.
Approach ¥ Less time intensive. given current laws and resources.

¥If open voting is used, participants may|

be influenced by othersO votes.

2.5Recent efforts onPrioritization and Fund-Allocation

During the past few decades, research efforts have been undertaken to develop prioritization
methodologies and tools for fund allocation in infrastructure asset management. Several
methods and tooldhave beendeveloped to assist decistomakers andengineers in
performing efficient asset management that maintains performance areffeosteness.
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These methods randgem subjective judgement to mathematical anchputerized priority
setting.

(Chouinard, Anderser& Torrey Ill, 1996)develomd a functionbasedconditionindexing
methodology for the prioritization of maintenance and repair operations for embankment
dams withinthe purview ofthe U.S. Army Corps of Engineers. It is a ranking methodology
that extracts historical prioritization criteria using the Automated Budget System (ABS)
database of the Corps of Engineeénsorder to assistin efficient fund allocationfor
maintenance and pair expenditures. The method rates each component in terms of its ability
to perform an intended function (meet a particular repair, evaluation, maintenance, or
rehabilitation REMR objective). The final output of the method is a representation of the
overll condition of the embankment dam. The statistical analysis indicates that under the
two REMR objectives of "Prevention of Surface Erosion" and "Collection of Performance
Information’, physical parameters have a huge influence on the historical pebatis for
individual operationsilmportant parameters such as downstream hazard, fetch, reservoir size,

and economic effect of the dam have not been investigated.

(Shen & Spedding, 1998)roposed a muHattribute modelfor priority setting inthe
maintenance management of large building stocks. The researchers discussed the
prioritization criteria selection and the allocation of weights to these criteria. A computer
system was developed for testing and implementing thdein The model was validated in
the UK and Hong KongShen, Lo, & Wang, 1998)ave modified the multi-attribute model
using an analytical hierarchy process (AHP) in deciding the weightings of the criteria set out
in the prioritization model. The authors discussed the validation of the modified model and
concluded that fvasmore quantitative and objective than the original model.

(Karydas & Gifun, 2006)proposed a method that employs maltribute theory for
prioritizing infrastructure renewal projects. Thaithors defined Hree categories and
performance measurefl) impact onhealth, safety, and theenvironment; (2)economic

impact of theproject; and (3) coordination with policies, programs, and operations.
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Weighting of impact category and performance meaatgassigned by a group of members
through pairwise comparisons. Then, weights are calculated by the analytic hierarchy process
(AHP). For valdity and reliability, the authors prioritized several projects and compared the
results with priorities previously determined by discussion alone. The results reflected the
teamOs feelings about the relative importance of one project to another araditieeweight

of one criterion to another

(Chang, Huang, & Guo, 200&)esigned a maintenance priority benchmark (MPB) for
school buildings. The MPB is divided into MPBdaily and MPBannual. The researchers
analyzed and setted 14 evaluation criteria through the use of expert interviews, focus
groups, questionnaires, and thealytic hierarchy process (AHP). The methogrojects
maintenance needs for each building and is suitable for the evaluation of passive
maintenance (dit is, the maintenance requested by usdms)it cannot be used in the
evaluation of legally enforced maintenance, routine scheduled maintenance inspections and
repairs, and special or emergency maintenance. Also, the effects of emergent and economical

levels are not included.

(Farran & Zayed, 2009employedthe Markov decision process (MDP) with linear
programming to determine the optimal rehabilitation profile on a deteriorating slab in a
Montreal metro. The researchers used three different methods for calculaticygléecost
(LCC): (1) the average expect discount cost per time period; (2) continuous rating
approach; and (3) dynamic or tirdependent TPM. hvasfound that using the continuous
rating approach obtained lowatLCC than other methods.

(Gurganus & Ghaibeh, 2012)proposed a prioritization methodology for pavement
preservation projects. The method usesatiaytical hierarchyprocess (AHP) as a platform
for multi-criteria decisiormaking in a way that mimics how decisianakers operate
Several panmaetersas well asnput from decisiormakerswere used to create a prioritized
preservation project list. Decision parameters include current ADT, current tuck ADT, ride

quality, condition score, visual distress, and maintenance costs. The method was
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implemented on data obtained fraitme Texas Department of Transportation (TxDOT) and

the resulted projects list matched actual decisions by 75 percent.

(Tsai, Wu, Wang, Pitts, & Cressman, 20p2)posed a method foninimizing safety risks
caused by deferred resurfacing projects. It is a prioritization method that incorporates safety
into Georgia Department of TransportationOs (GDOTYpfestd resurfacing program. The
method consists of thouse and field safety ewvaitiors and is integrated into GDOTOs
resurfacing program. The method was applied to a case study with actual data from Cherokee
County, Georgia. The results demonsulateat the method provides a feasible means for
incorporating safety into GDOTOs fpated resurfacing program by reprioritizing and
identifying deferred resurfacing projects with safety concerns.

(Outwater, Adler, Dumont, Kitchen, & Bassok, 20i#esented a project prioritization
approach to suppb stakeholdebased weighting for multiple goals and measures. The
approach uses the analytical hierarchy process (AHP) for weighting gaodls conjoint
based method for weighting measures. The approach was applied as part of the Puget Sound
Regional ®@uncilOs Transportation 2040 process and achieves the goals in thenigag
land use plan VISION 2040. The approach was applied to eight simple projects to provide a
better understanding of the weighting process. These projects were selected tofpravide
wide range of types and modes:

Transit Rail Extension: extend light rail transit (LRT) to a metropolitan city
Transit Bus Service Expansion: add a bus rapid transit (BRT) route
Transit Ferry New Route: add a passergdy ferry route to existing feyrterminals

Interstate Widening: add general purpose and-b@upancy vehicle lanes in each

direction on an interstate route
State Route Widening: add a general purpose lane in one direction on a state route

Arterial Widening: add a general purpose lare a major arteriatoute in each
direction
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" Traffic System Management: convert shoulders forassan additional lan@ peak
periods in the peak direction of travel

" Travel Demand Management: expansion of the existing vanpool program

The experiments wereonducted for two Puget Sound Regional Council (PSRC)
committees the Regional Staff Committee and the Prioritization Working Group). Three
scoring methods were useahd accordinglythree sets of case study results were produced

as shown imable2.4.

Table 2.4: Project Rank for each Scoring Method

Total Benefit Scorg Total Benefit to Cost Monetary Benefit to
Rank RatioRank Cost Ratio Rank
Passenger Ferry New Route 1 2 1
Interstate Widening 2 7 5
Light Rail Extension 3 8 8
Management Peak Shoulder 4 3 4
Bus Rapid Transit 5 4 6
Vanpool Expansion 6 6 7
Arterial Widening 7 1 2
Highway Widening 8 5 3

The results of each scoring process employ different anidsso should be interpreted
individually, but once cost is accounted,fibre results clearly show different prioritization of
the projectsA ranking of each scoring process demonstratasttie ranking is affected by
the scoring method chosen and that the two methods which incorporate cost are more
consistent than the remaining methwgich includesbenefits without cost.

As shown in the literaturesolvingasset prioritization is still aon-structured problemand
each approach has its own results. No study has compared the quality of sphathrted
by different methodsAlso, no studyhasexamined the performance of existing heuristic or
optimization techniques on largeale rehabilitation programs.
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2.6 Summary

This chapter presesd the major issues related tofrastructure asset management. The
challenges and complexity of developing arfrastructure management system were
discussed. Then, asset management steps were presentptbessa for an efficient fund
allocation. Different prioritization techniques were explained and their strengths and
weaknesses were summarized. Some researbhee proposed improvements to the existing
prioritization techniquesn orderto overcome their drawbacks and suit specific cases and
needs, while others have introduced new methods for prioritization. These improved methods

and approaches have been @stussed in this chapter.
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Chapter 3

Life-cycle Cost Analysis Models

3.1 Introduction

This chapter presentsife-Cycle Cost Analysis models fdahree different case studjes
related topavement, bridges, and buildingsspically, LCCA models involve two types of
decisions(Hudson et al., 1997)projectlevel decisionson the appropriate rehabilitation
method to use in each asset component (roof, window, foundation, bridge deck, pavement,
etc); and networKevel decisionsn selecting the components to repair in each year of the
plan. Each level of decision is compleivolving trying different combinations of actions
until the best decision is reached. While maagearchefforts have provided useful life
cycle cost models, little information has been reportedhair performance on various
problem sizesand none has proved to be able to integrate both piejesltand network
level decisionsThe three case studies presented in this ehayter different formulations

of the LCCAmodel These models will be used for comparing the efficiency of heuristic or
optimization techniques on largeale asset rehabilitation problenise efficiency of the
LLCA formulationswill also be tested. Thaescription of the three case studies and their
LCCA formulationsareprovided in the next sections.

3.2Building Case Study

The data for the case study was obtained fromTtr@nto District School Board TDSB
related to800 instancesof four major components: roof, boiler, window, and fire alarm
system.The data wre reportedby (Hegazy & Elhakeem, 2011who introduced a new
Multiple Optimization and Segmentation (MOST) approach to formulate theALCC

3.2.1Model Formulation

MOST was introduced amnd CCA model thatintegrats both projectlevel and network

level decisios. MOST reduces the problem complexityy first optimizing individual
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projectlevel subproblems andthen using the results to formulate aetworklevel
optimization Figure 3.1). MOST utilized thegeneticagorithm (GAs) technique tdandle

networklevel problems.

Project-Level Optimizations Network-Level Optimization

S.ma.”.- scale optimizations for Year1 Year2 Year3 Year4 Year5
individual components (C;).
0 0 0 0 1
Best repairs n year | [ T ." 3 E : J
| Best repairs in year D) ‘ ................. g...:. ............. »-
Z o " .
@) — B 3 5 .
.................... = .>
e | Best repairs 1 year 3 ‘ vg-:. : : : 3 :
&) | Best repairs in year 4 ‘ ................. SRR . . ...
|_| Best I-epairs in year 5 ‘ ....................... :.. ......: ........... : ........... :. ..........i ...... .’:
Nl o 0 1 0 0

Pool of best repairs Year-by-year formulation

Figure 3.1: MOST Technique (Hegazy & Elhakeem, 2011)

Starting at the project leveleach individual optimizationconsiders one building
componentor one of the possible repair years and determines the best repair method and
cost for that component in the selected year. Within each small optimization, the formulation
considers the componédgcondition, deterioration behavior, and expected atpair
condtion in orderto determine the repair with the highest berefitost ratio. The resutif
all individual optimizationgoptimal at the project level) is a pool of best repair scenarios and
their corresponding costs and benefits.isThre used as the iaop for networklevel
optimizationin orderto decide on repair timing. This approach of segmenting prlgeet
from networklevel results in a networlevel optimization that is reasonable in size, without

loss of integration.
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The objective of networkevel optimization is to minimize the overall network
deterioration index!(!y! while not exceeding the available repair budget. Rather than-a one
shot optimization over the-fear planning horizon, MOST uses a ybgyear optimization
formulation (stepwise formulation) from the first year until the endtbé planning horizon
(asindicated inFigure3.1). Using this formulation reduces the solutigpace size and leads
to better solution quality. In general, the overall parameters in the nelsvaikoptimization
(variables, objective function, and constraints) are as follows:

T T (N VI T

Par ta Yo lag los
! ! ! !
Decision Variables: ' | Y. ' LRI R IR RN
. . !" . .
! ! ! . !

[ I I P

where Yjk = 0 (no repaindYjk = 1 means componepts to be repaired in year k.

Objective function: minimize the network deterioration index!( !

. I r,se!™ i iyaryp b hx!™ 1
w1, 2t Averagel! | X-Z- ’I;,'I' 2T et e X
o

vl Network , !l 1 I"#$$%PR'#$%"&

where RIFj is the relative importance factor f0100) of component,|DIjk is the
deterioration index (®100) of component j in year, &end IEjk is the improvement effect of
repairing component j in year k, which is equal to:
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where EPjk is the expected value of deterioration indices during the planning horizon when
component is repaired in yeak, and is called th®expected performance (EP)O. EPj0 is the
initial performance of the component without any repairs.

Constraint: Total repair cost for the components selected in yéabldget limit in year k.

Using the above formulation, a lig/cle cost analysis (LCCAMmodel has been
implemented in an Excel spreadsheet, as shovwigure 3.2. Part (a) ofFigure3.2 shows a
partial list of asset components, where each row represents a component. The highlighted
component (fire alarm system, for examghas a relative importance factor of 90 (defined
internally by experts at the TDSB) as shown in the second column. The current performance
(deterioration level) before repairs for this component is 72.49. The following columns then
represent the cost anenformance associated with repairs in gehrto 5 (results of the
projectlevel optimizations). For example, if the component is repaired in year 2 (as
highlighted), its deterioration will be reduced from 72.49 to 24.31, at a cost of $42,350. Part
(b) of Figure3.2 is a continuation of part (a) (horizontals in the spreadslaeet)s usedo
formulate the LCCA and the optimization parameters. As ampbea the decision to repair
the fire alarm system in year 2 is selected by assigning a value of 1 to the decision variable of
year 2 (as circled in the left side of part b). Accordingly, the LCCA model reads values for
RIF (90) expected performance aftexpair in year 2 (24.31and repair cost ($42.350). The
combination of component decisions determines the overall network deterioration index,

using Equation8.1, 3.2, and3.3.

3.3Pavement Case Study

(Hegazy, Rashedi, & IA 2012) used a case study of the pavement management investment
analysis challenge posted at the 6th International Conference on Managing Pavements
(ICMP6). This case study was developed by the committdeed¢€CMP6 andwasinitiated to
encourage asset management professionals to carry out an analysis and recommend strategies
for managing a defined network of interban and rural roads subject to high and light
traffic. The network consists of 1293 road sections spanninf B&¥ covering two road
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classes and varying in traffic use, surface age, and condition. Theurbser roads
experience medium to high traffic, while the rural roads span most traffic and condition
categories.

a) Project-level optimization results

Relative Current o
Importance Performance Cost and Performance of repairs in Year 1, 2, 3, 4 and 5.

Factor \ + — [ oo TTTmTmmm e mmmmmmsmmesoeosoeoooooo-o-

Component RIF Cost0 EP0O @ Cost1 | EP1 Cost2 EP2 Cost3 EP3 | Cost4d EP4 Cost5 EP5
05-5-010 Fire Alarm System | 90| 0  79.44 $24200.00 13.69 |$24,200.00 26.5 | $24,200.00 39.49 $24,20000 52.99 $24,200.00 66.6
05-5-010 Fire Alarm System [ 90| 0 75  $2420000 12.82 [$24,200.00 25.04 | $24,20000 37.38 $24,20000 50  $2420000 62.9

02-2 Roofing 80( O 8159 $1210000 15.07 $12,100.00 41.01 $12,10000 54.49 $12,10000 68.6
05-5-010 Fire Alarm System | 90)] 0 (72.49) s4235000 12.76 |§ $4235000 36.24 $4235000 48.37 $4235000 60.8

02-2 Roofing 80%1, 0 944 $217800.00 15.57 $217,800.00 40.12 $217,800.00 53.21 $217,800.00 66.6
02-2 Roofing 80| ™0 79.15$18,15000 14.09 | 518 $18,150.00 39.51 $18,150.00 52.74 $18,15000 66.5
02-2 Roofing 80| 0\ 77.67 $217800.00 14.37 [§217, $217,800.00 38.92 $217,800.00 51.78 $217,800.00 65.3
02-2 Roofing 80| 0 W42 s7.26800 16.86 726000 39.78 §7.26000 5213 $§7.26000 65.0
02-2 Roofing 80| O 76.‘39\ $24,200.008, 14.2 §24,20000 38.24 $24,20000 51.04 $24,20000 64.1
‘\\ \\ ‘\\
N \\ \
\‘\ \\ \\
N ™, \
b) LCCA model for network-level e N \
N AN \
Deterioratio de 9 bjective etwo evel Op atio
Optimize 0.0 ance 800 Budget Con i
Available $10,000,000 $10,000,000 $10,600,000 $10,000,000 $10, ,T‘t\ \
SIS W
Spending $9,052,630  $9,698,755 683,882  $9.995205  $10,148,978 3306975 420291 -308543 -171107 -117081 49687
Y1[Y2|Y3|Y4|Y5| Year1 Year 2 Year 3 Year 4 Year5  Cond.New.Yeary Year2 Year3 VYear4 Year5
1T]0]0]0[0] $24200 $0 /$0 $0 $0 7149 R R\ 0 0 0 0
1[0[0[0]0[ $24200 0/ $0 $0 $0 6750 | -55%6 0 0 0 0
0 1]0]0 $0 $12,100 $0 $0 6527 0y 0 | 3246 | 0 0
$0 $0 $0 6524 0 t"-433g7‘ 0 0 0
0 $0 $0 $217,800 6355 0 s, VER 0 -1024
.. 18,150 $0 $0 $0 $0 6332 -5205 | |
Y (Repair in Year 2) k547 800 $0 $0 $0 $0 6213 | 5064 | Yk X RIFj; X (EP;, = EFy) ]
0 $7,260 $0 $0 $0 6193 0 - - -
l1 [0T00] oll $24,200 $0 $0 $0 $0 6111 =A0753] i O i 0 1O O
I \ J
1 T Y
Decision Variables Life Cycle Cost Calculations Yearly Weighted Deterioration Improvements

Figure 3.2: SpreadsheetM odel for the Building LCCA

All pavement sections have consistent-saold conditions and are located within the same
climatic region. Each section has a defined length, width, number of lanes, year of
construcion, AADT, base material type, base thickness, soil type, surface thickness, and

most recent treatment. In addition, the extent of distresses, surface condition assessments
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(International Roughness Ind€iRI), and others), and predicted trigger or neeelsr \are

specified for all sections. The rate of annual traffic growth is specified as 2.5% for the inter

urban roads and 1.5% for the rural roads. The discount rate for investment analysis is 6%.

The annual rate of increase I&l, the repair costs, and the IRI trigger levels are shown in

Table3.1, Table3.2, andTable3.3, respectivelyFigure 3.3 alsoshows the improvemeifdr

roughness after different treatments.

Table 3.1; Annual Increase Rate of IRI

Road Class AADT

Rate of Increase in

IRl (m/Km/YTr.)

Interurban >8000 0.069
<8000 0.077

Rural >1500 0.091
<1500 0.101

Table 3.2: Repair Unit Cost

Intervention Type

Cost ($)

1. Preventive Maintenance

2. 40mm Overlay

3. ColdMill & 40mm Overlay

4. 75mm Overlay

5. 100mm Overlay

6.45
6.75
10.50
15.75
16.50

Table 3.3: Trigger Levels of IRI

AADT

IRI Trigger Level (mm/m)

< 400
4001500
150006000
6000D8000
> 8000

3.0
2.6
2.3
2.1
1.9
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IRI After Treatment

IRI After Treatment

3
2.75
2.5
2.25
2]
1.754
1.5
1.25
14
0.75 4
0.5
0.25-

x| —o— Preventive Maintenance
—x— 40 mm Overlay
—o— Cold Mill & 40 mm Overlay
—o— 75 mm Overlay

—a— 100 mm Overlay

3.
2.751
2.5
2.25
24
1.751
1.5
1.25
1
0.751
0.5 1
0.25 4

0.5

1 15 2 25 3 35 4 45 5
IRl Before Treatment

—o— Preventive Maintenance
—x— 40 mm Overlay
—o— Cold Mill & 40 mm Overla
—o— 75 mm Overlay

—a— 100 mm Overlay

0.5

1 15 2 25 3 35 4 45 5
IRI Before Treatment

Figure 3.3: The Improvement Effect of Various Treatments

3.3.1Model Formulation

The main difference between the LCCA model of this case study and that of the building
case is that the pavement case study does not use the MOST approach for segmenting the
projectlevel from the networtevel analysis. Rather, it develops a model thaidhes both

of them at the same time. This is expected to be a much more complex Acpetad
sheetbasedLCCA modelhas beerformulated for this case studyas shown irFigure 3.4,

using ExcelOs VBA programming language as a macro progaoh pavement section is
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represented as a separate,rand all its related data are represented in coluifims.model
is formulat@l considering a fivgrear planning horizorit produces two decisions:

- Repair Type: an index to one tife five repair types in column ORepair TypeO for
each pavement section (integer variables); and

- Repair Timing: an indexor eachyear of the fiveyear planninghorizon {ear 1 to
year § for each pavement section (binary variables).

The two decisions, repair timing and repair type, for each pavement section over the
planning period are linked by equations to the related functions of performanssnasse

deterioration, repair costs, and improvements after repair.

The proposed spreadsheet calculates a Priority Index (PI) by combining the IRI with the
AADT for each road section. This index varies from O tobere 0 means the road has low
priority and high performanceand 5 means high priority and low performance. The
spreadsheet also predicts the future condition of the roads based on the annual rate of IRI
increase shown inmable 3.1 and the AADT. In addition, it estimates the aftepair
condition resulting from each repair tymes shown inFigure 3.3. Predicting the future and
afterrepair conditions enabléi$e-cycle analysisfor the fiveyear planning horizon. Each of
the five repair types available for each pavement section is rapgdsa the spreadsheet as
an integer value ramgg from 1 to 5 while repair timing is referenced using binary variables
(1 represents a repair action and 0 means no repair). Since a pavement section can be
repaired only once during the planning horizoe @ single visit), all years must have a sum
of binary variables of either 1 or O (no repair). In the spreadsheet, the LCC over the planning
horizon is calculated yearly for each pavement section with the Vehicle Operating Cost
(VOC) and the cost of theelected repair typis taken into consideratiorfrigure 3.4 shows
an overview of the spreadsheet model showing all sheet portions that relatevaritius
functions of asset management. Finally, drpivalent present value of the total LCC is

calculated in the spreadsheet according to the following equation:
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Total LCC = Sum of [(Repair Costs + VOE) (1+i)"]
wheren is the yeanumberand i is the applicable interest rate per year (user input).
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ent Management System
Budget (Millions) : $14300 This Year: Year 1 Year 2 Year 3 Qan‘ Year 5
Total Life Cycle Cost (Millions) : $131 .76< Interest/Year: % Budget (Millions) $45.00 $25.00 $25.00 52??80\ $25.00
Overall Condition : | | 15193 Total Present Worth/Year (Millidgs): | $42.60 | 52278 $25.01 | $21.60 |\s@77
AADT Internatiofial Roughnes Index (IRI) Decisiomss, |\ Costs
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1 | 8a | R |11040[11206|11374[ 11544[ 11717[ 11803] 3.8 448 [ 109|118 [ 127 [ 136 145 0 1 5 A€e2082567 $19277 | S21326 | S23468 | S25707
2 [150a| R | 8572 8701 | 3831 | 8964 | s0ss | 9234 | 32 352 | 171|180 | 189198207 1 | o[ oo [0 ]| 1 3 |s28418478 s14894 | s16044 | $17.241 | s18.487
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4 [150a| R | 680 8810 | 8942|5076 | 9213 | e351| 3.4 341 | 148|157 166|175 |18¢f 1 | o[ oo [0 ]| 1 4 |s12828857| s7.683 38,336 $9,016 39,725
s [2318] R [10500|10658(10817| 10980 11144[ 11311 3.4 341 | 148|157 166|175 |18 1 o[ oo [0 ]| 1 4 |s7553022| s4,077 $4,427 54792 $5,172
6 | 3a | R |10700| 1086111023 11189(11357|11527] 2.8 308 | 138147156165 174 1 | 0| o | o[ o 1 4 |sso24755| s2342 52,556 $2,780 $3,013
7 | 3a | R [10700(10861{11023[11185[ 1135711527 2.8 308 |097|106|115|12¢|13¢f 1 o000 1 5 |sse28024| s2.461 $2,747 53,048 53,362

Figure 3.4: Spreadshet LCCA model for the Pavement Gse

3.4Bridge Case Study

The third case study relates to a real case di7-#ridge networkreported in(Elbehairy,

2007) The data for the case studyere collectedfrom a Department of Tansportation
(DOT). The DOT owns and operates 173 bridgksta for 47 bridgeare providedas a case
study; however, some of the datarecollected through interviews with engineers from the

DOT. The data include general information such as bridge ID, road raidge nane,

annual a&erage daily traffic (AADT) percentge of trucksbridgelength (m), bridge width

(m), last year of repair, andst value of repair cog¢Table3.4). The data also include details

aboutbridge element condition ratings, element weights, and repair costs.
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Table 3.4: Sample of BridgesGeneral Information

%

Bridge | Bridge | Constructio | AAD Heavy ADT Detour | Width | Length Last_ Value
ID Name n Year T Veh. Year (Km) (m) (m) Repair | ($1000s)
102 1960 5111 10 2005 0.168 17.5 8.4 1980 265
103 1998 2095 3 2005 1.06 12.2 53 1998 1165
104 > 1974 3168 5 2005 0.104 28.5 5.2 1974 266
401 g 1969 16082 1 2005 0.292 20.1 14.6 1994 527
402 é 1958 5012 5 2005 0.196 12.6 9.8 1994 221
404 g 1936 7015 2 2005 0.85 11.4 42.5 2006 873

1603 % 1960 2348 22 2005 0.136 12.3 6.8 1996 151
1702 % 1963 6243 10 2005 2.47 11.5 123.5 2001 2556
1703 g 1967 2265 2005 0.754 10.9 37.7 1994 740
1704 1967 2265 2005 1.298 10.9 64.9 1994 1273
1705 1963 1329 2005 0.414 11.6 20.7 1993 432
1706 1961 1646 10 2005 0.19 11.7 9.5 1961 200

The DOT uses a condition assessment that specifies the percentage of the element that is in

excellent (E), good (G), fair (F), or poor (P) conditias shown inrable3.6. For example,

the condition of bridge 05040s asphalt (surface) is judged to be 21% fair and 79% good.

Similarly, the deck and joirdonditiors for the same bridge are 100% good.

The conversin values shown imable 3.5 are used to convert the DOTOs condition

percentages to the Fedetdighway Administration (FHWA) condition rating scale -@).
For example, the asphalt of bridge 0504 has a condition rating of 5.58x(6.#90.21x 4)
(Table3.6).

Table 3.5: FHWA Condition Rating Conversion Values

Condition state

Condition Rating Range

Excellent 8

Good 6

Fair 4
Poor 1.5
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For elements weights, the DOT engineers were asked to evaluate the importance of each
bridge element (10) to the overall bridge condition rating. Based on these evaluations, the
importance factors were determined and used to calculate the contribution weight for each
element to the overall bridgas shown inTable 3.7. The cost datavere collected from
previous DOT contracts and through interviews with the DOT engineers. The collected cost
data does not provide unit prices; however, it was possible tm alvti price estimates from
contract documents for sample bridges and with the use of CAD drawiagt 8.8). The
data provided bythe DOT has no nformation about future conditions or condition

improvement after a repair action.

3.4.1Model Formulation

(Elbehairy, 2007developed a MultElement Bridge Management System (BEIS) that
optimizes and integrates bridgéement repair decisions (projdetvel decisions) and the
selection of the appropriate timing for implementing the repairs (netleeek decisions).

The moel uses a notraditional evolutionary algorithm (EA) optimization techniqitealso
incorporates two models for estimating user costs resulting from the deteriorated conditions

of a bridge and users crossing a work zone during repair activities.

The systm was implemented on a spreadsheet program using Microsoft Excel, and all the
genetic algorithm (GA) procedures were coded with the macro language of Microsoft Excel.
The system was formulated considering a -frear planning horizon. Based on the six
mocels incorporated in the system, for condition rating, #dtependent deterioration, repair

cost, repatimprovement, and user cost, the system produces two decisions:

- Projectlevel decision: the best repair type for each elemetiteifepair is done in
yearl, year2etc
- Networklevel decision: for each bridge, determining the best year to implement the

projectlevel decisions.
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Table 3.6: SampleCondition Data for Bridge Elements

Bridge n
D joints G F P | Surface | E G F| P Deck G F P
i i Thick 1 Castin-place |
0102 i Asphalt | 100 i i 99 1
i i Slab concrete |
: : Thin | Castin-place |
0103 | Seals/sealants 100 Asphalt ; 100 : : 100
; : Slab : concrete
i i Thin i Castin-place |
0104 i Asphalt ; 100 i i 100
i i Slab ; concrete ;
i i Thick i Castin-place i
0401 i Asphalt | 100 i i 100
i i Slab | concrete
: : Thick | Castin-place
0402 - : Asphalt : 100 : : 90 10
; : Slab : concrete
i i Thin | Corrugated |
0404 | Seals/sealantg 100 Asphalt ; 65 35 i i 60 : 40
: : Slab Steel :
i i Thick i Castin-place |
0501 | Seals/sealantg 50 | 50 Asphalt ; 95 5 i i 95 5
i i Slab concrete
0502 : : Thick ; Castin-place ;
Seals/sealants 100 Asphalt ; 95 5 ; ; 100
; ; Slab : concrete .
\) i i N Thin | Castin-place i £
0504 J Seals/sealanty 100 Asphalt ; 79 21 i i 100
i i N — Slab ;  concrete \—
i i i Castin-place i
0505 i Asphalt | 100 i i 100
I i i concrete
: : : Castin-place :
0506 Asphalt . 100 . . 100
: : : concrete :
Table 3.7: Weights of Elements
Element Importance Factor | Weight
Deck 9 0.191
Overlay 6 0.128
Joints 4 0.085
Bearings 8 0.170
Superstructure 10 0.213
Substructure 8 0.170
Finishing (coating) 2 0.043
=47 1=1.0
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Table 3.8: Cost Data

Element Repair Option Unit Unit Price ($)
Concrete patches m® 4,530.00
Concrete removal (partial depth) m° 1,667.00
Deck Concrete deck repairs m’ 340.00
Deck waterproofing m’ 16.83.00
Removal of asphalt pavement m’ 8.00
Overlay Concrete overlay and curing m’ 88.50
Concrete overlay m° 730.00
Joints Hot rubberizedasphalt joint m 1,671.00
Bearings Repair/replacement each 600.00
Substructure Excavation for structure footing m° 52.71
Concrete in footings m° 430.00

The condition rating model calculates the overall bridge condition rating (BCR) based on
theconditions and weights of its elements according to the following equation:
ZM#IS% N"#$%&%0 " H#S%EX "#1$% N"#$ 11!

"# | ST ITTRRNNTIRINY
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The deterioration model estimates the deterioration behavior for each element using two
different methods: Markov deterioration (e.g. the deck, the superstructure, and the

substructure), and linear deterioration (the rexngi bridge elementsf{gure3.5).

As shown inFigure3.5, a bearing offype 2 has an expected life of 10 years under a severe

working environment and 12 years under a moderate working environment.

Six repair options are proposed for each elemeamging from 0 (do nothing) to 5
(extensive repair). The extent of each repair option is determined in a percastagewn
in the second column of each sectiorafor! Reference source not found.
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clement ypes

Linear Expected lifé\years) Markov
Typel Type2 Typel Type2
Element Deterioration model
Severe | Moderate | Severe | Moderate| Severe | Moderate| Severe | Moderate
Deck [ Linear | ¥ Markov | Matrix | Matrix | Matrix | Matrix
Owerlay W Linear | [ Markov | 12 15 10 13
X
Joints ¥ Linear I [~ Markov I 12 14 12 15 g
. g
Bearings W Linear | I Markov | 8 10 10 12 g
Supperstructure | I Linear | ¥ Markov | Matrix | Matrix | Matrix | Matrix
SubStructure [ Linear | [¥ Markov | Matrix | Matrix | Matrix | Matrix
|
Finishing ¥ Linear | [~ Markov | 10 12 12 16 /
, ] . l 1
Linear/Markov Expected Lifespan Hvperlink to TPM values Hyperlink to matrix
Deterioration customization

Figure 3.5: ME -BMS Deterioration Model

For example, a joint element @fpe 1 (steel) with a repaifype 1 (repair) would cost
$800/m. Using the data i&rror! Reference source not found, the total cost of repairing

bridgei is calculated as follows:

| = Z Vimp ! VS, D INDHINNE TONIE COOODLE DOODDLRSNOND ORROD VRO 00 1
where!" | = the repair cost for bridgej= the bridge elemenin = the repair option (05), p
= the element typeTipe 1 orType 2),! .4 = the unit cost of repairing elementsing
repair optionm for typep, and!"#!, = the dimension or quantity of elemgnfor example,

thesize of the bearingomponents the total numbeof bearings in the bridge, while the size
of a deck is its width multiplied by its length.

The improvement model calculates the afegair condition bythe amount of condition

improvement that corresponds to the repair type according to the values shBwaorin
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Reference source not found.For example, if the current condition of an element, iansl
repair option 3 is used, then the condition rating after improvement will be 6 (5+1).

The user cost model considers the annual traffic growth, the annual accident rates, the
vehicle ograting cost, and the user delay costs. However, the vehicle operating arubt
the user delay costs are considered only when a bridge load capacity and/or a vertical
clearance limit are posted. The user costs are calculated in the model according to the

following equation:

L0 B A O TP B R e e T R TR ITHIGHITRY

where!" ;= the accident count for bridde! 45 = the accident cost# , = the vehicle
operating costs for bridge andUD, = the user delay costs for bridgeAs shown inError!
Reference source not found.bridge 404, for example, has an accident cost of $28,068,
VOC of $54/km, and delay cost of $87/hour.

After performing all the calculations related to the condition rating, deterioratiosiy rep
cost, repadimprovement, and user cost, the system now produces the peselctand
netwak-level decisions. Part (A) dfigure 3.6 shows the repair options decided for each
element (projeetevel decisions), part (B) shows the year chosen for repair (netexek
decision), part (C) shows the overall Bridge Conditiotirgg(BCR), and parfD) shows the

cost of repairs.

Table 3.9: Improvement after Repair Action

Repair Condition before Condition after improvement

Type improvement 8.099.0 7.098.0 | 6.0b7.0 | 5.0D6.0 | 4.0D5.0
0 8.0 9.0 0

1 7.0 8.0 1

2 6.0 7.0 2 1

3 5.0 6.0 3 2 1

4 4.0 5.0 4 3 2 1

5 3.0 4.0 5 4 3 2 1




Table 3.10: Repair Cost for Elements Repair Types

Deck Overlay
Repait Type Condition Rating E)ﬁentpf = Concrete = Steel = Concrete — Asphalt
Min Max Repair " Cost Unit . Cost Unit . Cost Unit " Cost Unit
Option Option Option Option
0 8.0 9.0 0% Do nothing $0 Do nothing $0 Do nothing $0 Do nothing $0
1 7.0 8.0 25% |Cracksealin{ $100 m2 Paint (10% &  $200 m2 Sealing $40 m2 Sealing $20 m2
2 6.0 7.0 35% Partial replad ~ $200 m2 Paint and rej $350 m2 Patch $50 m2 Patch $20 m2
3 5.0 6.0 50% Partial replad ~ $200 m2 Paint + Repld ~ $350 m2 Patch $70 m2 Patch $30 m2
4 4.0 5.0 70% Replace top $300 m2 Paint + Repld ~ $500 m2 Replace $70 m2 Replace $30 m2
5 3.0 4.0 80%  |Replacetop{  $300 m2 Paint + Replg ~ $500 m2 Replace $70 m2 Replace $40 m2
Joints Bearings
Repait Type Condition Rating Enentpf — Steel — Rubber = Steel — Neubrane
Min Max Repair Option Cost Unit Option Cost Unit Option Cost Unit Option Cost Unit
0 8.0 9.0 0% Do nothing $0 Do nothing $0 Do nothing $0 Do nothing $0
1 7.0 8.0 25% |Repair $800 m Patch $800 m Repair $600 unit Repair $600 unit
2 6.0 7.0 35% |Replace $1,600 m Replace $1,600 m Replace $600 unit Replace $600 unit
3 5.0 6.0 50% |Replace $1,600 m Replace $1,600 m Replace $600 unit Replace $600 unit
4 4.0 5.0 70% Replace $1,600 m Replace $1,600 m Replace $600 unit Replace $600 unit
5 3.0 4.0 80% Replace $1,600 m Replace $1,600 m Replace $600 unit Replace $600 unit
SupperStructure SubStructure
Repait Type Condition Rating Extentpf = Concrete — Steel = Concrete — Steel
Min Max Repair Option Cost Unit Option Cost Unit Option Cost Unit Option Cost Unit
0 8.0 9.0 0% Do nothing $0 Do nothing $0 Do nothing $0 Do nothing $0
1 7.0 8.0 25% |Repair $500 m2 Paint $350 m2 Repair $1,000 m2 Paint $500 m2
2 6.0 7.0 35% |Replace $600 m2 Repair $1,500 m2 Replace $1,500 m2 Repair $500 m2
3 5.0 6.0 50% |Replace $700 m2 Replace $1,500 m2 Replace $2,000 m2 Replace $500 m2
4 4.0 5.0 70% Replace $700 m2 Replace $2,500 m2 Replace $2,000 m2 Replace $500 m2
5 3.0 4.0 80% |Replace $700 m2 Replace $2,500 m2 Replace $2,000 m2 Replace $500 m2
Finishing
Repait Type Condition Rating Enentpf = Class A — Class B
Min Max Repair Option Cost Unit Option Cost Unit
0 8.0 9.0 0% Do nothing $0 Do nothing $0
1 7.0 8.0 25% |Repair $50 m2 Paint $50 m2
2 6.0 7.0 35% |Replace $100 m2 Repair $100 m2
3 5.0 6.0 50% |Replace $100 m2 Replace $100 m2
4 4.0 5.0 70% |Replace $100 m2 Replace $100 m2
5 3.0 4.0 80% |Replace $100 m2 Replace $100 m2
Table 3.11: User Cost Input Data and Calculation Sample
Network 2007 After Repair User Costs Total User Cost
Level [ [
B”I'jé’e BR. Name Decisions ADT AC;S;"‘ A’“‘é‘("’;m L“‘ég;’:)“"g vf:i:/s::ge:l vﬁ:e(t:l:ge}?l Deb":;ed VOC cost | DelayCost | $4,324,249
limit) limit)
102 0 5,315 0.85 $32,073 26.55 1.66% 6.23% 419 $6,108 $9,844 $48,024
103 0 2,179 0.06 $2,134 32.85 1.15% 0.00% 25 $2,302 $3,711 $8,147
104 0 3,295 0.38 $14,424 24.45 1.86% 0.90% 91 $820 $1,321 $16,565
401 0 16,725 3.63 $136,505 31.45 1.24% 0.90% 358 $9,060 $14,602 $160,167
402 0 5,212 0.96 $36,037 31.45 1.24% 0.00% 65 $1,098 $1,770 $38,905
404 1 7,296 0.75 $28,068 36 0.00% 0.01% 1 $54 $87 $28,208
702 1 2,460 0.22 $8,257 36 0.00% 0.90% 22 $3,205 $5,165 $16,626
802 0 21,011 5.48 $206,147 34.95 0.96% 0.90% 391 $8,470 $13,650 $228,267
803 0 23,430 591 $222,049 33.55 1.06% 0.90% 459 $106,610 | $171,820 $500,479
804 0 28,605 6.62 $248,735 29 1.41% 0.90% 661 $64,613 | $104,135 $417,484
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Element Repair Decision N k-L | .
etwor. . eve BCR Repair Cost
) 2007 Decision
Bridge ID
Slab Overlay joint Bearing Supper Sub Finish 2007 2008 2007 2008 2007 2008
102 0 0 0 0 0 0 0 ! " 5.72 7.55 $0 #'3%&!
103 0 0 0 0 0 0 0 ! " 6.57 7.07 $0 #($%)()
104 0 0 0 0 0 0 0 ! " 5.76 7.17 $0 #%(*+
401 0 0 0 0 0 0 0 ! ! 5.59 531 $0 #1
402 0 0 0 0 0 0 0 ! ! 5.60 5.32 $0 #1
| 204 5 5 1 0 3 3 2 . ! 7.18 6.93 | $257,094 # |
501 0 0 0 0 0 0 0 ! ! 5.50 5.20 $0 #1
502 1 5 0 0 1 2 0 " ! 7.27 7.00 $83,312 #l
504 0 0 0 0 0 0 0 ! ! 558 5.30 $0 #1
505 0 0 0 0 0 0 0 ! " 4.86 7.52 $0 #()%$")
| ]\ J
Y / ;Yé
(A) (B) © (D)
Figure 3.6: Project-Level and Network-Level Decisions
Table 3.12 Summary of Three Case Studies
Asset | No. of | Planning Approach Used ) .
. o LCCA Variables Constraints
Type Assets | Horizon Classification Tool
N1 = 5years | Optimization: Microsoft | NetworkLevel Decision: year by year ¥ Budget Limit:
801 Non-traditional | Excet Formulation $10Mlyear
¥ One
o o EA addin No. of variables: [ Tear of repair (binary)| visit/planning
§ é optimization program | =N1! 5 years planning horizon] period
°la technique (GA | Evolver
Optimization
technique)
N2 = 5years | Heuristic Microsoft | Project + Network Level Decisions: one [¥ Budget Limit:
o ’ $10M/year
o e 1293 Excel formulation ¥ One
Ué aE) No. of variables: [Year of repair (binary) 7 visitjp;lanning
o h
S| 3 . . . perio
g N2! 5 years planning horizon] + [Type o ¥ Minimum
repair = N2! 5 repair types (integer)] acceptable IRI
values
N3 = 5years | Optimization: Microsoft | Project + Network Level Decisions: one [¥ Budget Limit:
47 Non-traditional | Excet formulation $40M/year
™ @ ¥ One
% -8’ EA addin No. of variables: [ Year of repair (binary) visiTj%Ianning
Ol @ optimization program | N3! 5 years planning horizon] + [type of peno
technique Evolver repair = N3!
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3.5Summary

In this chapter, LCCAmodels for three types of assets (pavement, bridges, and buildings)
have been introduced. An overview of each mdide been presented. dimplementation
of the three models in the form of spreadsheets presentedising a publically available

database.
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Chapter 4

Optimization and Heuristic Fund-Allocation Results

4.1 Introduction

In this chapter, optimization and heuristic approa@resntroduced and used for allocating
funds for the three LCCA models presentedClmapter 3.The proposed approaches were
programed and executed ampersonal computer with 2.8 Gbizspeed processor and 8GB of
RAM. Experiments and results of both approachespresented and discussddter, in
Chapter 5, largscale networks will be discussed.

4.2 Experimenting with the Heuristic Approach

The heuristic approach uséd this researclwas developed byHegazy et al., 2012and
modified for the threecase studieaddressed in this researckhe approach was developed
for nearoptimum allocation of pavement rehabilitation funidgirst rankassetgpavements
based on a calculated priority index which reflects the need for urgent repair @ction.
Relative Importance Factor (RIFr the priority indexis calculaedas follows

P ey I NHES00 evels M NI IINE LIEIEINEINIA] ]

where!" !, is the relative important factor for pavemegnt" ;.4 is the maximum IRI
value of 4 and IRI Trigger levels are the acceptable level of IRI for a certain road (based on
its traffic). Using Equation 1, therefor&able 4.1 shows the IRI trigger levels for various
pavements and their calculated relative importance fadiben, the Priority Index (Plj) for

repairing pavement j is calculated as follows:

P 1" L 01 T iy iy iy i iy ey e e e n 12
Y LY :

where!" I« is the current IRI value for pavement j. Finally, an Overall Pavement Network

Condition is calculated as foll®wy
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Overall Pavement Newotk Condition =
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Table 4.1: Relative Importance Factor

AADT IRI Trigger Level (mm/m) Relative Importance Factor (RIF)
<400 3.0 1

400-1500 2.6 1.4

15006000 2.3 1.7

6000-8000 2.1 1.9
>8000 1.9 2.1

Pavements with higher priority (higher Pl valwee considered first. After prioritizing
pavementsthe proposed heuristic approashappliedfor selecting the best treatment types
and timing under budget limits. The method allosdiedgets yeaby-year. Each year is
considered separatelstarting from year 1 and moving successively to the next, thetiénd
of the planning horizonKigure 4.1). Oneby one, assets with IRIs that violate the trigger
level in the year under consideration are repaired with thedeastreatment that keeps the
assets above an acceptable level thnougthe planning horizon until the budget limit of that
year is reachedhe same heuristic approach will be used in the three case studies.

Repair
Y1 |Y2([Y3|Y4)|Y5
Type
AR 3
R
R s
S Y
NI gl 2

Figure 4.1: Fund Allocation Heuristic Year-by-Year Process
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The aforementioned fund allocation heuristic approach is implemented on three LCC
models for three different types of rdif¢ case studies (buildings, pavements, and bridges).

Implementation details and results are presented in the following subsections.

4.2.1Building Case Study

This case study consists of data related teetwork of800 school building instances with a
limited yearly budget ohbout10 million dollars The overall network condition represents a
deterioration index (DI) ranging from 0 to 100, wé@® is the besiThe network has a current
overall condition of 54. Following the steps and procedures of the heuristic approach
mentioned in sectiod.2, building instances were first prioritized based on a Priority Index
(PI) that is calculated by combining RIF with the DI for each building insiawo®rding to

the following equation:

I I O Ry TR RO

wherav "+ is the currenDI value for instancg and!" !, is the relative importance factor

for instancsg.

The relative importance factor for an instance is determined as a value ranging from O to
100, where the value of 100 implies high importance. To determiRéFOs value, the
impacts of the instanceOs bad condition (failure) on three main parametersd(eéied
discussions with the administrators at the TDSB) are evaluated. These three parameters are
safety, building performance, and effect on other components. The PI ranges from, 3 to 72
where 72meanhigh priority and low performance. After calculatitige Pl values for each
instance, the heuristic approachOs remaining procedures are foHleveaglained in section
4.2

After applying the heustic approach considerinthe five-year planning horizanthe
overall network condition has improved to 44. 99.18% of the budget was spent using the
heuristic approach. The processing time for producing the final decisions was 7 seconds,

whichis considerd veryrapidand efficient.
49



4.2.2PavementCase Study

This case study consists of data relatedh toetwork of1293 pavement sectionwith a
limited yearly budget o25 million dollars TheIRI values for each pavement section are
used to represent the conditiohthe networkwhere lower IRI value means better condition.
Following the steps and procedures of the heuristic approach mentioned in degtion
pavement sections were first prioritized based on a Priority Index (PI) that is calculated by
combining IRI with the AADT for each sectiomhe PI values range from 0 to Wwhere 5
means high priority and low performanaeda Pl of 0 means the paventdras low priority

and high performance. Without any repair action, the network has an overall condition of
1.7097. After applying the heuristic approach considethedive-year planning horizon, the
overall network condition has improved to 1.5745. 8%%f the budget was spent using the
heuristic approachlrhe processing time for producing the final decisions was 34 seconds,
whichis consideredapidand efficient.

4.2.3Bridge Case Study

The bridgecase study consists of data related teetwork o#47 bridgeswith a limited yearly
budget ofabout 600000 dollars The condition rating scale ranges from 0 toMere 0
means poor condition and 9 means excellent condition. Without any repair action, the
network has an overall condition of 4.89. The fitsfpsof applying the heuristic approach is
prioritizing bridges based on a Priority Index (PI) that is calculated by combining current
condition (BCR) with the AADT for each bridgaccording to the following equation:

| !! I H"H | | 1"# 0jlll THETETHEEE DT DO FERRR e FOnnn v nneeae vy 14

where!"# . is the current condition rating for bridgeand!""# , is the annual average
daily traffic for bridgej.
The PI ranges from 7 to 16%vhere 165 means high priority and 7 means low priority.

After calculating the Pl values for each bridge, the heuristic approachOs remaining procedures
are followed as explained in sectiér2.
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After applying the heuristic approach considerihg five-year planning horizanthe
overall network condition has improved to 5.91. 99% of the budget was spent using th
heuristic approach The processing time for producing the final decisions was 2 seconds,
whichis considered verguick and efficient.

4.2 .4Discussionof Results

The heuristic approach has been implemented on building, pavement, and bridge case
studies using three LCC wdels. Each case study has a different limited yearly budget,
number of assets, and repair options. Based on the data provided in each case study, each
model was formulated to deal with different number of details Accordingly, the
complexityof each modl is not equal. For example, the buildicese study model considers
threerepair optios for each instance, about 10 million dollar yearly budget, and 800 building
instanceswhile the bridge case study model considers five repair options for each of the
seven elements considered for each bridg#)0000dollar yearly budget, and 47 bridges.
Nevertheless, implementing the heuristic approach has improved the overall coaddion
allocated funds efficiently for the three case study netw(Fkgure 4.2). The condition
improvement, percentage of the money spent, and piogetssie for all case studies are
shown inTable4.2.

Table 4.2: Summary of Results Obtained Using thédeuristic Approach

After
] - Percentage )
Case Network Overall Repair Condition Total Total ] Processing
0
Study Size Condition Overall Improvement Budget Spending ) Time
. Spending
Condition
o 800
Buildings ) 54.33 44.79 17.56% 50,062,500 49,650,279 99.18% 7 sec
instances
1,293
Pavements 1.7097 1.5745 7.91% 125,000,000 | 124,978,800 99.98% 34 sec
pavements|
Bridges 47 bridges 4.89 5.91 20.86% 3,000,000 2,992,277 99.74% 2 sec
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Figure 4.2: Heuristic Approach: Condition Improvement

4.3 Experimenting with the Optimization Approach

This sectiorpresentgheimplementation othe aforementioneaptimization fund allocation
approach The results and outputsf implementing the approacare presented in the
following subsectionsFor the optimization approach, a ndraditional optimization tool
based on genetic algorithms (Evolver) was used as a random search ragetioer is an
Excel addin program that proved suitable for solvilgrgesize problems for which
mathematical optnization techniquefail (Elbeltagi et al., 2005)

4.3.1Building Case Study

As mentioned earlierheé buildingcase study consists af network of800 school building
instances with a limited yearly budgetaijout10 million dollars The network conditiois
represented by deterioration index (I The DI valuesrangesfrom 0 to 100 where 0
means thebestcondition. The network has a current overall condition of 54. Jdmeetic
algorithmbased optimization todtvolveris used and formulated to allocate the available
funds and to maximize the condition improvement. The objective function is formulated to
minimize the overall network R] whereas lowern DI value means better condition, as
follows:
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whereDly is the Deterioration Index value for the whole network.
Theobjective function is subjetd the following constraints:
- The repair cost at a specific yetafor the network should bwithin the allowed
budget:

IHSOOINHS, 1 IHSYO&N"HSY68 M N I T W0 1 p

- Each instance receives one repair action @.esingle visit) during the planning

horizon.

The optimization has been performed considering 5 minutes per year (25 minutes total
running time) and 30 minutes per year (150umés total running time). It also considére
five-year planning horizorg 10 million dollar yearly budget, and 800 instances. Considering
5 minutes per year running time has improved the overall network condition to 35.748,
99.67% of the budget wasest, with a total running time of 25 minutes. On the other hand,
the 30 minutes per year running time improved the overall network condition to 34.288,
99.88% of the budget was spenith a total running time of 150 minuteRocessing timg
of both 25 ard 150 minutes for producing the final decisica® considered short and
efficient. It can be noted that increasing the processing time will increase the condition
improvement. Howeveg long processing time will have a very limited effect on the output

condition improvement.

4.3.2Pavement Case Study

In this model, the optimization process considers a netwdtR@Bpavement sectionsith a
limited yearly budget 025 million dollars ThelRI values are used to represent the condition
of the network; where, lower IRI value means better condiitvalver, an Exceladdin
optimization program has been used for maximizing the overall network condition
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(minimizing IRlov). The overall networlcondition (IRby) is the average of IRI values for

all pavement sections. The optimization model has been formulated as follows:

!"#$%&'($ = min "l o TULLEEE DL TERRRRD TUERRRE TELURD R0y e nny 1

wherelRloy is the overall network condition.
This objective function is subject to the following constraints:
- The repair cost at a specific yetafor the network should bwithin the allowed

budget:
"#S%IN"H#S, | 1I"H#$%&budget, NI NIIE ey

- Each sectionreceives one repair action (i.a single visit) during the planning

horizon.

The optimization has been performed considering 15 minutes per year (75 minutes total
running time),a five-year planning horizona 25 million dollar yearly budget, and 1293
pavement sections. Without any repair action, the network has an overall cordfitio
1.7097.The overall network condition has improved from 1.7097 to 1.5602. 99.92% of the
budget was spent. The processing time for producing the final decisions was 75 minutes,

which is efficient.

4.3.3Bridge Case Study

In this case studythe optimization model has been formulated to maximihe overall

network condition (NCR) as follows:
PHS& (S ="# (I"# L 1 NLIII I e e

whereNCRIis the overall network condition.
This objective function is subject to the following constraints:
- The repair cost at a specific yetafor the network should bwithin the allowed
budget:
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- Each bridgeeceives one repair action (iasingle visit) during the planning horizon.

With this formulation the model has succeeded with allocating the available funds and
improving the overall network condition. 93.79% of the budget was allocated. The overall

network condition has improved from 4.89 to 6.44.

4 .3.4Discussion of Results

The optimization techniquesed is genetic algorithibased and randomly searchedor a
feasible solution among the possible combinations and solutions. Then, it selects the solution
thatbestsatisfies the objective function and constraints. The genetic algorithm techngjue ha

provedto be capable of arriving at neaptimal solutions

This technique has been implementedhmthree case studie$he optimization technique
allocated funds and improved the overall condition successfully for all three case studies
(Figure 4.3). Based on the resultd)e condition improvement, the percentage of the money
spent, and the processing time for all case studies are shdwabled.3.
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Figure 4.3: Optimization Approach: Condition Improvement
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Table 4.3: Summary of Results Obtained Using the Genetialgorithm Optimization

After
] - Percentage .
Case Network N Repair Condition Total Total Processing
) Condition ) of )
Study Size Overall Improvement Budget Spending ) Time
. Spending
Condition
o 800 150
Buildings ) 54 34 36.89% 50,062,500 | 50,004,590 99.88% .
instances minutes
1,293 )
Pavements 1.7097 1.5602 8.74% 125,000,000 | 124,900,886 99.92% 75 minutes
pavements
Bridges 47 bridges 4.89 6.44 31.70% 3,000,000 2,813,555 93.7% 50 minutes

4.4 Heuristic vs. Optimization: Results Comparison

Heuristic and genetic algorithm optimization techniques have been used and implemented on
reaklife case studies for buildings, pavements, and bridges. Each case study is formulated in
a separate spreadshéesed modelln terms of budget andlgnning horizon, the three
models considea 5-year planning horizon and a limited yearly buddetvever,n terms of

number of repair options and asset components they are not equal.

For example, the building case study hiasee repair optios for eachinstance (building
component)where in the pavement case study the model considers five repair options for
each pavement section. On the other hand, the bridge case study consists of seven bridge
elements with five repair options for each element. Thus, the problem size and congblexity

the three models are different. However, both the heuristic and optimization techniques have

successfullyallocated budget and improved the overall condifigure4.4).

As shown inTable4.4, the heuristic approach has improved the overall condition for the
building case study from 54 (ovdraondition with no repair action) to 44.8 with a
processing time of 7 secondwhile with the optimization the overall condition has
improved from 54 to 34.3 with a running time of 150 minutes. In the pavement case study,
the heuristic approach has imped the overall condition from 1.7097 (overall condition
without any repairs) to 1.5747 with a processing time of 34 secamiuige with the
optimization the overall condition has improved from 1.7097 to 1.5602 with a running time
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of 75 minutes. For the bridge case study, experimenting with the heuristic approach has
improved the overall condition from 4.89 to 5.91 with a processing time of 2 seadrlés

with the optimizationit improved to 6.44 witha running time of 50 minutesTable 4.4
summarizes the output results of both the heuristic anighiaation approaches for the

building, pavement, and bridge case studies.
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Figure 4.4: Condition Improvement: Heuristic vs. Optimization

Table 4.4: Summary of Results Obtained from the Heuristic and Optimization

Techniques
= 8 = £ o g =
s % s -5 E-5| §5¢ g g -
173} x Z © 5 o 8 = = =1 © a o 2
© 5 £ o T Y o T s > sl = o @ E
2 2 3 5 65 |8 3 5 5 2 F 2 o s F
S 5 2 ©3 [& °8 o g 5 N S a
o z < E P @
o 800 Heuristic 44.79 17.56% 49,650,279 | 99.18% 7 sec
Buildings | _ 54.33 50,062,500 _
instances| Optimization 34.3 36.89% 50,004,590 | 99.88% | 150 min
1,293 Heuristic 1.5745 7.91% 124,978,800| 99.98% 34 sec
Pavements| pavement 1.7097 125,000,000
sections | Optimization 1.5602 8.74% 124,900,886| 99.92% | 75 min
) 47 Heuristic 591 20.86% 2,992,277 | 99.74% 2 sec
Bridges _ _ 4.89 3,000,000 _
bridges | Optimization 6.44 31.70% 2,813,555 | 93.79% | 50 min
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Observations and comments:

The outputs show that the optimization technique has improved the avetrabrk
condition 10% more than the heuristic approach did.

In terms of processing time, the heuristic approach has produced the final decisions in
a much shorter processing time thha obptimization did. Thprocessing time for the
heuristic approackexperiments ranges from 2 to 34 secqgndbere theprocessing

time forthdoptimizationexperiments ranges from 50 to Ifshutes.

Both the heuristic and optimization approaches have improved the overall condition
in the building and bridge case studies moubre than in the pavement case study.
The reasorfor this is that the budget provided the pavement case study was
estimatedo bethe minimum required budget to bring the pavement network above
an acceptable leveAccordingly, it was lessefficient than in the other two case

studies.

4.5 Summary

In this chapter, two fund allocation techniques, heuristic and optimization, have been

introduced. LCCA models for reéife case studies for networks of building instances,

pavements, and bridges were presented aseld for validating the fund allocation

techniques. Experiments have beemductedor allocating limited budgets for the purpose

of maximizing the overall network condition. The results show that both the heuristic and

optimization techniques have alwied the available funds and efficiently improved the

overall condition.
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Chapter 5

Experimenting on Large-Scale Networks

5.1 Introduction

One of the greatest obstacles to the development of efficient LCCA models is the inadequacy
of existing models and tools to handle largeale problems, which is the case in
infrastructure asset management problgkbehairy, 2007) Therefore, it is crucial to
validate the proposed approaches on ksgme networks

In this chapterthe assets of the case studa@sl models presented @hapter 3and Chapter

4 have been repeated several timesdostruct largescale networksBoth the heuristic and
optimization approachemre experimentedn these largscale networks to investigatieeir
performance and ability to handling largeale networksThe implementation and results of
the experiments are presented, compared, and discussed.

5.2 Using the Heuristic Approach onLarge-Scale Networks

Larger networks (up to about 10,000 assets) wenstructed by repeating the assets in the
building, pavement, and bridge networks several times. Repeating the néasskss
provides a quantitative approach for measuring the performance ofstzlge networks.
Experiment results are presented ia thllowing sectionsThe heuristic approach presented
in Chapter 4s nowvalidated andested on largecale networks.

5.2.1Building Case Study

Larger networks (1600, 3200, 6400, and 1@00) were constructed by repeating the-800
building instance network several timés mentioned irChapter 4the main objective is to
maximize the overall network condition (minimum deterioration index) during they&ae
planning horizon, given a limited yearly budget. Networks of 1,600, 3800, and 10,400
instances were allocated yearly budgets of $100,062,500, $200,062,500, $400,062,500, and
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$650,062,500, respectively. The results of implementing the heuristic approach on these

networks are summarized Trable5.1.

Table 5.1: Summary of Large-Scale Building Case Study and Model Implementation

After
Sase | npproson | Netuer | Overal | Bepak | Coraton | uager | sponang | ot | PpeeSS
Condition
800 44.793 17.56% 50,062,500 | 49,650,279 | 99.18% | 0:00:07
o Q 1,600 44.646 17.83% 100,062,500| 99,894,864 | 99.83% | 0:00:26
5 % 3,200 54.332 44.642 17.83% 200,062,500( 199,789,728| 99.86% | 0:00:51
& = 6,400 44.638 17.84% 400,062,500( 399,579,456| 99.88% | 0:04:27
10,400 44.589 17.93% 650,062,500 649,523,916| 99.92% | 0:14:08

Implementing the heuristic approach has successéliibcated funds andnproved the
overall condition for all network size8s shown inFigure5.1, the overall network condition
for all network sizes has improved by andul8%. In terms of budget spending, more than
99% of budgets in all network sizes were allocated. The processing time ranged from 7
seconds with the 86@dstance network to 14 minutes with the 10 4@€iance network,

which is considered short ancefficient processing tim@-igure5.2).
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Figure 5.1: Heuristic Approach: Condition Improvement for Large-ScaleBuilding
InstanceNetworks
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Figure 5.2: Heuristic Approach: Processing Time for LargeScaleBuilding Networks

5.2.2Pavement Case Study

Larger networks of 2,586, 5,172, and 10,344 pavement sect@ns constructed by
repeating thel,293pavemennetwork several time#As mentioned in the previouhapter,

the main objective is to maximize the overall network condition (minimum IRI) during the
five-year planning horizon, given a limited yearly buddeetworks of 2,586, 5,172, and
10,344 pavements were allocated yearly budgets of $250,000,000, $500,000,000, and
$1,000,000,000, respectively. The results of implementing the heuristic approach on these

networks are summarized Trable5.2.

Table 5.2: Summary of Large-ScaleModel and Case Study Implementatiorior Large-

Scale Pavement Networks

After
Sase | somosen | Netvon | vl | Bepek | contor | pusger | spenang | 2%, | PEeEEnD
Condition
- 1,293 1.5745 7.91% 125,000,000 | 124,978,800| 99.98% | 0:00:34
é ‘E 2,586 1.575 7.88% 250,000,000 | 249,990,000 100% 0:02:02
i‘; %:3 5,172 17097 1.5767 7.78% 500,000,000 | 499,980,000 100% 0:08:33
10,344 1.5764 7.80% 1,000,000,000/ 999,990,000 100% 0:38:25
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As shown inTable 5.2, the heuristic approach has performed|wn the largescale
pavementnetworks. Implementing the heuristic approach has successiidlyated funds
andimproved the overall condition for all network sizés. shown inFigure5.3, the overall
network condition for all network sizes has improved by ado8%. In terms of budget
spending,100% of budgets irB caseswere allocatedwith the remaining budget having
99.98 allocated The processing time ranged from 34 seconds with the -p2&3ment
network to 38 minutes with the 10,3fp&vement networkFigure 5.4), which are efficient

processing time

0/.-$!

1"#B™

= 0/.($!

0/-$!

0/'($!

@ 9)+A(.(

0/0-$!

3+..&7+

0/0($!
#F&.%! &F-'11 -F#0&! H(E%™!

C(1D+)E"F&B("#-A(,(.1"F(%72+."

Figure 5.3: Heuristic Approach: Condition Improvement for Large-Scale Pavement

Networks
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Figure 5.4: Heuristic Approach: Processing Time for LargeScale Pavement Networks
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5.2.3Bridge Case Study

In this case studylarger networks of 94, 752, 1,504, 380and 6,016 bridgesvere
constructed by repeating ther-bridge network several timesThe main objective is to
maximize the overall network condition (maximum NCR) during the-ymar planning
horizon, given a limited yearly budget. Networks of 94, 75204, 3,008 and 6,016 bridges
were allocated yearly budgets of $6,000,000, $48,000,000, 96,000,000, 192,000,000, and
$384,000,000, respectively. The results of applying the heuristic approach on these networks

are summarized imable5.3.

Table 5.3: Summary of Large-Scale Model and Case Study Implementation fdcarge-
Scale Bridge Networks

After
Sose | s | Mo | v | Bemen | conaton | euager | spenang | ot | PR
Condition
47 591 20.86% 3,000,000 | 2,992,277 | 99.74% | 0:00:02
94 5.89 20.45% 6,000,000 | 5,990,457 | 99.84% | 0:00:03
_% :‘é 752 480 5.81 18.81% 48,000,000 | 47,999,281 | 100% 0:05:38
o L 1,504 5.86 19.84% 96,000,000 | 95,999,018 | 100% 0:28:50
3,008 5.86 19.84% 192,000,000{ 191,999,420| 100% 3:00:05
6,016 5.86 19.84% 384,000,000| 383,999,423 100% 17:01:35

Implementing the heuristic approach has successélibcated funds andnproved the
overall condition for all network sizes. The overall network condition for all network sizes
has improved by around 20%igure 5.5). In terms of budget spending, almost 100% of
budgets in dlnetwork sizes were allocatedn& processing time ranged from 2 seconds with
the 47bridge network to 17 hours with the 6,066dge networkFigure5.6). Compared to a
processing time of 14 minutes for the 1040€§tance network and 38 minutes for the
10,344pavement netwdt a processing time of 17 hours for producing the final decisions in
the 6,016bridge network is considerdd be along processing time. The reason for this is

that the bridge model is more complicated than the building and pavement models.
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Figure 5.6: Heuristic Approach: Processing Timefor Large-Scale Bridge Networks

5.2.4Discussion of Results

The heurigt approach has been experimenteth on models for different network sizes of
the building, pavement, and bridge eastudiesEach case study hagen repeated several
times to construct largecale networksExperimentng with the heuristic approach on
different network sizes shaithat the approach hadlocated funds efficiently anidhproved
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the overall condition for the three case study networks. In terms of processing time, the
heuristic approach has also performesty well with largescale networks except for the
bridge case study. The reason for this is that the nfodehe bridge case study is more
complex than the models of the building and pavement case studies. The bridge model
considers seven elements for each asset and five repair options for each element. This
complexity increased the processing tifiee siImmary é experiment results for all network

sizes and case studies is presentéichinie5.4.

Table 5.4: Summary of the Heuristic Approach Resultson Large Networks

After
Sase | moproscn | ek | overa | Bepn | Contton | puager | spenang | gty | PEEEES
Condition
800 44.793 17.56% 50,062,500 | 49,650,279 | 99.18% 0:00:07
o 1,600 44.646 17.83% 100,062,500 | 99,894,864 | 99.83% 0:00:26
5 3,200 54.332 44.642 17.83% 200,062,500 | 199,789,728| 99.86% 0:00:51
& 6,400 44.638 17.84% 400,062,500 | 399,579,456/ 99.88% 0:04:27
10,400 44.589 17.93% 650,062,500 | 649,523,916| 99.92% 0:14:08
- 1,293 1.5745 7.91% 125,000,000 | 124,978,800| 99.98% 0:00:34
E 2,586 1.575 7.88% 250,000,000 | 249,990,000| 100.00% | 0:02:02
ir; Heuristic 5,172 17097 15767 7.78% 500,000,000 | 499,980,000| 100.00% | 0:08:33
10,344 1.5764 7.80% 1,000,000,000; 999,990,000| 100.00% | 0:38:25
47 5.91 20.86% 3,000,000 2,992,277 | 99.74% 0:00:02
94 5.89 20.45% 6,000,000 5,990,457 | 99.84% 0:00:03
_% 752 489 5.81 18.81% 48,000,000 | 47,999,281 | 100.00%| 0:05:38
o 1,504 5.86 19.84% 96,000,000 | 95,999,018 | 100.00% | 0:28:50
3,008 5.86 19.84% 192,000,000 | 191,999,420| 100.00% | 3:00:05
6,016 5.86 19.84% 384,000,000 | 383,999,423| 100.00% | 17:01:35

5.3 Using the Optimization Approach on Large-Scale Networks

For the heuristic approach, the optimization approach has been experimwghted these

large-scale networks. Itperformance and ability to handling largeale network&iave been

investigated andrepresented in the following subsections
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5.3.1Building Case Study

For the heuristic approach experimentxger networks (600, 3200, §400, and 12100)

were constructed by repeating the 8@0lding instance network several timé@$ie objective

is to maximize the overall network condition (minimum detation index) during the five

year planning horizon, given a limited yearly budget and a processing time of 150 minutes.
Networks of 1,600, 3,200, 6,400, and 10,400 instances were allocated yearly budgets of
$100,062,500, $200,062,500, $400,062,500, arkd $62,500, respectively. The results of
implementing the optimization approach on these networks are summarizule®.5.

Table 5.5: Optimization Results for Large-ScaleBuilding Networks

After
Sase | moponcn | Meor | v | Seoa | Condton | euager | spenang | g | PResS
Condition

800 34.288 36.89% 50,062,500 | 50,004,590 | 99.88% | 2:30:00

% .% 1,600 35.714 34.27% 100,062,500 100,028,336| 99.97% | 2:30:00

=} E 3,200 54.33 37.133 31.66% 200,062,500 199,822,003| 99.88% | 2:30:00

& g' 6,400 40.781 24.94% 400,062,500| 399,920,796| 99.96% | 2:30:00

10,4® 42.913 21.02% 650,062,500 649,934,604| 99.98% | 2:30:00

As shown inTable5.5, the processing time was set to be 150 minutes for all network sizes.
The optimization approach has performed Iwen the largescale building networks.
Implementing the optimization apprdabas successfullgllocated funds ananproved the
overall condition for all network sizes. However, the approachesO performance decreased
with largescale networkgFigure5.7). To illustrate, the overall condition improvement for
the 800Ginstance network was 36.89%hile the overall network condition improvement for
the 10,400 wasnly 21%. In terms of budget spending, more than 99% of budget$ in a

network sizes were allocated.
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Figure 5.7: Optimization Approach: Condition Improvement for Large -Scale Building
Instance Networks

5.3.2PavementCase Study

The optimization model has been formulatasl explained irsection4.3. Experimentswith

this approach on largecale networks show that it produced a limited improvement to the
overall néwork condition ascompared to the heuristapproacl® results(Table 5.6). The
reason for this is that the pavement case study model considers both the project and network
levels at the same timehich significantly increased the number of possible solutions and
combinatiors. Accordingly, the optimization technique needgery long time (days) to find

a good resultFor examplewhena processing time of 675 minutes (about 11 hours) was
applied to the 2,586 pavement networke tcondition improved to 1.5638.58%
improvement), whichs slightly better than the heuristic result. Another example, the 5,172
pavement netwotkvas given 1,480 minutéabout a day) processing timehich produced

a conditionimprovementof 6.4% (1.6), whichis lessthan the heuristicessult. Accordingly,

with very largescale networkshat involve a more complex LCCA modéhe optimization
technique may fail to reach a better solutiewen withalonger processing time.
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Table 5.6: Optimization Results for Large-Scale Pavement Networks

After
Sase | oo | Mook | Oueah | Bepan || condton | Bu0Et | spenang | 200, | Processno
Condition
- c 1,293 1.5602 8.74% 125 124,900,886| 99.92% | 1:15:00
é '% 2,586 1.7097 1.6188 5.32% 250 249,928,364| 99.97% | 1:15:00
% g_ 5,172 1.6375 4.22% 500 499,921,382| 99.98% | 1:1500
© 10,344 1.6638 2.68% 1,000 999,834,320| 99.98% | 1:1500

5.3.3Bridge Case Study

The optimization model was formuéatt as mentioned in sectidn3.3and implemented on

large-scale bridge networks. The outputs of the experiments are shdvablgb.7.

Table 5.7: Optimization Results for Large-Scale Bridge Networks

After
Sose | soosen | Nk || v | Bepan | Conaton | eusger | Spenang | 2521 | PSS
Condition
47 6.44 31.70% 3,000,000 | 2,813,555 | 93.7% 0:50:00
S 94 6.44 31.70% 6,000,000 | 5,809,083 | 96.82% | 0:50:00
-%’ § 752 489 6.35 29.86% 48,000,000 | 47,370,407 | 98.69% | 0:50:00
& -%_ 1,504 6.23 27.40% 96,000,000 | 95,694,751 | 99.68% | 0:50:00
© 3,008 6.04 23.52% 192,000,000( 185,486,341| 96.61% | 0:50:00
6,016 5.98 22.29% 384,000,000 357,928,674| 93.21% | 0:50:00

As shown inTable 5.7 and Figure 5.8, the performance of the optimization approach

decreases with the irease of the network size. The overall network condition has improved

31% for the 47bridge network while for the 6,01éoridge network the overall network

condition improvement was 22%. In terms of fund allocation, a range of &&tst100%

of the budgewas allocated.
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Figure 5.8: Optimization Approach: Performance of Large-Scale Networks

5.3.4Discussion of Results

For the heuristic approach experiments, lasgale networks have been constructed to be
experimentedon with the optimization approach. The optimization approach has been
formulated to optimize the fund allocation processrder tomaximize the overall etwork
condition improvement. Experiments with the optimization approach on different network
sizes have been performed. For the building and bridge case spudeessing timeof 150

and 50 minutes e been sefor the building and bridge models, resfively. The outputs
show that the optimization approach has improved the overall network condition (20 to 30%
improvement) and allocated funds efficiently for different network sizes. On the other hand,
a processing time of 75 minutes was given to theepents model. The overall network
condition in the pavement model had a limited improvement. The reason for this is that the
model of the pavements case study considers both the neawatlprojecievel decisions at

the same timewhich increases the mber of possible solutions and combinations.

Accordingly, a very long processing time is needed to improve the overall network condition.
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5.4 Heuristic vs. Optimization: Results Comparison

Table5.8 shows the experiment results both the heuristic and optimization approaches for
different network sizes of the building, pavement, and bridge case studies.

Table 5.8: Summary of Experiment Resultsfor Large-Scale Networks

% .GNJ = < o = o
o 5 © T ° 2 X oo T > c @ o £
5 £ | S5 3 5 565 | 58 2 5 | 8F
o % O < £ (@] (@] E 2] 2 o
800 50.062.500 Heuristic 44.793 17.56% 49,650,279 | 99.18% | 0:00:07
B Optimization 34.288 36.89% 50,004,590 | 99.88% | 2:30:00
1 600 100.062.500 Heuristic 44.646 17.83% 99,894,864 | 99.83% | 0:00:26
" ' U Optimization 35.714 34.27% 100,028,336 | 99.97% | 2:30:00
__%’ 3200 54,332 200.062.500 Heuristic 44.642 17.83% 199,789,728 | 99.86% | 0:00:51
E ' ' T Optimization 37.133 31.66% 199,822,003 | 99.88% | 2:30:00
@ 6.400 400.062.500 Heuristic 44.638 17.84% 399,579,456 | 99.88% | 0:04:27
' U Optimization 40.781 24.94% 399,920,796 | 99.96% | 2:30:00
10.400 650.062.500 Heuristic 44.589 17.93% 649,523,916 | 99.92% | 0:14:08
' U Optimization 42.913 21.02% 649,934,604 | 99.98% | 2:30:00
1293 125 000.000 Heuristic 1.5745 7.91% 124,978,800 | 99.98% | 0:00:34
' e Optimization 1.5602 8.74% 124,900,886 | 99.92% | 1:15:00
*2 2586 250.000.000 Heuristic 1.575 7.88% 249,990,000 | 100% 0:02:02
GE’ ' U Optimization 1.6188 5.32% 249,928,364 | 99.97% | 1:15:00
°>‘; 5172 1.7097 500.000.000 Heuristic 1.5767 7.78% 499,980,000 | 100 0:08:33
o ' e Optimization 1.6375 4.22% 499,921,382 | 99.98% | 1:15:00
10.344 1,000 000.000 Heuristic 1.5764 7.80% 999,990,000 | 100% 0:38:25
' e Optimization 1.6638 2.68% 999,834,320 | 99.98% | 1:1500
A7 3.000.000 Heuristic 5.91 20.86% 2,992,277 | 99.74%| 0:00:02
U Optimization 6.44 31.70% 2,813,555 | 93.79% | 0:50:00
94 6.000.000 Heuristic 5.89 20.45% 5,990,457 99.84% | 0:00:03
e Optimization 6.44 31.70% 5,809,083 | 96.82% | 0:50:00
Heuristic 5.81 18.81% 47,999,281 100% 0:05:38
§ 52 48,000,000 Optimization 6.35 29.86% 47,370,407 | 98.69% | 0:50:00
;% 1504 4.89 96.000.000 Heuristic 5.86 19.84% 95,999,018 100% 0:28:50
' AR Optimization 6.23 27.40% 95,694,751 | 99.68% | 0:50:00
Heuristic 5.86 19.84% 191,999,420 | 100% 3:00:05
3,008 192,000,000 Optimization 6.04 23.52% 185,486,341 | 96.61% | 0:50:00
Heuristic 5.86 19.84% 383,999,423 | 100% 17:01:35
6,016 384,000,000 Optimization 5.98 22.29% 357,928,674 | 93.21% | 0:50:00

As shown inTable 5.8, the heuristic approach has sufficiently improved the overall
network condition for all network sizes. In terms of processing time, the final decistoas
producedefficiently andin a very short for the building and the pavement case studigs
not for the bridge case study. In the 6 @tlge network, a processing time of more than 17
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hours was needed to produce the final resu{&gure 5.9), which is considere long
processing timeas compared tothe 14- and 38minute processing tinsefor the 10,400
building instance network anthe 10,344pavement network, respectively. On thther

hand, the optimization approach experiments show a good improvement to the overall
network condition of the buildings and bridges case stuéfiggire 5.10 and Figure 5.11),

while a limited improvement to the pavement netw@rkserall conditios has been

achieved.

5.5 0bservations and Recommend#ons

Based on the results of texperimerd conducted on the different LCCA models, and on
differentsize problems, some observations and recommendations for optimizing fund

allocationareas follows:

- The optimization resulten the building and bridgeetwork modelgproduced better
improvemento the overall network conditiothan to the pavement netwo@sserall
conditiors. The reason for this is that the pavement model considers both the-project
and the networkevel decisions.The MOST technique ofHegazy & Elhakeem,
2011) therefore, proved to be a good model for lasgale LCCA.

- For the heuristic approach, the processing time for all network sizes was short and
efficient, except for the largescale bridgeneworks. The reason for this is that the
bridge model is more complex than the building and pavement models. Therefore,
prioritizing bridges and allocating funds takdeng time to be performed.

- Based on the results, the heuristic approach proved toslmepée tool to provide a
quick solution, while optimization is still neededftotherimprove the resuliggiven
enoughprocessing time.

- More work is still needed to devigeew heuristic and optimization techniques that

canfurtherimprove the results.
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Figure 5.9: Heuristic vs. Optimization: Processing Timefor Large-Scale Bridge

Networks
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Figure 5.10: Heuristic vs. Optimization: Condition Improvement for Large-Scale
Building Instance Networks
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Figure 5.11: Heuristic vs. Optimization: Condition Improvement for Large-Scale
Bridge Networks

5.6 Summary

In this chapterthe heuristic and optimization approaches @nésd in Chapter 4 wer
applied tolargescale networks. The largeale networks were constructed by repeating the
assets of the thremse studiepresented in Chapter 4 several times. Both approaches have
been experimentewith for allocatinglimited funds on largescale networksThe results
show thatthe heurstic approach hasfficiently allocated available funds and improved the
overall conditionfor all case studies and network sizBl®ewever, the processing tinfer
allocating funds for largscde bridge network was inefficiently long. On the other hand,
the optimization approach performeery well for the largescale building and bridge
networks.However combining both project level and network level analysis together for the
pavement networkmakes the problem much more complex and fitoduces lesshan

optimum results.
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Chapter 6

Conclusions

6.1 Summary and Conclusion

With infrastructure assets aging aretjuiring increasingattention governmerts and large
owner organizations are faced with increagangssure to keep their infrastructure safe and
operable with limited repair fundésset prioritizationand fund allocation, therefore, are
crucial processem the management of large netwsrf infrastructure assets. The main
objective of this researavasto examine techniques on several LCCA models for different
types ofreatlife infrastructure case studies.

In this researchithe major problems facing frastructure asset management were
presentedand the challenges and complexity of developing an infrastructure management
system were discussed. Then, prioritization was presented as a powerful process for efficient
fund allocation as well aghe fact that it is flexible and easy to implement and undetstan
Different prioritization techniques were explainaad their strengthand weaknesses were

summarized.

LCC analysis models for three types of assets (pavememdges, and buildings) have
been introduce@nd implemented on spreadsisaet orderto facilitate further analysis of
heuristic versus optimization technigues largescale problemsThe largescale networks
were constructed by repeating the assets of the ttase studieseveral times. Both the
heuristic and optimization approaches haeerbexperimentedith for allocatinglimited
funds on largescale networksThe results show thathe heurstic approachefficiently
allocated the available funds and improved the overall conditiorall case studies and
network sizes However, theprocessing time of allocating funds for largmale bridge
networks was inefficiently long. On the other hand, the optimization approach performed
very wellfor the largescale building and bridge network$owever combining both project

level and networkevel analysis together for the pavement network makes the problem much
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more complex and this produces ledhan optimum results.Based on the results, the
heuristic approach proved to be a simple tool to provide a quick solution, while optimization

is dill needed tdurtherimprove the results, given enough processing time.

6.2 Future Work

-  Experiment with dvanced mathematicabptimization techniques using recent
powerful tools such as GAMS and CPLEX orderto try different optimization

mechanisms.

- Experment with other evolutionary systems such as Ant Col&@hyffled Frog

Leaping,etc.

- Introduce other heuristic approaches for fund allocation.

- Examine changes to the LCCA model itself by building uporMRT technique

as segment parts of the netwdtaiel analysis.

75



References

Abed-Al-Rahim, I., & Johnston, D. (1995). Bridge element deterioration rataasportation
Research Record1490), 918.

Alegre, H., Covas, D., Monteiro, A. J., & Duarte, P. (2006). Water infrastructure asset management:
A methodology to define investment prioritizati@h Annual Water Distribution Systems
Analysis Symposiurgincinnati, Ohio, USA.

BUILDER User Guide. (202). BUILDER user guideChampaign, IL, USA: U.S. Army, Engineering
Research and Development Centfgonstruction Engineering Research Laboratory (ERDC
CERL).

Burns, P., Hope, D., & Roorda, J. (1999). Managing infrastructure for the next generation.
Autamation in Construction, (8), 683703.

Centra, LPRIORITIZATIONRetrieved 04/15, 2011, from

http://www.cdc.gov/od/ocphpphpsp/documents/Prioritization%20section%20from%20APEXP

H%20in%20Practice.pdf

Chang, C., Huang, S., & Guo, S. (2008). Setting a priority benchmark for building maintenance in
taiwan's national universitiedournal of Architectural and Planning Resear2h(2), 162.

Chouinard, L., Andersen, G., & Torrey lll, V. (1996). Ranking models used for condition assessment
of civil infrastructure systemgournal of Infrastructure Systems, 23.

Dekker, R. (1996). Applications of maintenance optimization modeteview and analysis.
Reliability Engineering & System Safety(3) 229240.

Dupuis, J., & Ruffilli, D. (2011)Government of canada investments in public infrastructure

Retrieved 01/29, 2012, froittp://www.parl.gc.ca/Content/LOP/ResearchPublicationstdei

e.htm
76



Elbehairy, H. (2007)Bridge management system with integrated life cycle cost optimizédoctor
of Philosophy, University of Waterloo).

Elbeltagi, E., Elbehairy, H., Hegazy, T., & Grierson, D. (2005). Evolutionary algorithms for
optimizing bridge deck rehabilitatiomternational Conference on Computing in Civil
Engineering, ASCE, Cancun,

Elbeltagi, E., & Tantawy, M. (2011). ASSET MANAGENH: THE ONGOING CRISIS.

Elhakeem, A. A. M. (2005)An asset management framework for educational buildings with life
cycle cost analysikibrary and Archives Canada= Bibliotheque et Archives Canada.

Farran, M., & Zayed, T. (2009). Comparative analysikfefcycle costing for rehabilitating
infrastructure systemdournal of Performance of Constructed Facilities, 330.

Gharaibeh, N. G., Chiu, Y. C., & Gurian, P. L. (2006). Decision methodology for allocating funds
across transportation infrastructagsetsJournal of Infrastructure Systems,, 12

Giannini, A. (2008)A tentative national infrastructure policy for canaqilaster of Engineering,
McGill University).

Gurganus, C. F., & Gharaibeh, N. G. (2012). Pavement preservation project selrdtion
prioritization: A 5 competitive approach Bransportation Research Board 91st Annual
Meeting,(12-1235)

Haas, R., Hudson, W. R., & Zaniewski, J. (19%ddern pavement managemeialabar, FLA,
USA: Krieger Publishing Company.

Halfawy, M., NewtonL., & Vanier, J. (2006). REVIEW OF COMMERCIAL MUNICIPAL
INFRASTRUCTURE ASSET MANAGEMENT SYSTEM®$1, 211-224.

Halfawy, M. R., Vanier, D. J., & Hubble, D. (2004). Integration of municipal information systems for
sustainable management of infrastructure@@sEnvironmental Informatics Conference, 325

386.

77



Hegazy, T., Elbeltagi, E., & EHBehairy, H. (2004). Bridge deck management system with integrated
life-cycle cost optimizatiorifransportation Research Record: Journal of the Transportation
ResearctBoard, 186¢-1), 4450.

Hegazy, T., & Elhakeem, A. (2011). Multiple optimization and segmentation technique (MOST) for
largescale bilevel life cycle optimizatio@anadian Journal of Civil Engineering, @B, 263
271.

Hegazy, T., Rashedi, R., & Ali, A2012). Efficient heuristic approach for negptimum allocation
of pavement rehabilitation fundSransportation Research Board 91st Annual Meeting,

Hudson, W. R., Haas, R., & Uddin, W. (199Rfrastructure management: Integrating design,
constructionmaintenance, rehabilitation, and renovatidsiew York, USA: McGrawHill.

Karydas, D., & Gifun, J. (2006). A method for the efficient prioritization of infrastructure renewal
projects.Reliability Engineering & System Safety (Bl 8499.

Langevine, R.Allouch, M., AbouRizk, S., & Nicoll, J. (2005). A building maintenance decision
support system. Paper presented atlsteCSCE Specialty Conference on Infrastructure
Technologies, Management, and Policiegtonto, Ontario, Canada. FE/6.

Madanat, S.Mishalani, R., & Ibrahim, W. H. W. (1995). Estimation of infrastructure transition
probabilities from condition rating datdournal of Infrastructure Systems, 1120.

Madanat, S. M., Karlaftis, M. G., & McCarthy, P. S. (1997). Probabilistic infrasteideterioration
models with panel datdournal of Infrastructure Systemg13, 4-9.

Masood, S. (2008)he silent deficit: The catastrophic condition of canada's municipal infrastructure
and funding woeg).Capital Planning Solutions Inc.

Mirza, S. (D07).Danger ahead: The coming collapse of canada's municipal infrastrugjure.

Ottawa: Federation of Canadian Municipalities.

78



Mitropoulos, P., & Howell, G. A. (2002). Renovation projects: Design process problems and
improvement mechanismdournal of Management in Engineering, 3, 179185.

Morcous, G. (2000)Casebased reasoning for modeling dridge deterioratigboctor of
Philosophy, Concordia University.).

Outwater, M. L., Adler, T., Dumont, J., Kitchen, M., & Bassok, A. (2012). Quantitatipeaphes
for project prioritization: A puget sound case stubisansportation Research Board 91st Annual
Meeting,(12-0433)

Roy, F. (2008)From roads to rinks: Government spending on infrastructure in canada, 1961 to 2005
Statistics Canada, Micreconome Analysis Division.

Rugless, J. (1993). Condition assessment sur¥agslities Engineering Journal, 21(3pp. 1313.

Seo, J. H. (1994A lagrangean relaxation and network approach to lasgale optimization for
bridge management systerfi3octor of Philosophy, A&M University) A Lagrangean
Relaxation and Network Approach to Lar§eale Optimization for Bridge Management
Systems,

Shahin, M. (1994)Pavement management for airports, roads, and parking Mgsv York, USA:
Springer Science+Business tMa, LLC.

Shen, Q. (1997). A comparative study of priority setting methods for planned maintenance of public
buildings.Facilities, 1512/13), 331339.

Shen, Q., Lo, K. K., & Wang, Q. (1998). Priority setting in maintenance management: A modified
multi-attribute approach using analytic hierarchy proc€smstruction Management and
Economics, 1), 693702.

Shen, Q., & Spedding, A. (1998). Priority setting in planned mainteranacéical issues in using the

multi-attribute approactBuilding Research &nformation, 23), 169180.

79



Sianipar, P. R. M., & Adams, T. M. (1997). Fauke model of bridge element deterioration due to
interaction.Journal of Infrastructure Systemgq33, 103110.

Statistics Canada. (1994jixed capital flows and stock$961-1994 historical(). Ottawa, Canada:
Statistics Canada.

Statistics Canada. (1996}apital expenditures by type of asggtOttawa, Canada: Statistics
Canada;.

Statistics Canada. (199%rivate and public investment in canada, intentions 199®ttawa,

Canada: Statistics Canada.

Tokdemir, O. B., Ayvalik, C., & Mohammadi, J. (2000). Prediction of highway bridge performance
by artificial neural networks and genetic algorithfdsoceeding of the 17th International
Symposium on Automation and Rot®in Construction (ISARC), September, Taipei, Taiwan,

Tsai, Y. J.,, Wu, Y., Wang, C. R., Pitts, E., & Cressman, N. (2012). Integrating safety into resurfacing
project reprioritization for minimizing pavemedgficiencyinduced safety riskS.ransportaton
Research Board 91st Annual Meeti(t2-1895)

Vanier, D. (2001). Why industry needs asset management dooisial of Computing in Civil
Engineering, 161), 3543.

White, J. A., Case, K. E., Pratt, D., & Agee, M. H. (19%*)nciples of engineeringconomic
analysis New York, USA: John Wiley.

WIKIPEDIA. (2011).WIKIPEDIA, infrastructureRetrieved April 4, 2011, 2011, from

http://en.wikipedia.org/wiki/Infrastructure

Woodward R. (2004). The organisation for economieaeration and development (OECD)ew

Political Economy, 9113127.

80



