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Abstract

Nowadays in Portugal, as in many other countries, td the economic crisis, the trend
of budgetary pressures on highway agencies isasorg. At the same time, road users
are increasingly demanding in terms of highway igggatomfort and safety. Several
highway maintenance and rehabilitation projectsehagen delayed because of budget
constraints. The economic crisis has also stimdlatevider debate about the state of
Portugal’s road network infrastructure and the egugnces of past large-investment in
new construction and under-investment in mainte@armd rehabilitation. Fortunately,
in the last three years, the construction of neghWways has almost ceased and the
scarce funds available have been used essentialipdintenance and rehabilitation of
existing highways and roads. To meet these chakengghway agencies are looking
for more cost-effective methodologies for pavememintenance programming at
network-level. So, in the coming years, highwayreges are open to new Decision-Aid

Tools that minimise the costs related to their afeaction.

This PhD thesis presents a Multi-Objective Decistath Tool, called MODAT, which

can solve the pavement management problem forae iavolving major rehabilitation
interventions. The MODAT, which has the objectiveé minimising costs over a
selected planning period, allows closing of the dmgiween project and network
management. This is made possible by replacindréuktional microscopic approach,
which uses models that include independent vasaldgplaining the pavement

deterioration process (i.e. layer thickness, msilimodulus, asphalt characteristics,

XiX
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traffic, climate, etc.), with a macroscopic apptodicat uses models for predicting the
future condition of the pavement based on measowedlition data (i.e. cracking,
ravelling, potholes, patching, rutting, longitudirraughness, skid resistance, traffic,
climate, etc.). The macroscopic approach requireat teach road section is
homogeneous in terms of quality, pavement structuaéfic and climate. It is assumed
that each road section possesses one performamee with any estimated future
performance value representing the overall avepayement condition. The MODAT
considers the pavement performance model usedeirA&SHTO flexible pavement
design method but any other preferred model camsbd as well. In the implementation
of an optimum solution recommended by the MODAT figld review must be
conducted to identify continuous road sections wile same or identical M&R
interventions with the goal of aggregating themoithe same road project. It is
recommended that whenever actual pavement perfaendata becomes available, it
should replace the predicted PSI values from theSHAO pavement performance
model. Any other appropriate pavement conditiondatbr can easily be used as an
alternative in this methodology. The MODAT condtitsia new useful tool to help the
road engineers in their task of maintenance andbitation of pavements. The
MODAT was applied to a municipal road network (@ina do Hospital) and also to a

national road network (main road network of Casiilanco), both located in Portugal.

XX
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Resumo

Atualmente, em Portugal, como em muitos outrosegaidevido a crise econdmica, esta
a aumentar a pressao orcamental sobre as adngdes$reodoviarias. A0 mesmo tempo,
0S utentes estdo cada vez mais exigentes em teermsalidade da estrada, de conforto
e de seguranca rodoviaria. Varios projetos de ceas@o e reabilitacdo de estradas
foram adiados devido a restricdbes orcamentais. i8e ceconOmica também tem
estimulado um amplo debate sobre o estado dasstfuauras rodoviarias em Portugal
e as consequéncias do grande investimento em ©owvasucdes efetuado no passado
recente e o reduzido investimento em conservacdieakilitacdo. Felizmente, nos
altimos trés anos, a construcdo de novas estragese Cessou e 0S escassoS recursos
financeiros disponiveis foram utilizados essencialte para a conservacado e
reabilitacdo de estradas e autoestadas em seRaa. enfrentar esses desafios, as
administracGes rodoviarias procuram metodologias oeelhor relacédo custo-beneficio
para a programacao da conservagao e reabilitaciigp@lomentos ao nivel da rede.
Assim, nos proximos anos, as administracdes rodasiaestdo abertos a novas
ferramentas de apoio a decisdo que minimizem desusacionados com a sua area de

atuacao.

Esta dissertacdo de doutoramento apresenta umm@istee Apoio a Deciséo
Multiobjectivo, designado por MODAT, o qual resolee problema da gestdo de
pavimentos em termos de intervencdes de conseryagamlica. O Sistema MODAT,

que tem como objetivo a minimizacdo de custos deram determinado periodo de

XXi
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planeamento, permite aproximar a gestdo de pavomeniivel da rede da gestédo de
pavimentos a nivel de projeto. Isto tornou-se pesgior substituicio da abordagem
microscopica, a qual considera modelos que inclyvamaveis independentes que
explicam o processo de degradacdo dos pavimestosé(i a espessura das camadas, 0
modulo de deformabilidade, as caracteristicas déobéetuminoso, o trafego, as
condicOes climaticas, etc.) por uma abordagem reeépica que considera modelos de
previsao do estado futuro dos pavimentos baseadatados medidos em ensaios néo
destrutivos (isto €, fendilhamento, desagregacaperfuial, covas e peladas,
reparacOes, rodeiras, irregularidade longitudinaferéncia, trafego, condicfes
climaticas, etc.). Esta abordagem macroscopiceeregue cada trecho rodoviario seja
homogéneo em termos de qualidade, estrutura dampato, trafego e condicbes
climaticas. Assume-se que existe um modelo de gAevido comportamento do
pavimento para cada trecho rodoviario que pernsiienar o seu desempenho futuro. O
sistema MODAT considera o0 modelo de previsdo dopartamento dos pavimentos
utilizado no método de dimensionamento de pavinsefiexiveis da AASHTO. No
entanto pode ser utilizado qualquer outro modela. iplementacdo das solugcdes
Otimas de conservacdo e reabilitagdo dos pavimemosmendadas pelo sistema
MODAT, deve ser efetuado um estudo para identiftoechos rodoviarios contiguos
com intervencgdes idénticas de conservacéo ou iteghid com o objetivo de as agregar
no mesmo projeto rodoviario. Recomenda-se, quedguaristir informacéo suficiente
sobre o desempenho dos pavimentos ao longo des\amims, esta devera ser utilizada
para substituir a previsdo dada pelo modelo da ARSHEm alternativa a esta

metodologia, pode ser facilmente considerado aanttcador apropriado do estado dos
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pavimentos. O sistema MODAT constitui uma nova aierenta para ajudar 0s
engenheiros rodoviarios nas suas tarefas de cagsene reabilitacdo dos pavimentos.
O sistema MODAT foi aplicado a uma rede rodovidmanicipal (rede rodoviaria do

municipio de Oliveira do Hospital) e também a urader rodoviaria nacional (rede

rodoviaria principal de Castelo Branco), ambaslinadas em Portugal.
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Chapter 1

Introduction

1.1 Problem statement

During the 1980s, and particularly after the firslorth American Pavement
Management Conference, held in Toronto, Canadd,98b, Pavement Management
Systems (PMS) were recognised to be major toolsaiding the road network
administrations. An efficient PMS for a road netlwaes one that would maintain all
pavement sections at a sufficiently high level efvice and structural condition, but
would require only a reasonably low budget and afseesources, and does not create
any significant adverse impacts on the environmsafie traffic operations, and social
and community activities. Unfortunately, many oésk are conflicting requirements.
For example, more resources and budget are usuediged if the pavements are to be
maintained at a higher level of serviceability; amdporogram with more pavement
treatment activities would, in general, cause longeaffic delays, increase
environmental pollution and create more disruptioh social activities and

inconvenience to the community. Therefore, the geni process in programming
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pavement maintenance activities involves multi-otiye considerations that should
address these competing requirements. Practicallythe pavement maintenance
programming tools currently in use are based ogleiabjective optimization. In these
single-objective analyses, those requirements elected as the objective function are
imposed as constraints in the formulation. This banviewed as interference in the
optimization process by artificially setting limitsx selected problem parameters. As a
result, the solutions obtained from these singledilve analyses are suboptimal in

comparison to one derived from multi-objective ddagations.

One of the main components of a PMS is the metlgyolsed to select the best
maintenance and rehabilitation (M&R) strategy takimto account the expected
evolution of pavement quality. This methodologyaliged in a Decision-Aid Tool
(DAT), may be based on prioritisation (ranking) ratsd (Hawker and Abell 2000;
Kulkarni et al. 2004; Sebaalgt al. 1996; Wonget al. 2003) or optimization models
(Abaza 2006; Abazat al. 2004; Ferreirat al. 2002a; Ferreirat al. 2002b; Ferreirat
al. 2009a; Ferreira et al. 2009b; Golabial 1982; Madanaet al. 2006; Nunoo and

Mrawira 2004; Picado-Santes al 2004).

Using prioritisation models, pavement conditionadate combined into an index to
represent the present pavement quality. Then, ips@tion is sorted by ranking and
categorising all the pavement sections by usingriarify-ranking criterion. The
commonly used ranking parameters include road ctaz8ic volume, quality index,
etc. The M&R resources are allocated to road sestimased on ranking and priorities

assigned to them.
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In optimization models, the goal of the analysi d& the minimization of any
combination between agency costs, user costs antuet value of pavements over a
selected planning time-span subject to minimumityukdvel constraints (Abaza 2006;
Abazaet al. 2004; Ferreira eal. 2002a; Ferreirat al. 2002b; Ferreiraet al. 2009a;
Golabietal. 1982; Madanagtal. 2006; Nunoo and Mrawira 2004; Picado-Saretice.
2004) or the maximization of the whole network dyabr performance subject to
annual budget constraints (Abaza 2006; Abetzal. 2004; Abazat al. 2001; Ferreira
etal. 2009b; Nunoo and Mrawira 2004). In these modesement condition data are
used as model inputs, pavement performance modelssad to predict future quality
of pavements and annual budgets and minimum queirgls are constraints that must
be assured. The pavement management problem iddimanlated as an optimization
model with variables representing the various M&Rams or operations. Basically, the
optimal solution defines the amount and type of M&Brk to be applied to each road

pavement.

The main weakness of prioritisation models is thaly do not assure the selection of
the best possible M&R strategy when consideringglgianning time-spans (for
example 20 years). This can only be achieved iafhgroach followed for selecting the
M&R strategy is based on optimization techniquese TArizona Department of
Transportation and Woodward-Clyde Consultants,gusiptimization techniques, won
the 1982 Franz Edelman Management Science AchievweAward from the Institute
of Management Sciences, now the Institute for CGpmras Research and the
Management Sciences (INFORMS), for developing anglementing the Network

Optimization System of the Arizona PMS (Goladial. 1982). More recently, the
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Lisbon City Council and the Department of Civil Emgering of the University of
Coimbra, also using optimization techniques, waa Barkman Medal awarded by the
Institution of Civil Engineers from England for thest chapter published in the year
2004 on the practical aspects of the control or agament, including project
management of the design and/or construction gieaic scheme, for developing and

implementing the Lisbon PMS (Picado-Sangbal. 2004).

Recently, researchers (Flintsch and Chen 2004;dbah 2000; Kaliszewski 2004; Wu
and Flintsch 2009) have concluded that maintengsle@ning and programming
requires optimization analysis involving multi-obtjiwe considerations. However,
traditionally single-objective optimization techogs have been employed by pavement
researchers and practitioners because of the caitypl@volved in multi-objective
analysis. Other researchers concluded that it ssipte to develop a Multi-objective
Decision-Aid Tool, incorporating into the same aptation model several objectives,
for example one for minimization of maintenancets@sd another for maximization of
the residual value of pavements using the conaefpBareto optimal solution set and
rank-based fitness evaluation (Deb 2008; Fetval 2000; Iniestra and Gutiérrez 2009;

Mansouri 2005).

1.2 Research objectives

The main objective of this PhD thesis was the dgvalent and implementation of a
Multi-objective Decision-Aid Tool (MODAT) incorpotiang into the same optimization
model several objectives (minimization of maintezeanand rehabilitation costs,

minimization of user costs, maximization of theidaal value of pavements, etc.) using



Introduction

the concepts of Pareto optimal solution set an#-b@sed fitness evaluation. There are
several optimization methods that can be used tergée the set of Pareto optimal
solutions. Hwang and Masud (1979) and later Mietti\l1999) classified them into the
following four types: no-preference methods; pastemethods; a priori methods; and
interactive methods. Another main objective waslégelop a decision-aid tool able to
close the gap between project and network managenidms is possible using
pavement performance models which are also uspdvament design. An example of
this king of models is the pavement performance ehaded in the AASHTO flexible
pavement design method (AASHTO 1993). This new @ggr allows Pavement
Management Systems to become interactive decisibteals, capable of providing
road administrations with answers to “what-if” quess in short periods of time.
Another main objective was the development and é@mgintation of a heuristic method,
based on genetic algorithms, able to solve the ivobjective optimization model.
Given the particular features of the optimizationd®l, a combinatorial problem with
multiple objectives, it is not possible to use aaat algorithm for solving the problem
efficiently. The use of a genetic algorithm apptoawas considered that could
overcome the difficulties inherent in the natureghs optimization model. A third main
objective was to apply the MODAT to municipal roaetworks and also national road

networks to verify the usefulness of the decisi@htaol.

1.3 Outline

The thesis is organized into seven chapters. Besidapter 1 (introduction) and chapter

7 (conclusions), all the other chapters are bagsedadentific papers. Each chapter
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between 2 and 6 corresponds to a paper applyinbIDBAT in different situations.
Hence, they all contain an introduction sectiomtises addressing literature overview,
problem statement, model formulation, a case sta@plication, and finally a
conclusions sectio.he reader can therefore reatichapters sequentially or separately
with no constraints. The drawback of such indepeogeis the undesirable but

inevitable repetition of a few ideas throughout e thesis.

In spite of the independency between chapters, ttiesis forms a consistent PhD
formal document. All chapters address the themethef pavement management
problem, considering the MODAT system, but appliedifferent road networks and
analyzed from different perspectives. In additithre results presented in each chapter

were sequentially used to improve the MODAT deveiept.

Chapter 2 presents the results of the applicatib©®DAT to a municipal road
network, the road network of the municipality ofiv@ira do Hospital. In this
application two objectives were considered: minahan of agency costs (maintenance

and rehabilitation costs); and minimisation of usests.

Chapter 3 presents the results of the applicatidil@DAT to a national road network,
the main road network of Castelo Branco, a distsfdPortugal. In this application the
same two objectives were considered: minimizatibmaintenance and rehabilitation

costs; and minimisation of user costs.

Chapter 4 presents the results of the applicatioMODAT also to a national road

network, the main road network of Castelo Branaat, donsidering other objectives:
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minimization of maintenance and rehabilitation spsind maximization of the residual

value of pavements.

Chapter 5 presents the results of the applicatioMODAT also to the main road
network of Castelo Branco, but considering thregedives: minimization of
maintenance and rehabilitation costs; minimizatbmuser costs; and maximization of

the residual value of pavements.

Chapter 6 presents the results of a sensitivityyaisato the discount rate considering
the optimization problem presented in chapter 2isltfundamental to perform a
sensitivity analysis to the major input parameiarerder to determine the impact of

their variability in the results of each MODAT ajmaition.

Finally, the conclusions of this research work suenmarized in Chapter 7, along with

the discussion of future lines of research.

1.4 Publications

As mentioned in the previous section, this thesisaised on five scientific papers. Thus,
as a conclusion to this introductory chapter, itwgrth listing the publications that
resulted (or are expected to result in the nearé)tfrom this research work. Some of
the chapters have been published, or have beeptadder publication in international

ISI journals, while others are currently under esvi

(“Multi-objective decision-aid tool for pavement negement”) corresponds to a paper
published in thelransport journalfrom thelnstitution of Civil Engineers (Meneses

al. 2013). Chapter 3 (“Pavement maintenance progragpeonsidering two objectives:



Chapter 1

maintenance costs and user costs”) correspondpdpex published in thaternational
Journal of Pavement Engineerir{yleneses and Ferreira 2013). It is noteworthy that
this recent paper belongs to the list of the 20 tndosvnloaded (8 place) with 282
downloads. Chapter 4 (“Pavement maintenance pragmag considering two
objectives: maintenance costs and terminal valygmeéments”) corresponds to a paper
submitted for publication in theénternational Journal of Pavement Engineering
Chapter 5 (“Pavement maintenance programming ceriegl three objectives:
minimization of maintenance and rehabilitation spshinimization of user costs and
maximization of the residual value of pavementsiiyesponds to a paper submitted for
publication in theJournal of Transportation Engineeringrinally, Chapter 6 (“Multi-
objective decision-aid tool for pavement managemeensitivity analysis to the
discount rate”) corresponds to a working papeutmst to thelnternational Journal of
Pavement EngineeringDuring this research work, several publicationsrevalso

presented in international and national conferences

10
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Chapter 2

Multi-objective decision-aid tool for

pavement management

2.1 Introduction

During the 1980s, and particularly after the firslorth American Pavement
Management Conference, held in Toronto, Canadd,98b, Pavement Management
Systems (PMS) were recognised to be major toolsaiding the road network
administrations. An efficient PMS for a road netlwas one that would maintain all
pavement sections at a sufficiently high level efvgce and structural condition, but
would require only a reasonably low budget and afseesources, and does not create
any significant adverse impacts on the environmsafie traffic operations, and social
and community activities. Unfortunately, many oéslk are conflicting requirements.
For example, more resources and budget are usuadiged if the pavements are to be
maintained at a higher level of serviceability; amdorogram with more pavement

treatment activities would, in general, cause longeaffic delays, increase
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environmental pollution and create more disruptioh social activities and
inconvenience to the community. Therefore, the geni process in programming
pavement maintenance activities involves multi-otiye considerations that should
address these competing requirements. Practicallythe pavement maintenance
programming tools currently in use are based ogleiabjective optimization. In these
single-objective analyses, those requirements elected as the objective function are
imposed as constraints in the formulation. This banviewed as interference in the
optimization process by artificially setting limitsx selected problem parameters. As a
result, the solutions obtained from these singledilve analyses are suboptimal in
comparison to one derived from multi-objective ddagations.

One of the main components of a PMS is the metlgyolsed to select the best
maintenance and rehabilitation (M&R) strategy takimto account the expected
evolution of pavement quality. This methodologyaliged in a Decision-Aid Tool
(DAT), may be based on prioritisation (ranking) ratsd (Hawker and Abell 2000;
Kulkarni et al 2004; Sebaalgt al. 1996; Wonget al. 2003) or optimization models
(Abaza 2006; Abazat al 2004, Ferreirat al 2002a; Ferreirat al 2002b; Ferreirat
al. 2009a; Ferreirat al. 2009b; Golabiet al. 1982; Madanaet al. 2006; Nunoo and
Mrawira 2004; Picado-Santes al. 2004).

Using prioritisation models, pavement conditionadate combined into an index to
represent the present pavement quality. Then, ips@tion is sorted by ranking and
categorising all the pavement sections by usingriarify-ranking criterion. The

commonly used ranking parameters include road claz8ic volume, quality index,
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etc. The M&R resources are allocated to road sestimsed on ranking and priorities
assigned to them.

In optimization models, the goal of the analysi d& the minimization of any
combination between agency costs, user costs antuet value of pavements over a
selected planning time-span subject to minimumityukdvel constraints (Abaza 2006;
Abazaet al. 2004; Ferreireet al. 2002a; Ferreirat al. 2002b; Ferreiraet al. 2009a;
Golabiet al. 1982; Madanagt al. 2006; Nunoo and Mrawira 2004; Picado-Sargbal.
2004) or the maximization of the whole network dyabr performance subject to
annual budget constraints (Abaza 2006; Abaizal. 2004; Abazaet al. 2001; Ferreira
etal. 2009b; Nunoo and Mrawira 2004). In these modedlsement condition data are
used as model inputs, pavement performance modelssad to predict future quality
of pavements and annual budgets and minimum queirgls are constraints that must
be assured. The pavement management problem iddimanlated as an optimization
model with variables representing the various M&Rams or operations. Basically, the
optimal solution defines the amount and type of M&Brk to be applied to each road
pavement.

The main weakness of prioritisation models is thaly do not assure the selection of
the best possible M&R strategy when consideringglgianning time-spans (for
example 20 years). This can only be achieved iafhygroach followed for selecting the
M&R strategy is based on optimization techniquese TArizona Department of
Transportation and Woodward-Clyde Consultants,gusiptimization techniques, won
the 1982 Franz Edelman Management Science Achievwefward from the Institute

of Management Sciences, now the Institute for CGpmres Research and the
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Management Sciences (INFORMS), for developing anglementing the Network
Optimization System of the Arizona PMS (Goladti al. 1982). More recently, the
Lisbon City Council and the Department of Civil Emgering of the University of
Coimbra, also using optimization techniques, waa Barkman Medal awarded by the
Institution of Civil Engineers from England for thest chapter published in the year
2004 on the practical aspects of the control or agament, including project
management of the design and/or construction gieaic scheme, for developing and
implementing the Lisbon PMS (Picado-Sangbsl. 2004).

Recently, researchers (Flintsch and Chen 2004; dtvah 2000; Kaliszewski 2004; Wu
and Flintsch 2009) have concluded that maintengsle@ning and programming
requires optimization analysis involving multi-objiwe considerations. However,
traditionally single-objective optimization techogs have been employed by pavement
researchers and practitioners because of the caitypl@volved in multi-objective
analysis. Other researchers concluded that it ssipte to develop a Multi-objective
Decision-Aid Tool, incorporating into the same ap#ation model several objectives,
for example one for minimization of maintenancets@sd another for maximization of
the residual value of pavements using the conaefpBareto optimal solution set and
rank-based fitness evaluation (Deb 2008; Fewval. 2000; Iniestra and Gutiérrez 2009;

Mansouri 2005).

This chapter presents the development and implexhent of a Multi-objective
Decision-Aid Tool (MODAT) tested with data of thdi¢&ira do Hospital’'s Pavement
Management System (OHPMS). The OHPMS includes thewing components

(Ferreiraet al. 2009a): a Road Network Database; a Quality Evalnalool; a Costs
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Model; a Pavement Performance Model; and a DecigidnTool (Figure 2.1).
Nowadays, the Decision-Aid Tool of the OHPMS usedeterministic section-linked
optimization model with the objective of minimisitige total expected discounted costs
over the planning time-span while keeping the rpastements within given quality
standards. The MODAT uses a multi-objective deteistic section-linked
optimization model with three different possibleafgo minimization of agency costs
(maintenance and rehabilitation costs); minimizatd user costs; and maximization of
the residual value of pavements (Susana and Fei26it0). This new approach allows
PMS to become an interactive decision-aid tool, ab& of providing road
administrations with answers to “what-if” questioirs short periods of time. The
MODAT uses the deterministic pavement performanasleh used in the AASHTO
flexible pavement design method that allows closaighe gap between project and
network management. The information produced byNHM@DAT is shown in maps
using a Geographic Information System (GIS). The&,Glith its spatial analysis
capabilities, is considered to be the most appatgtiool to enhance PMS with features
such as graphical display of road data (Ferreidh Bnarte 2006; Kennedy and Johns

2001; Paridat al. 2005).
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Pavement condition survey Pavement distresses catalogue

Oliveira do Hospital's PMS

Road network database

Quality evaluation tool

models

Pavement performance| |

Decision-aid tool

Short-term M&R Actions

— Costs model =

\ﬁ

M&R plan
Costs report
Quality report

J\

Figure 2-1 - Structure of the Pavement ManagementyStem

2.2 Multi-Objective decision-aid tool

2.2.1 Introduction

The Multi-Objective Decision-Aid Tool (MODAT) is awstituted by the components

shown in Figure 2.2: the objectives of the analyis data and the models about the

road pavements; the constraints that the systenh guiasantee; and the results. Several

objectives can be considered in the analysis, dnetuthe minimization of agency costs

(maintenance and rehabilitation costs), the miratnan of user costs, the maximization

of the residual value of pavements at the end @pthnning time-span, etc. The results

of the application of the MODAT to a road networlke @&onstituted by the M&R plan,

the costs report, and the structural and functianadlity report. The data and the
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models about the road pavements, and the constridiat the system must guarantee

are described in the following section.

Minimisation of agency costs (maintenance andbyitetion costs)
Minimisation of user costs

Objectives Maximisation of the residual value of pavements

Number of years of the planning period
Discount rate
Areas and volumes
Structural and functional quality
Performance models
M&R actions and unit agency costs
User costs model
Residual value model
Minimum quality levels to guarantee
Annual budgets

l l

Verifying the minimum quality levels
Using only the M&R actions defined by the infrastiure manager
Not exceeding the available budget
Not exceeding the maximum number of M&R actionsryithe planning periog

l }

Maintenance and rehabilitation plan
Results Costs report
Structural and functional quality report

Data and modelg

Constraints

Figure 2-2 - MODAT components

2.2.2 Optimization model

A detailed description of the model formulation denseen in Appendix | and details of
the deterministic optimization model can be foumd\ppendix Il. Equation (2.1) is one
of the objective functions of the optimization mbdad expresses the minimization of
agency costs (maintenance and rehabilitation costgy the planning time-span.
Equation (2.2) is the second objective function ardresses the minimization of user

costs over the planning time-span. Equation (&3bhe third objective function and
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expresses the maximization of the residual valugp@afements at the end of the
planning time-span. Other objective functions cam ibcluded in the optimization
model; for example the maximization of the roadnmek performance (Ferreiret al.,
2009b).

The constraints represented by Equation (2.4) spaoed to the pavement condition
functions. They express pavement condition in tesfithePSlin each road section and
year as a function of the initi®Sland the M&R actions previously applied to the road
section. The functions shown in Equations (2.13)&® of Appendix Il are used to
evaluate theé?Sl over time. The quality of the road pavements in phesent year is
evaluated by thd®S| representing the condition of the pavement adogrdo the
following parameters: longitudinal roughness, ngticracking, surface disintegration
and patching. This global quality index, calculatiedugh Equation (2.13), ranges from
0.0 to 5.0, with 0.0 for a pavement in extremelpmpoondition and 5.0 for a pavement
in very good condition. In practice, through tmsleéx, a new pavement rarely exceeds
the value 4.5 and a value of 2.0 is generally @efias the minimum quality level
(MQL) for municipal roads considering traffic safeand comfort. Equation (2.14)
represents the pavement performance model usedfldgible pavements. This
pavement performance model is the one used in A&&HY O flexible pavement design
method (AASHTO 1993; C-SHRP 2002). This design appin applies several factors
such as the change R8Il over the design period, the number of 80 kKN edantasingle
axle load applications, material properties, drgenand environmental conditions, and
performance reliability, to obtain a measure of tbguired structural strength through

an index known as the structural numb®N( The SNis then converted to pavement
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layer thicknesses according to layer structuraffaments representing relative strength
of the layer materials. The basic design equatisadufor flexible pavements is
Equation (2.14). Th&Nin each road section and year of the planningodecan be
calculated by Equation (2.15). The number of 80 &fuivalent single axle load
applications are computed using Equation (2.16g Uite of a pavement performance
model for pavement design into a PMS allows thetgdpe closed between project and
network management, which is an important objediivbe achieved and that has been
mentioned by several researchers (Feredii@ 2009a).

This pavement performance model was chosen fromarger of current models
implemented in several PMS because it is widelydws®d tested. Nevertheless, other
pavement performance models can be used insteddy &xample the deterioration
models developed for local authority roads by Seéegbnet al. (2004) or the
deterioration models developed for use in the Ssle®MS (Andersson 2007; Ihs and
Sjogren 2003; Lang and Dahlgren 2001; Lang and de&ti2001). Equation (2.14)
defines a pavement performance model in termi3Sifas a function of the number of
80 kN equivalent single axle load applications (ifgg2.3) or the number of years of
service time. An incremental change in the pressviceability index APSl.qy)
corresponds to an estimated incremental changmahdpplications {Wsg):..11) and, at
the same time, to an incremental service time vater(AT:.i;). The Present
Serviceability Index in yeart (PSI) is defined as the difference between the
serviceability index in yeat-1 (PSlk;) and the incremental change in the present
serviceability index APSL.;;). At the same time, the Present Serviceabilityeinih

yeart (PSl) is defined as the difference between the ingelviceability index RSL)
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and the total incremental change in the presenticeability index QPSh;). The
Present Serviceability Index in yeafPSl) ranges between its initial value of about 4.5
(value for a new pavement) and the AASHTO lowektvwadd PSI value of 1.5 (value

for a pavement of a municipal road in the end ©&érvice life).

A

Y

Planning time-span
PS|, e

PS|, %
oSt | ¥ APS,

PSI, Terminal serviceability index
(BWgg)i1, ¢
0 (Weghy (Weg)

Wy, (80 KN ESAL applications)

M&R action

Present Serviceability Index (PSI)

»
»

A

v

Figure 2-3 - Pavement performance curve as a funcin of equivalent single-axle load applications
The constraints given by Equation (2.5) are thenumgr level constraints. They define
the MQL considering thd®Sl index for each pavement of the road network. The
warning level adopted in this study waB &l value of 2.0. A corrective M&R operation
appropriate for the rehabilitation of a pavementstroe performed on a road section
when thePSlvalue is lower than 2.0.

The constraints represented by Equation (2.6) sepitethe feasible operation sets, i.e.,
the M&R operations that can be performed on eaall section and in each year. These
operations depend on the pavement condition charsicly the section. In the present
study the same five different M&R operations weomsidered, corresponding to nine

M&R actions applied individually or in combinatianith others, as in previous studies
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(Ferreirael al. 2009a; Ferreirat al. 2009b). The types of M&R actions and operations

considered are presented in Tables 2.1 and 2.2M&R action costs considered in this

study, calculated using information from M&R worksecuted on the Oliveira do

Hospital road network, are also presented in Tablesand 2.2.

Table 2-1 - Types of M&R action

M&R action Description Cost
1 Do nothing €0.00/m2
2 Tack coat €0.17/m2
3 Longitudinal roughness levelling (1 cm) €0.92/m2
4 Longitudinal roughness levelling (2 cm) €1.84/m2
5 Membrane anti-reflection of cracks €0.70/m2
6 Base layer (10 cm) €6.50/m2
7 Binder layer (5 cm) €3.30/m2
8 Non-structural wearing layer €0.70/m2
9 wearing layer (5 cm) €4.46/m2
Table 2-2 - Types of M&R operation
M&R operation Description M&R actions involved Cost
1 Do nothing 1 €0.00/m2
2 Non-structural maintenance 2+3+2+8 €1.96/m2
3 Minor rehabilitation 2+4+42+5+2+49 €7.51/m2
4 Medium rehabilitation 2+4+42+5+2+7+2+9 €10.98/m2
5 Major rehabilitation 2+4+2+5+2+6+2+9 €14.18/m2

As shown in Table 2.3, the operations to applyhe toad sections depend on the

warning level. M&R operation 1 that correspondsdo nothing” is applied to a road

section if thePSlvalue is above the warning level, i.e., if tA8l value is greater than

2.0. M&R operation number 5 is the operation thastbe applied to the road section

when the warning level is reached, i.e., this op@maapplies to solve pavement
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serviceability problems. This operation has thegést efficiency period which is

defined as the time between its application to gjagement and the time when the
pavement reaches the warning level for B8l M&R operations 2, 3, 4 and 5 are
alternative operations that can be applied instdazperation 1 (see Table 2.4). In this
case they constitute preventive M&R operations. &halysis of Tables 2.3 and 2.4
clearly shows that the application of M&R operatianay be corrective or preventive.
An M&R operation is corrective if it is performedhen the warning level is reached,
and it is preventive if it is performed before tharning level is reached. When
deciding which M&R operations should be appliedairgiven year to a given road
section with PSI value above the warning level, it is possible &best either the

simplest operation (M&R operation 1) or a preveatbperation (M&R operation 2, 3, 4
or 5). In fact, selecting a preventive operatioryrha more efficient (less costly) in the

medium or long-term.

Table 2-3 - Application of the simplest M&R operatbns

Warning level PSI M&R operation M&R action
>2.0 1 1
PSI=2.0
<20 5 2+4+2+5+2+6+2+9

Table 2-4 - Alternatives to M&R operations

Alternative M&R operations

M&R operation

2 3 4 5
1 v v v v v
2 - v v v v
3 - - v v A%
4 - - - Y \Y%
5 - - - - v
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The constraints given by Equation (2.7) state trdy one M&R operation per road
section should be performed in each year. The min& represented by Equation (2.8)
represent the agency cost functions. They exphessdsts for the road agency involved
in the application of a given M&R operation to aadosection in a given year as a
function of the pavement condition in that sectmul year. These costs are obtained by
multiplying the unit agency costs for the M&R actsoinvolved in the M&R operation
by the pavement areas to which the M&R actionsaggied. The constraints defined
by Equation (2.9) represent the user cost functidbhsy express the cost for road users
as a function of the pavement condition in thattisacand year. For calculating the
vehicle operation cost, Equation (2.17) in Appendixwas used. The constraints
represented by Equation (2.10) represent the paverasidual value functions. They
express the value of the pavement of a road seatitime end of the planning time-span
as a function of pavement condition at that timer. €alculating the residual value of
pavements Equation (2.18) in Appendix Il was uddte constraints given by Equation
(2.11) are the annual budget constraints. Theyifsp® maximum amount of money
to be spent on M&R operations during each year. Thestraints represented by
Equation (2.12) were included in the model to aoadjuent M&R operations applied

to the same road section.

2.2.3 Generation of Pareto optimal solutions

Given the mathematical formulation of the optimiaatmodel presented in the previous
section, the next step consists of the adoptiorthef appropriate mechanism for

generating a representative set of Pareto optiotatisns (Ferreira and Meneses 2010).
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At this point it is evident that, given the parfaufeatures of the optimization model (a
combinatorial problem with multiple objectives), ig not possible to use an exact
algorithm for solving the problem efficiently. Ihis section, the use of a genetic
algorithm approach was considered that could oweecthe difficulties inherent in the
nature of the optimization model.

There are several optimization methods that candeel to generate the set of Pareto
optimal solutions. Hwang and Masud (1979) and IktEttinen (1999) classified them
into the following four types: no-preference metkogbosterior methods; a priori
methods; and interactive methods. The no-preferenethods do not assume any
information about the importance of different olijges and a heuristic is used to find a
single optimal solution. Posterior methods usegregfce information of each objective
and iteratively generate a set of Pareto optimaitiems. Alternatively, a priori methods
use more information about the preference of oljestand usually find one preferred
Pareto optimal solution. Interactive methods use tpreference information
progressively during the optimization process.

According to Marler and Arora (2004), no single &ggeh is, in general, superior to the
other methods. Rather, the selection of a specifethod depends on the users’
preferences, the type of information provided, s8wution requirements, and the
availability of software. This study uses a geneatigorithm approach with the
incorporation of the weighting sum method. This moe; as the name suggests,
combines a set of objectives into a single objecby pre-multiplying each objective
with a user-defined weight. This method is the $espapproach and is probably the

most widely used (Deb 2008; Wu and Flintsch 20@xtting relative weights for
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individual objectives becomes a central issue iplyapg this method. As the weight
vector for the multiple objectives often dependghly on the magnitude of each
objective function, it is desirable to normalis@gh objectives to achieve roughly the
same scale of magnitude. Equation (2.19) represhetapplication of the weighting
sum method (Deb 2008) to the three objective fonstiof the optimization model

presented in the previous section.

AC - AC uC -ucC RV - RV.
Minimise Z = Wc DAC AC“;'” + W, W ———mn_
'min mln (219)

where: Z is the normalised value of a solutiom; . , w,. , andw,, are the weight values
for each objective functio®dC,, UC , and RV are the individual objective function

and RV

min

values that depend on the decision variables valA€s,, , U are the

m|n '

minimum values obtained for each objectiveC uc and RV, are the

max ? max !

maximum values obtained for each objective.

The third objective corresponds to the maximizatbthe residual value of pavements
at the end of the planning time-span. When an tibgds required to be maximised,
the duality principle (Deb 2008) can be used tmdfarm the original objective of

maximization into an objective of minimization byuttplying the objective function

by (-1). The range of values for the various olwectfunctions (AC_ , AC

min ? max )'

(UC,,.UC,..), and RV,,,,RV,,) are obtained by applying the optimization model

max

considering only one objective at each time, imMarying the weight values vector

(Wae , W, »Wg,) @among the extreme situations of (1,0,0), (0,1a@p (0,0,1) and
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considering that initially all minimum values areadd all maximum values are 1.
Considering only two objectives (Figure 2.4), thenimum values obtained for each
objective corresponds to the ideal solution)(Zn general, this solution is a non-
existent solution that is used as a reference isoliand it is also used as lower
boundary to normalise the objective values in aroom range. The nadir solution
(z", which is used as upper boundary to normaliseotijective values in a common
range, corresponds to the upper boundary of eaectoke in the entire Pareto optimal
set, and not in the entire search space)(Z

The Pareto optimal solution set is finally obtaineyg using the objective function

defined by Equation (2.19) considering differentntanations of the weight values.

Objective 2
f.= UC
A
Z**
‘ Znad‘
UChnax
Knee h
point ;
— Pareto frontier
Ideal Solution
e ! ) I
UCnn | L =(ACmn, UGm) N SU o
Objective 1
ACnin ACmax fi=AC

Figure 2-4 - The Pareto frontier and the ideal andhadir solutions

32



Multi-objective decision-aid tool for pavement mgament

2.2.4 Knee points and identification procedure

In general, when dealing with a multi-objective ioptzation problem, the decision
maker has great difficulties in selecting a patticisolution for implementation from
the Pareto optimal solution set. Das (1999), toicavhis difficulty, developed the
Normal-Boundary Intersection (NBI) method to idénthe so called “Knee point” of
the Pareto frontier. Considering only two objecdtiEigure 2.4), the Knee is a point on
the region of the Pareto frontier that results fitva projection of a normal vector from
the line connecting the end points of the Pareaiotfer (the two individual optima). The
“knee point” is the farthest away Pareto point frtms line in the direction of the
normal vector. Knee points represent the mostestarg solutions of the Pareto frontier
due to their implicit large marginal rates of sutiosion (Iniestra and Gutiérrez 2009).
Wu and Flintsch (2009) considered another methadéotify the best solution of the
Pareto frontier. As the ideal solution may not lhieved due to the conflicting
objectives, the best solution is the solution af Bareto frontier that has the shortest

normalised distance from the ideal solution, coragutsing Equation (2.20).

2 2 2
Di - AC:I - ACmin _ ZI + UCI - UCmin _ Z; + R\/I B RVmin _ Z;
ACmax - ACmin UCmax - UCmin RVmax - RVmin

where: D; is the normalised distance between each Paretticgolpoint and the ideal

N

(2.20)

solution point;z, Z*z, andZs are the normalised values for each objective efideal
solution (are equal to 0 or 1 depending on wheithisra minimization or maximization

objective).

33



Chapter 2

2.2.5 Model solving

The deterministic optimization model presentedhia previous section is extremely
complex, being impossible to solve with exact optation methods (except, for small,
highly idealised instances, through complete enatier) available through
commercial packages like XPRESS-MP (FICO 2009) AMS-CPLEX (IBM 2009).
Indeed, it can only be solved through heuristichmds. Nowadays, a large number of
classic and modern heuristic methods are availdéd, 2008, Gendreau and Potvin
2005, Michalewicz and Fogel 2004) to solve thesedkof complex optimization
models. The optimization model and its heuristidveso were implemented in a
computer program called MODAT. The heuristic methaded to solve this
optimization model is a genetic-algorithm (GA) thahas implemented in Microsoft
Visual Studio programming language (David et aD&0Randolph and Gardner 2008)
adapting and introducing new functionalities to exristing GA program called
GENETIPAV-D (Ferreira 2001, Ferreiret al 2002b) previously developed to solve
single-objective deterministic optimization modelSince they were proposed by
Holland (1975), genetic algorithms have been swfaltg used on many occasions to
deal with complex engineering optimization problerite MODAT applied to the
Oliveira do Hospital road network was run on a @z personal computer (PC) with
1.0 GB of RAM and 120 GB of capacity. Each besusoh given by the MODAT was

obtained in approximately 30 minutes of computinggt
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2.2.6 Results of the application of the MODAT

The MODAT was tested with data from the Oliveira dtospital Pavement

Management System (Ferreiet al 2009a; Ferreiraet al 2009b) to plan the

maintenance and rehabilitation of the road netwaowksidering two objectives, the
minimization of agency costs and the minimizatiohuser costs. The main road
network has a total length of 65.8 km, and the esgronding network model has 36
road sections. The secondary roads of the netwerk wot included in this study. The
discount rate considered in this study was 2.5%uréi 2.5 shows the quality of
pavements for Oliveira do Hospital’'s road netwosing a PSI representation with 9
levels (0.0< PSI< 0.5; 0.5 < PSkK 1.0; 1.0 < PSK 1.5; ...; PSI > 4.0). There are
several road sections with PSI value below 2.0ctwis the quality level that indicates

the need for rehabilitation of the pavement.

KEEY

L PEI#4.0
1~ 3.5<P31£4.0
1 3.0<PEI£3.5
1 2.5<PEI3.0
L 2.0<PEIE2 5
1 1.5<PSI2.0
1 1.0<PRIELS
1 0.5<PSIL10
e OSPEILO 5

Figure 2-5 - Quality of pavements of the Oliveira d Hospital's road network
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Figure 2.6 represents the Pareto optimal set aftisok in the objective space by
varying the weight values while Figure 2.7 représehe optimal set of normalised

solutions. The point with black colour represeitits tKnee point” and was obtained

considering the following weight valuesw(.,w,.,W,, ) = (0.05,0.95,0.00); and it

corresponds to the following objective valueAQ,UC,RV) = (€2476361.6,

€2386407.3, €2793815.6). The range of values ferttho objective functions are

(AC,, .AC,.) = (€2061528.8, €13426199.3), andd,,, ,UC

max

) = (€2374058.4,

max

€2840482.9). From Figures 2.6 and 2.7 it can beladed that, when varying the two
weights through a grid of values from 0 to 1 withx&d increment step, as for example

0.05, the two objective values were not transformeghtaining the same fixed range.

2,7

2,5 A

2,4

S ® o o o o

Total user costs over 20 years (x10"6 €)

2,3 T T T T T T 1
0 2 4 6 8 10 12 14

Total M&R Costs over 20 years (x1076 €)

Figure 2-6 - Pareto optimal set of solutions
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0,8

0,6

0,4

0,2

Normalised total user costs over 20 years

0,0
0,0 0,2 0,4 0,6 0,8 1,0
Normalised total M&R costs over 20 years

Figure 2-7 - Pareto optimal set of normalised solidns

Therefore, each weight value not only indicatesitiq@ortance of an objective, but also
compensates, to some extent, for differences ieablbe function magnitudes.
In multi-objective problems there is no perfect hoet to select one “optimal” solution
from the Pareto optimal set of solutions.
The final best-compromise solution is always upthe decision maker. For that
purpose, four different M&R solutions of the Pardtontier were considered for
comparison.

a) Solution [I: Multi-objective optimization approachcofrective-preventive)

considering the “Knee point'\,. =0.05,w,. =0.95,w,,, =0.00);
b) Solution II: Multi-objective optimization approaclicorrective-preventive)

considering the following weights(,. =1.00,w,. =0.00,w,, =0.00);
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c) Solution 1lI: Multi-objective optimization approacticorrective-preventive)
considering the following weightsa(,. =0.00,w,. =1.00,w,,, =0.00);

d) Solution IV: Multi-objective optimization approackcorrective-preventive)
considering the following weights(,. =0.50,w,. =0.50,w,,, =0.00).

The costs and normalised costs during the entimanmhg time-span for these four
Pareto optimal solutions are summarised in Figlreésand 2.9, respectively. Figure 2.9
shows that, as expected, solution | (“Knee poim”"}he Pareto optimal solution with
less normalised value of M&R costs plus user cdStmsidering the non-normalised
value of M&R costs plus user costs (Figure 2.8)¢ @an verify that this optimal
solution does not have the least value. Figurea®k® shows that solution | (“Knee
point”) is not the Pareto optimal solution withdestal normalised costs, computed by
adding M&R normalised costs and user normalisedscasd deducting the residual
normalised value (in this case the solution witksléotal normalised costs is solution
IV). This happens because this solution | (“Kneenfip was defined considering only
two objectives (minimization of agency costs andimization of user costs).

Figure 2.10 represents the predicted PSI averalge wwer the years of the planning
time span for all the road network pavements amce&zh solution. By analysing this
Figure it can be seen that solution Ill, i.e., teelution of the multi-objective

optimization  approach  (corrective-preventive) cdesng the  weights

(w,.=0.00,w,. =1.00,w,, =0.00), corresponds to the largest average PSlesaas

expected because this solution corresponds to tinémimation of user costs. The
differences between the PSI curves are small becduespresent quality of almost all

the pavements is low and because its degradatisious due to the reduced values of
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the traffic volume in this road network. Solutior(*Knee point”) is the second best
solution in terms of average PSI values also ag@rd because corresponds to a high

weight value for user costs and a small weight ealfor agency costs

(w,.=0.05,w,. =0.95w,, =0.00).

m Solution | (Knee point) m Solution 1l m Solution Il Solution IV
18
16
z 14
S 12
3 10 S
® 8
= 6
> 4 |
2 |
0 i
M&R costs User costs M&R Residual value  Total costs
costs+user
costs
Figure 2-8 - Costs throughout the planning time-spa of 20 years
m Solution | (Knee point) m Solution Il m Solution I Solution IV
1,0
0,9
@ 0,8 -
= 07
= 0,6 1
o
$ 05
Tg 0,4
5 0,3
= 0,2
0,1
0,0 -
M&R costs User costs M&R Residual value Total costs
costs+user
costs

Figure 2-9 - Normalised costs throughout the planmig time-span of 20 years
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Figure 2-10 - PSI average value for all the road me&ork pavements

In addition to these summarised results, the MODO#Advides extensive information
about the M&R strategy to be implemented for eaaudrsection. To analyse these road
section-linked results, four road sections weresehowith different attributes in the
present year. Table 2.5 illustrates the attributethese four road sections including
their present PSI value. In Table 2.6 the M&R opers to be applied are presented in
the four road sections considering the four M&Rusiohs of the Pareto frontier. Figure
2.11 represents the predicted evolution of the \Rle over the years for pavement
section 34 of municipal road EM 514 as a consequ@&fiche execution of the M&R
plan. For this pavement section, which has a Plelkevaf 3.67, if solution | of MODAT

is adopted, the same M&R operation 2 (non-struttmantenance) would be applied

in years 2012 and 2019. If solution Il of MODAT aslopted the two M&R operations
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would be the same that were allocated considerihgtisn | (M&R operation 2) but
would be applied in different years (2013 and 202f7)solution 1V of MODAT is
adopted the two M&R operations would be the sana¢ were allocated considering
solutions | and Il (M&R operation 2) but would bppdied in different years (2012 and
2024). In terms of M&R operations it is a solutitotated between the other two
solutions, as expected, taking into account theltsithat were considered. If solution
[l of MODAT is adopted the recommended M&R opevas are very different. The
MODAT recommends the application of three M&R opieras 5 (major rehabilitation)
in years 2012, 2016, and 2020, and one M&R operatigmedium rehabilitation) in
year 2024. In this solution the M&R operations amere and heavier because this
solution corresponds to the minimization of usestsavhich means that the pavement
quality must be always high.

An identical analysis could be made for pavemedtice 22 of municipal road EM 509
(see Table 2.6 and Figure 2.12), which has a PIi8éwa 3.50. If solution | of MODAT
Is adopted the M&R operation 3 (minor rehabilitajiavould be applied in year 2011
and M&R operation 2 (non-structural maintenanceuldoe applied in year 2022. If
solution II of MODAT is adopted the same M&R op@at 2 (non-structural
maintenance) would be applied in years 2011 and.2@Zolution IV of MODAT is
adopted the two M&R operations would be the saraewtere allocated considering the
solution Il (M&R operation 2) but the second M&R wd be applied earlier (in year
2018 instead of year 2021). In terms of M&R op@nradiit is a solution located between
the other two solutions, as expected, taking intcoant the weights that were

considered. If solution 1l is adopted the recomnesh M&R operations are more and
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heavier, as appended for pavement section 34 ofapahroad EM 514. In this case
the MODAT recommends the application of four M&R eogtions 5 (major

rehabilitation) in years 2011, 2015, 2019, and 2023

Table 2-5 - Attributes of road sections

Attributes Sections
Municipal road EM 508 EM 506 EM 509 EM 514
Section_ID1 14 4 22 34
Section_ID2 3015050019 3015030012 3025080001  3(XH1A
Road_class Local dist. Local dist. Local dist. Local dist.
Length (m) 1200.00 2067.00 700.00 600.00
Width (m) 5.00 5.00 5.00 5.00
Subgrade_CBR (%) 10 10 10 10
Thickness_of _pavement_layers (m) 0.26 0.28 0.26 0.26
Structural_number 1.91 1.91 1.91 1.91
Age_of pavements (years) 28 25 3 3
Annual_average_daily_traffic 38 260 64 25
Annual_average_daily_heavy traffic 25 60 15 12
Annual_growth_average_tax 0.03 0.03 0.03 0.03
Truck_factor 2.00 2.00 2.00 2.00
Cracked_area (%) 23.00 8.00 0.00 2.20
Alligator_cracked_area (%) 8.00 0.00 0.00 0.00
Potholes_area (%) 19.00 0.00 0.00 0.00
Ravelling_area (%) 0.00 61.00 0.00 0.00
Patching_area (%) 50.00 29.00 0.00 0.00
Average_rut_depth (mm) 0.00 0.00 0.00 0.00
IRl (mm/km) 3500 3500 5500 3500
PSh 1.88 1.90 3.50 3.67
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Year
Secon PSH B B 8 B B B B B 8 8 B 8 8B 83888
[y = =3 =y =y [ =y = =y =y N N N N N N N N N N
o = N w » ()] ()] ~ (o] © o = N w » 9] ()] ~ ee] (o]
Solution | - Knee point W, =0.05,W,; =0.95,Wg,, =0.00)

4 18 5 1 1 1 1 2 1 1 1 1 2 1 1 1 1 2 1 1 1
4 10 5 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1
2 3% 1 3 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1
34 367 1 1 2 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1

Solution Il (W, =1.00,W, =0.00,W,, =0.00)
4 18 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4 10 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 3% 1 2 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1
34 367 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1

Solution Il (W, =0.00,W,; =1.00,Wg,, =0.00)
4 18 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1 1
4 10 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1 1
22 3% 1 5 1 1 1 5 1 1 1 5 1 1 1 S5 1 1 1 1 1
34 367 12 1 3 1 1 1 S5 1 1 1 5 1 1 1 5 1 1 1 1

Solution IV (W, =0.50, W, =0.50,Wg,, =0.00)
4 18 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4 i¢0 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 3% 1 2 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1
34 367 1 1 2 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1

[ ) [ ) [ )

[ )

KEY (M&R actions):
1 — Do nothing2 - Non structural maintenancg: Minor rehabilitation4 - Medium rehabilitation5
— Major rehabilitation
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Figure 2-11 - Evolution of PSI for pavement sectio4 of municipal road EM 514
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Figure 2-12 - Evolution of PSI for pavement sectio22 of municipal road EM 509

2.3 Conclusions

In this chapter, we have presented the Multi-ObjecDecision-Aid Tool (MODAT)
incorporating several objectives into the same noftion model, can solve the
pavement management problem for the case involvimgjor rehabilitation
interventions. The MODAT, as well as the decisiah-®ol currently in use in the
Oliveira do Hospital’'s PMS, which has the objectdofeninimising costs over a selected
planning time-span, allows closing of the gap betweproject and network
management. This is made possible by replacingrétuitional microscopic approach,
which uses models that include independent vasaldgplaining the pavement
deterioration process (i.e. layer thickness, msilimodulus, asphalt characteristics,

traffic, climate, etc.), with a macroscopic apptodicat uses models for predicting the
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future condition of the pavement based on measowedlition data (i.e. cracking,
ravelling, potholes, patching, rutting, longitudirraughness, skid resistance, traffic,
climate, etc.). The macroscopic approach requireat teach road section is
homogeneous in terms of quality, pavement structuaéfic and climate. It is assumed
that each road section possesses one performamee with any estimated future
performance value representing the overall avepayement condition. The MODAT
considers the pavement performance model usedeirA&SHTO flexible pavement
design method but any other preferred model camsbd as well. In the implementation
of an optimum solution recommended by the MODAT figld review must be
conducted to identify continuous road sections wile same or identical M&R
interventions with the goal of aggregating themoithe same road project. It is
recommended that whenever actual pavement perfeaendata becomes available, it
should replace the predictdelSI values from the AASHTO pavement performance
model. Any other appropriate pavement conditiondatbr can easily be used as an
alternative in this methodology. It is further remmended that the MODAT is applied
as often as necessary (annually or bi-annuallybt@ain revised optimum M&R plans
that would incorporate the impact of any receninges that might have taken place in
the pavement network.

The MODAT constitutes a new useful tool to help tbad engineers in their task of
maintenance and rehabilitation of pavements. Thaw rapproach allows PMS to
become interactive decision-aid tools, capable roviging road administrations with
answers to “what-if’ questions in short periodstmhe. In the future, because the

MODAT is an open system, some modifications coddrade to better serve the needs
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of road engineers. In the near future, our researdhe pavement management field
will follow two main directions. First, the MODAT W be applied to a national road

network, with heavier traffic, to see if the resulire identical. Second, pavement
performance models will be developed using paverpenfiormance data available in

some road network databases and will be incorppbratéo MODAT for future

applications to road networks.

APPENDIX 1: NOTATION

AC is the agency cost for applying operatidio road sectios in yeart;
B; is the budget for yedr

C, is the total cracked pavement area in year 0100nT);
C; is the structural coefficient of layar

Cr‘,j is the drainage coefficient of layeyr

C is the cost of construction or the cost of the ladtabilitation of pavement

s,const

sections;
dis the discount rate;

Do is the total disintegrated area (with potholes mwvelling) in year 0 (F1100nf);
H,, is the thickness of layer(mm);
IRI, is the pavement longitudinal roughness in yean@{km);

Mg is the subgrade resilient modulus (pounds perreguoah);
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Nmaxs iS the maximum number of M&R operations that magus in road sectios over
the planning time-span;

Wgo is the number of 80 kN equivalent single axle l@guplications estimated for a
selected design period and design lane;

Pa, is the pavement patching in year C{bO0nT);

PSl is the Present Serviceability Index in year

PSI is the PSl value after the application of a rehabilitatiorti@t in pavement

s,rehab

sections,
Ris the number of alternative M&R operations;

R, is the mean rut in year 0 (mm);

RV; 11 is the residual value for the pavement of sectjon

Sis the number of road sections;

S is the combined standard error of the traffic preoh and performance prediction;
SN is the structural number of a road pavement im fjea

T is the number of years in the planning time-span;

tc is the annual average growth rate of heavy traffic

TMDA, is the annual average daily heavy traffic in tlearyof construction or the last

rehabilitation, in one direction and per lane;
UCs is the user cost for road secti®m yeart;

VOG are the vehicle operation costs in yeg/km/vehicle);
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Xist IS equal to one if operatianis applied to sectios in yeart, and is equal to zero

otherwise;

Y; is the time since the pavement’s constructionsolaist rehabilitation (years);
Zris the standard normal deviate;

PSL:are the pavement condition for sect®in yeart;

PSI is the warning level for the pavement condition;

a is the average heavy traffic damage factor or Birtipck factor;

APS| is the difference between the initial value of fhresent serviceability index

(PSb) and the value of the present serviceability inteyeart (PSH);
Ya are the agency cost functions;

Yp are the pavement condition functions;

Y are the residual value functions;

Y are the user cost functions;

Q are the feasible operations sets.
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APPENDIX 2: DECISION-AID TOOL MODEL
For explanation of notation, refer to the Appentlix

A.2.1 Objective functions

Minimise agency costs (maintenance and rehabdiatdsts)

R S T 1

MinimiseAC=)" > > i+ d) [AC Xy

r=1 s=1 t=1

(2.0

Minimise user costs

S T 1
Minirm _
inimiseUC SZ:;; ) WC,,

(2.9

Maximise the residual value of pavements at theadntlde planning time-span

s
I 1
Maximise RV = E 7 RV,
aximise - (1+ d)T+1 ST+ 23

A.2.2 Constraints

Pavement condition functions

PSI_, =p(PSl 45, Xoqtreor Xaepreor X pgror Xper)s S=1..,Sit=1...T (2.2)
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Warning level constraints

PSl =PSls, s=1..S;t=1...T (2.5)
Feasible operation sets

X O0QPS ) r=1.,Rs=1..St=1.T (2.6)
Annual operations constraints

R

> X =Ls=1..St=1..T

e~ (2.7)
Agency cost functions

AC, =¥a(PSl ,, X, ), r=1...Rs=1...,St=1...T (2.8)
User cost functions

uc, =vu(Psl,), s=1...St=1..T  (9) (2.9)
Residual value functions

RV.;, =% (PSl ;) s=1....,S (10) (2.10)

S,
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Annual budget constraints

R S
> > AC, X <B, t=1..T
=l sl (2.11)
Planning time-span operations constraints
R T
> > X € Nmax,0s5=1,...,S
=2 =1 (2.12)
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APPENDIX 3: PAVEMENT CONDITION AND OTHER FUNCTIONS USED IN
THE MODEL
A.3.1 Pavement condition functions
PSI, =5 %% _ 0000535R,”> - 021[C, + D, + Pa,)* (2.13)
Juogm(wg)—zﬂc%—g.smm(sw 1+o.z.szbgm(MR>+snmﬁa4+ 109319]}5
PS| =PS} -(4.2-1.90 (sv) (2.14)
N
SN =) H,xCyxCy
n=1 (2.15)
Y —_—
Wy, =365xTMDA, x 110" 71, 4
tc (2.16)
A.3.2 User cost function
VOC, =1.20487- 0.49116x PSI, + 0.05458x PS|? (2.17)
A.3.3 Residual value of pavements function
PSl;,, —15
RVs,T+1 = Cs,const '
PSK rehan — 1.5 (2.18)
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Pavement maintenance
programming considering two
objectives: maintenance costs and

user costs

3.1 Introduction

An efficient PMS for a road network is one that Wbmaintain the pavement sections
at a sufficiently level of service and structurahdition, allowing low user costs, but
would require only a reasonably low budget and afseesources, and does not create
any significant adverse impacts on the environmsafie traffic operations, and social
and community activities (Fwat al. 2000). Unfortunately, many of these are
conflicting requirements and therefore, the deaqisiprocess in programming
maintenance and rehabilitation (M&R) interventioniavolves multi-objective

considerations (Wu and Flintsch 2009). For examalepad network administration
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may wish to find M&R interventions that minimiseeagy costs while at the same time
minimise user costs. Nevertheless, any M&R strategy minimises user costs would
require that pavements be maintained at a high thaervice, which consequently will
increase agency costs considerably.

Almost all the pavement maintenance programmingstoorrently in use are based on
single-objective optimization. In these single-ahije analyses, those requirements not
selected as the objective function are imposedastrints in the model formulation.
This can be viewed as interference in the optinmomaprocess by artificially setting
limits on selected problem parameters. As a resludt,solutions obtained from these
single-objective analyses are suboptimal comparétl wnes derived from multi-
objective considerations (Fved al. 2000). In addition, only few applications have mad
use of multi-objective optimization techniques. Fwa al (2000) developed an
optimization model with three objectives: the maiziation of the work production; the
minimization of the total maintenance cost; and tieximization of overall network
pavement condition. The model was applied to faghway classes, each one with
three need-urgency levels (high, medium, low), mereng four M&R interventions
and a planning time-span of 45 working days. Wahal (2003) developed a different
optimization model with two objectives: the maxiadibn of the total M&R
effectiveness; and the minimization of the total Ri&listurbance cost. The model was
applied to a small network of 10 road sections Esg a planning time-span of five
years. Wu and Flintsch (2009) developed anothermagstion model with two
objectives: the maximization of the network levélservice; and the minimization of

the total M&R cost. The model was applied to foavement state quality types
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(excellent, good, fair and poor) considering fou&m® interventions and a planning
time-span of 10 years. None of these multi-objectiptimization models considers the
minimization of user costs and a pavement perfoomanodel also used for pavement

design which allows closing the gap between pr@eadtnetwork management.

This chapter presents the development and implement of a Multi-objective
Decision-Aid Tool (MODAT) which considers two diflent objectives, the
minimization of agency costs (maintenance and rnételon costs) and the
minimization of user costs. The MODAT is testedhadtata from the PMS used by the
main Portuguese concessionaire (Estradas de Plr&ga), the institution that acted
until 2007 as the Portuguese Road Administratianad®-Santo®t al 2006, Picado-
Santos and Ferreira 2007, Picado-Santos and Fer2€08, Ferreiraet al. 2008,

Trindade and Horta 2009, Ferregtal 2011).

3.2 Background

One of the main components of a PMS is the metlgyalised to select the best M&R
strategy taking into account the expected evolutafn pavement quality. This
methodology, realised in a Decision-Aid Tool (DAThay be based on prioritisation
(ranking) models (Sebaalgt al. 1996, Hawker and Abell 2000, Worgg al 2003,

Kulkarni et al 2004) or optimization models (Golat al. 1982, Mbwana and
Turnquist 1996, Wang and Zaniewski 1996, Ferreiral. 2002a, Ferreirat al. 2002b,

Abazaet al. 2004, Nunoo and Mrawira 2004, Picado-Sargbal. 2004, Abaza 2006,

Madanatet al. 2006, Durango-Cohen and Tadepalli 2006, Galaiedl. 2006, Abaza
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2007, Yoo and Garcia-Diaz 2008, Ferrestaal. 2009a, Ferreir&t al. 2009b, Li and
Sinha 2009, Li 2009, Jorge and Ferreira 2012).

In optimization models, the goal of the analysi d& the minimization of any
combination between costs (agency costs, user,cetsty over a selected planning
time-span subject to minimum quality level constrai(Golabiet al. 1982, Ferreirat
al. 2002a, Ferreirat al 2002b, Picado-Santas al 2004, Abazat al 2004, Abaza
2006, Madanaet al. 2006, Abaza 2007, Madanat al. 2006, Durango-Cohen and
Tadepalli 2006, Ferreirat al. 2009a, Jorge and Ferreira 2012), the maximizaifdhe
whole network quality or performance subject towairbudget constraints (Abagzaal.
2001, Nunoo and Mrawira 2004, Abaza 2006, Abaz& 2800 and Garcia-Diaz 2008,
Ferreiraet al. 2009b, Li and Sinha 2009, Li 2009), or considefogh at the same time
(Fwaet al 2000, Wanget al 2003, Wu and Flintsch 2009). In these modelsepeant
condition data are used as model inputs, pavemeribrmance models are used to
predict future quality of pavements and annual letslgnd minimum quality levels are
constraints that must be assured. The pavementgaargnt problem is then formulated
as an optimization model with variables representine various M&R actions or
operations. Basically, the optimal solution defittes amount and type of M&R work to
be applied to each road pavement.

The main weakness of prioritisation models is thaly do not assure the selection of
the best possible M&R strategy when consideringglgianning time-spans (for
example 20 years). This can only be achieved iafhygroach followed for selecting the
M&R strategy is based on optimization techniquese TArizona Department of

Transportation and Woodward-Clyde Consultants,gusiptimization techniques, won
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the 1982 Franz Edelman Management Science Achievwefgard from the Institute
of Management Sciences, now the Institute for CGpmraa Research and the
Management Sciences (INFORMS), for developing anglementing the Network
Optimization System of the Arizona PMS (Goladi al. 1982). More recently, the
Lisbon City Council and the Department of Civil Emgering of the University of
Coimbra, also using optimization techniques, wamn Barkman Medal awarded by the
Institution of Civil Engineers from England for thest chapter published in the year
2004 on the practical aspects of the control or agament, including project
management of the design and/or construction gkaiic scheme, for developing and
implementing the Lisbon PMS (Picado-Sarngbsl. 2004).

Recently, researchers (Fwaal. 2000, Kaliszewski 2004, Flintsch and Chen 2004, Wu
and Flintsch 2009) have concluded that maintengsle@ning and programming
requires optimization analysis involving multi-obje considerations. However,
traditionally single-objective optimization techogp have been employed by pavement
researchers and practitioners because of the caityplavolved in multi-objective
analysis. Other researchers (Fetaal. 2000, Mansouri 2005, Deb 2008, Iniestra and
Gutiérrez 2009) concluded that it is possible teeltgp a Multi-objective Decision-Aid
Tool, incorporating into the same optimization mlosieveral objectives, for example
one for minimization of maintenance costs and agrotbr minimization of user costs
using the concepts of Pareto optimal solution $&t eank-based fitness evaluation

(Pareto 1906, Goldberg 1989).
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3.3 Proposed multi-objective decision-aid tool

3.3.1 Introduction

The Multi-Objective Decision-Aid Tool (MODAT), arltarnative Decision-Aid Tool to
the one that forms part of the Estradas de PoraiBMS (Figure 3.1), is constituted by
the components shown in Figure 3.2: the objectofethe analysis; the data and the
models about the road pavements; the constraiatsthle system must guarantee; and
the results. Several objectives can be consideredhé analysis, including the
minimization of agency costs (maintenance and rételon costs), the minimization
of user costs, etc. The results of the applicatibthe MODAT to a road network are
constituted by the M&R plan, the costs report, #mastructural and functional quality
report. The data and the models about the roadnpawvs, and the constraints that the

system must guarantee are described in the folpgaéction.

Pavement condition survey Pavement distresses catalogue

Estradas de Portugal's PMS

Road network database

Quality evaluation tool || Shortterm M&R actions
\/\
Pavememop deerlformance — Decision-aid tool — Costs model =
M&R plan
Costs report
Quality report

Figure 3-1 - Structure of the Pavement ManagementyStem
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Minimisation of agency costs (maintenance andbiditetion costs)
Objectives Minimisation of user costs

Number of years of the planning period
Discount rate
Areas and volumes
Structural and functional quality
Performance models
M&R actions and unit agency costs
User costs model
Residual value model
Minimum quality levels
Annual budgets

Data and models

Verifying the minimum quality levels
Using only the M&R actions defined by the infrastire manager
Not exceeding the available budget
Not exceeding the maximum number of M&R actiondrythe planning period

| |

Maintenance and rehabilitation plan
Results Costs report
Structural and functional quality report

Constraints

Figure 3-2 - MODAT components

3.3.2 Optimization model

The notation used in the model formulation candensn Appendix | and details of the
deterministic optimization model can be found inp&pdix II. Equation (3.1) is one of

the objective functions of the optimization modedaexpresses the minimization of
agency costs (maintenance and rehabilitation costg)y the planning time-span.

Equation (3.2) is the second objective function ardresses the minimization of user
costs over the planning time-span.

The constraints represented by Equation (3.3) spaed to the pavement condition

functions. They express pavement condition in tesfithePSlin each road section and
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year as a function of the initi®Sland the M&R actions previously applied to the road
section. The functions shown in Equations (3.12)%3B of Appendix Il are used to
evaluate theé?Sl over time. The quality of the road pavements in phesent year is
evaluated by thd®S| representing the condition of the pavement adogrdo the
following parameters: longitudinal roughness, ngticracking, surface disintegration
and patching. This global quality index, calculatiedugh Equation (3.12), ranges from
0.0 to 5.0, with 0.0 for a pavement in extremelppoondition and 5.0 for a pavement
in very good condition. In practice, through tmsléx, a new pavement rarely exceeds
the value 4.5 and a value of 2.0 is generally @efias the minimum quality level
(MQL) for national roads considering traffic safeand comfort. Equation (3.13)
represents the pavement performance model usedfldgible pavements. This
pavement performance model is the one used in &&HY O flexible pavement design
method (AASHTO 1993, C-SHRP 2002). This design apphn applies several factors
such as the change R8Il over the design period, the number of 80 kN edantasingle
axle load applications, material properties, drgenand environmental conditions, and
performance reliability, to obtain a measure of tbguired structural strength through
an index known as the structural numb®8N( The SNis then converted to pavement
layer thicknesses according to layer structuraffaments representing relative strength
of the layer materials. Th®Nin each road section and year of the planningogeran
be calculated by Equation (3.14). The number ofkBOequivalent single axle load
applications is computed using Equation (3.15). Tlke of a pavement performance

model for pavement design into a PMS allows thetgape closed between project and
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network management, which is an important objediivbe achieved and that has been
mentioned by several researchers (Feredii@. 2009a, Haas 2012).

This pavement performance model was chosen fromarger of current models
implemented in several PMS because it is widelydws®d tested. Nevertheless, other
pavement performance models can be used insteathr asxample the pavement
performance models of HDM-4 (AIPCR, 2000), the detation models developed for
local authority roads by Stephensetral. (2004), or the deterioration models developed
for use in the Swedish PMS (Lang and Dahlgren 208fg and Potucek 2001, Ihs and
Sjogren 2003, Andersson 2007). Equation (3.13)ndsfia pavement performance
model in terms oPSlas a function of the number of 80 kN equivalengk axle load
applications (Figure 3.3) or the number of yearsas¥ice time. An incremental change
in the present serviceability indeARSL. ;) corresponds to an estimated incremental
change in load applicationdM{Vso).1;) and, at the same time, to an incremental service
time interval QAT..1;). The Present Serviceability Index in y@gPSl) is defined as the
difference between the serviceability index in yédr (PSt,) and the incremental
change in the present serviceability indéP®l.;;). At the same time, the Present
Serviceability Index in yeat (PSl) is defined as the difference between the initial
serviceability indexRShL) and the total incremental change in the presemviceability
index APShL;). The Present Serviceability Index in yda(PSl) ranges between its
initial value of about 4.5 (value for a new pavet)emd the AASHTO lowest allowed

PSlvalue of 1.5 (value for a pavement of a nationalrin the end of its service life).
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Figure 3-3 - Pavement performance curve as a functn of equivalent single-axle load applications

The constraints given by Equation (3.4) are thenumgr level constraints. They define
the MQL considering thd®Sl index for each pavement of the road network. The
warning level adopted in this study waB &l value of 2.0. A corrective M&R operation
appropriate for the rehabilitation of a pavementstroe performed on a road section
when thePSlvalue is lower than 2.0.

The constraints represented by Equation (3.5) septethe feasible operation sets, i.e.,
the M&R operations that can be performed on eaal section and in each year. These
operations depend on the pavement condition clarsicly the section. In the present
study the same five different M&R operations weoasidered, corresponding to nine
M&R actions applied individually or in combinatianth others, as in previous studies
(Picado-Santos and Ferreira 2008, Ferreira etO88R The types of M&R actions and

operations considered are presented in Tables r&11322. The M&R action costs
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considered in this study, calculated using infororafrom M&R works executed on the
Castelo Branco road network, are also presentédfes 3.1 and 3.2.

As shown in Table 3.3, the operations to applyhe toad sections depend on the
warning level. M&R operation 1 that correspondsdo nothing” is applied to a road
section if thePSlvalue is above the warning level, i.e., if th8l value is greater than
2.0. M&R operation 5 is the operation that musapplied to the road section when the
warning level is reached, i.e., this operation ggspto solve pavement serviceability
problems. This operation has the longest efficigpesrod which is defined as the time
between its application to the pavement and the tivhen the pavement reaches the
warning level for thd?SL M&R operations 2, 3, 4 and 5 are alternative apens that
can be applied instead of operation 1 (see Tablg & this case they constitute
preventive M&R operations. The analysis of Tabl€s @&hd 3.4 clearly shows that the
application of M&R operations may be correctivepoeventive. An M&R operation is
corrective if it is performed when the warning leigereached, and it is preventive if it
is performed before the warning level is reachedhew deciding which M&R
operations should be applied in a given year tavangroad section withPSI value
above the warning level, it is possible to seldatitee the simplest operation (M&R
operation 1) or a preventive operation (M&R openmat2, 3, 4 or 5). In fact, selecting a

preventive operation may be more efficient (lesstlgpin the medium or long-term.
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Table 3-1 - Types of M&R action

M&R action Description Cost

1 Do nothing €0.00/M

2 Tack coat €0.41/Mm
3 Longitudinal roughness levelling (1 cm) €1.23/m
4 Longitudinal roughness levelling (2 cm) €2.45/m
5 Membrane anti-reflection of cracks €1.88/m
6 Base layer (10 cm) €8.63'm
7 Binder layer (5 cm) €6.13/m
8 Non-structural wearing layer €3.13/m
9 wearing layer (5 cm) €6.69fm

Table 3-2 - Types of M&R operation

M&R operation Description M&R actions involved  Cost
1 Do nothing 1 €0.00/M
2 Non-structural maintenance 2+3+2+8 €5.18/m
3 Minor rehabilitation 2+4+2+5+2+9 €15.317m
4 Medium rehabilitation 2+4+2+5+2+7+249 €18.79/m
5 Major rehabilitation 2+4+2+5+2+6+2+9 €21.28/m

Table 3-3 - Application of the simplest M&R operatbons

Warning level PSI M&R operation M&R action
>2.0 1 1
PSI=2.0
<20 5 2+4+2+5+2+6+2+9

Table 3-4 - Alternatives to M&R operations

Alternative M&R operations

M&R operation

2 3 4 5
1 Y% \Y v Y \Y%
2 - \Y v v \Y%
3 - - v v \Y%
4 - - . v \Y%
5 - - - - \%

The constraints given by Equation (3.6) state trdy one M&R operation per road

section should be performed in each year. The min& represented by Equation (3.7)
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represent the agency cost functions. They exphessdsts for the road agency involved
in the application of a given M&R operation to aadosection in a given year as a
function of the pavement condition in that sectmual year. These costs are obtained by
multiplying the unit agency costs for the M&R actsoinvolved in the M&R operation
by the pavement areas to which the M&R actionsapdied. The constraints defined
by Equation (3.8) represent the user cost functidbhsy express the cost for road users
as a function of the pavement condition in thatisacand year. For calculating the

vehicle operation cost, Equation (3.16) in Appentlixvas used.

This Equation is currently in use in the Estradagdrtugal’'s PMS (Picado-Santos and
Ferreira 2008, Ferreirat al. 2008, Ferreiraet al. 2011). So far, the main Portuguese
concessionaire (Estradas de Portugal, S.A.) corssimdy this component of the user
costs. The totality of the user costs involves thdowing components: vehicle
operation costs; motorised travel time costs; naensed travel time costs; accident
costs; and environmental costs. The vehicle operatosts, although being the most
important component for road users, involve orilg following components: fuel
consumption; tyre consumption; parts consumptiah;and lubricants consumption;

labour hours; depreciation; interest; and overheads

The constraints represented by Equation (3.9) septethe pavement residual value
functions. They express the value of the paveméiat mad section at the end of the
planning time-span as a function of pavement camdit that time. For calculating the
residual value of pavements Equation (3.17) in Aplpe Ill was used. This equation

was defined based on the AASHTO guide for desigmaeement structures (AASHTO,
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1993) considering a terminal value of 1.5. The t@msts given by Equation (3.10) are
the annual budget constraints. They specify theimamx amount of money to be spent
on M&R operations during each year. The constraiepsesented by Equation (3.11)
were included in the model to avoid frequent M&Regiions applied to the same road

section.

3.3.3 Generation of Pareto optimal solutions

Given the mathematical formulation of the optimiaatmodel presented in the previous
section, the next step consists of the adoptiorthef appropriate mechanism for
generating a representative set of Pareto optiotatisns (Meneses and Ferreira 2010).
At this point it is evident that, given the parfaufeatures of the optimization model (a
combinatorial problem with multiple objectives), ig not possible to use an exact
algorithm for solving the problem efficiently. Ihis section, the use of a genetic
algorithm approach was considered that could oveecthe difficulties inherent in the
nature of the optimization model.

There are several optimization methods that candeel to generate the set of Pareto
optimal solutions. Hwang and Masud (1979) and I&tettinen (1999) classified them
into the following four types: no-preference metkogbosterior methods; a priori
methods; and interactive methods. The no-preferenethods do not assume any
information about the importance of different olijges and a heuristic is used to find a
single optimal solution. Posterior methods usegregfce information of each objective
and iteratively generate a set of Pareto optimaitiems. Alternatively, a priori methods

use more information about the preference of oljestand usually find one preferred
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Pareto optimal solution. Interactive methods use tpreference information

progressively during the optimization process.

According to Marler and Arora (2004), no single aqgeh is, in general, superior to the
other methods. Rather, the selection of a specifethod depends on the users’
preferences, the type of information provided, s8wution requirements, and the
availability of software. This study uses a geneatigorithm approach with the

incorporation of the weighting sum method. This moe; as the name suggests,
combines a set of objectives into a single objechby pre-multiplying each objective

with a user-defined weight. This method is the $espapproach and is probably the
most widely used (Deb 2008, Wu and Flintsch 20@3tting relative weights for

individual objectives becomes a central issue iphapg this method. As the weight

vector for the multiple objectives often dependghly on the magnitude of each
objective function, it is desirable to normalis@sh objectives to achieve roughly the
same scale of magnitude. Equation (3.18) repredbetapplication of the weighting

sum method (Deb 2008) to the two objective fundiai the optimization model

presented in the previous section.

e AC - AC,. uc -uc,,
Min Z = Wie i min_ 4 We i min
ACmax - ACmin UCmax - UCmin (3 18)

where: Z is the normalised value of a solutiow, . andw,. are the weight values for
each objective functiolAC, andUC, are the individual objective function values that

depend on the decision variables valu@s;,,, and UC_ , are the minimum values
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obtained for each objectiveAC_,, and UC_, are the maximum values obtained for

X X

each objective.

The range of values for the various objective fiomd (AC... ,AC

'min ? max

) and

(Uc.. ,uC

'min ? max

) are obtained by applying the optimization modahsidering only one
objective at each time, i.e., varying the weighluea vector (v,.,w,.) among the

extreme situations of (1,0) and (0,1) considerimg tnitially all minimum values are 0
and all maximum values are 1. Considering these dbectives (Figure 3.4), the
minimum values obtained for each objective corrasigoto the ideal solution (£ In
general, this solution is a non-existent solutioat is used as a reference solution and it
is also used as lower boundary to normalise theatibg values in a common range.
The nadir solution (P9, which is used as upper boundary to normaliseotijective
values in a common range, corresponds to the upperdary of each objective in the
entire Pareto optimal set, and not in the entisrcfespace (2). The Pareto optimal
solution set is finally obtained by using the olipx function defined by Equation

(3.18) considering different combinations of thegi values.
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Objective 2
f=UC
A
Z**
." Znad\
UCmax
Knee
point
*— . .
UCin Z¥=(AC min, UGCnin) —— Pareto frontier

Ideal Solution Objective 1

ACnin ACmax fi=AC

Figure 3-4 - The Pareto frontier and the ideal andhadir solutions

3.3.4 Knee points and identification procedure

In general, when dealing with a multi-objective ioptzation problem, the decision

maker has great difficulties in selecting a patticisolution for implementation from

the Pareto optimal solution set. Das (1999), toicavhis difficulty, developed the

Normal-Boundary Intersection (NBI) method to idénthe so called “Knee point” of

the Pareto frontier. Considering only two objectiEigure 3.4), the Knee is a point on

the region of the Pareto frontier that results frtwa projection of a normal vector from
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the line connecting the end points of the Pareaiotfer (the two individual optima). The
“knee point” is the farthest away Pareto point frtms line in the direction of the
normal vector. Knee points represent the mostestarg solutions of the Pareto frontier
due to their implicit large marginal rates of sutiosion (Iniestra and Gutiérrez 2009).
Wu and Flintsch (2009) considered the Euclidianatice to identify the best solution
of the Pareto frontier. As the ideal solution may be achieved due to the conflicting
objectives, the best solution is the solution af Bareto frontier that has the shortest
normalised distance from the ideal solution, coragutising Equation (3.19). This
method to identify the so called “Knee point” o&tRareto frontier is based on TOPSIS

method (Lofti et al. 2007, Deb 2008, Yuan et all@0Mostafavi and Karamouz 2010).

2 2 |2
Di - AC:I ACmin _ Zl + UCI UCmin _22
Acmax - ACmin UCmax - UCmin
(3.19)

where: D; is the normalised distance between each Paretticgolpoint and the ideal

solution point; Z: and Z» are the normalised values for each objective efiteal
solution (are equal to 0 or 1 depending on wheithisra minimization or maximization

objective).

3.3.5 Model solving

The deterministic mixed integer optimization mogde#sented in the previous section is

extremely complex, being impossible to solve witha optimization methods (except,
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for small, highly idealised instances, through ctetgoenumeration) available through
commercial packages like XPRESS-MP (FICO 2009) AMS-CPLEX (IBM 2009).
Even for a small problem (seven road sections, &frsyof planning period, and five
M&R operations) the number of alternatives M&R gan be evaluated is huge’(5”

= 7.2x10"). Indeed, it can only be solved through heuristethods. Nowadays, a large
number of classic and modern heuristic methodseadable (Michalewicz and Fogel
2004, Gendreau and Potvin 2005, Deb 2008) to gbisekind of complex optimization
models. The optimization model and its heuristidvesio were implemented in a
computer program called MODAT. The heuristic methaded to solve this
optimization model is a genetic-algorithm (GA) thaas implemented in Microsoft
Visual Studio programming language (Daedal. 2006, Randolph and Gardner 2008)
adapting and introducing new functionalities to existing GA program called
GENETIPAV-D (Ferreira 2001, Ferreirgt al. 2002b) previously developed to solve
single-objective deterministic optimization modelSince they were proposed by
Holland (1975), genetic algorithms have been swfaltg used on many occasions to
deal with complex engineering optimization problefise MODAT applied to the
Castelo Branco road network was run on a 2.2 GHgopal computer (PC) with 2.0
GB of RAM and 200 GB of capacity. Each best solutgiven by the MODAT was

obtained in approximately 30 minutes of computingget

3.3.6 Results of the application of the MODAT

The MODAT was tested with data from the EstradaPaolktugal’'s PMS (Picado-Santos

and Ferreira 2008, Trindade e Horta 2009, Feredied 2011) to plan the maintenance
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and rehabilitation of the road network consideriwg objectives, the minimization of
agency costs and the minimization of user coste.Hstradas de Portugal road network
has a total length of 14500.0 km. The MODAT wasligpiponly to the road network of
one of the eighteen districts of Portugal, the rdistof Castelo Branco. This road
network has a total length of 589.9 km and theeasponding network model has 32
road sections. The discount rate considered irsthidy was 2.5%.

Figure 3.5 represents the Pareto optimal set aftisok in the objective space by
varying the weight values while Figure 3.6 représehe optimal set of normalised

solutions. The point with white colour represerite tKnee point” and was obtained

considering the following weight valueswy(.,w,.) = (0.04, 0.96); and it corresponds
to the following objective valuesAC,UC) = (€62.8x16, €1508.8x1f). The range of

values for the two objective functions ar&Q, . ,AC_. ) = (€44.2x16, €206.0x16),

and UC,,,,UC, ) = (€1424.2x18 €2529.3x18). From Figures 3.5 and 3.6 it can be
concluded that, when varying the two weights throagyrid of values from O to 1 with
a fixed increment step, as for example 0.05, the tbjective values were not
transformed maintaining the same fixed range.

In multi-objective problems there is no perfect hoet to select one “optimal” solution
from the Pareto optimal set of solutions. The fibast-compromise solution is always
up to the decision maker. For that purpose, fofferint M&R solutions of the Pareto
frontier were considered for comparison.

a) Solution [I: Multi-objective optimization approachcofrective-preventive)

considering the “Knee point'\,. =0.04,w,. =0.96);
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Solution II: Multi-objective optimization approacticorrective-preventive)
considering the following weightsa(,. =1.00,w,. =0.00);
Solution IlIl:  Multi-objective optimization approaclicorrective-preventive)
considering the following weightsa(,. =0.00,w,. =1.00);
Solution [V: Multi-objective optimization approackcorrective-preventive)

considering the following weightsa(,. =0.50,w;,. =0.50).

2400

2200
2000
. Knee point(AC = €62769.8, UC = £1508778.9)

1800

1600

1400 ® e o o . e o0 oo

Total user costs over 20 years (x10"6 €)

1200

1000 ‘ \ \ \ \
0 50 100 150 200 250

Total M&R costs over 20 years (x106 €)

Figure 3-5 - Pareto optimal set of solutions
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The costs and normalised costs during the entimanmhg time-span for these four
Pareto optimal solutions are summarised in Fig8résand 3.8, respectively. Figure 3.8
shows that, as expected, solution | (“Knee poim”}he Pareto optimal solution with
less normalised value of M&R costs plus user cdStmsidering the non-normalised
value of M&R costs plus user costs (Figure 3.7)e @an verify that this optimal

solution continues to have the least value. Fiqu8ealso shows that solution | (“Knee
point”) is the Pareto optimal solution with lesgalonormalised costs, computed by

adding M&R normalised costs and user normalisedscasd deducting the residual

Normalized total user costs over 20 years
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Normalized total M&R costs over 20 years

Figure 3-6 - Pareto optimal set of normalised solitns

normalised value.
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Figure 3-7 - Costs throughout the planning time-spa of 20 years
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Figure 3-8 - Normalised costs throughout the planmig time-span of 20 years

Figure 3.9 represents the predicted PSI averagee v@ler the years of the planning

time span for all the road network pavements amce&mh solution. By analysing this

Figure it can be seen that solution 1, i.e., thelution of the multi-objective
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optimization  approach  (corrective-preventive) cdesng the  weights
(w,.=0.00,w,.=1.00), corresponds to the largest average PSlesahs expected
because this solution corresponds to the mininumadif user costs. Solution | (“Knee
point”) is the second best solution in terms ofrage PSI values also as expected

because corresponds to a high weight value for essis and a small weight value for

agency costsw,. =0.04,w,. =0.96).

-0+ Solution! —<%— Solutionll —>— Solutionlll —2&— Solution IV
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Year

Figure 3-9 - PSI average value for all the road natork pavements
In addition to these summarised results, the MODOAdvides extensive information
about the M&R strategy to be implemented for eaaudrsection. To analyse these road
section-linked results, four road sections weresehowith different attributes in the
present year. Table 3.5 illustrates the attributethese four road sections including

their present PSI value. Table 3.6 presents the M@&ations to be applied in the four
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road sections considering the four M&R solutionstiod Pareto frontier. Figure 3.10
represents the predicted evolution of the PSI valer the years for pavement section
05001 of a national road as a consequence of theuggn of the M&R plan. For this
pavement section, which is in good quality conditiovith a PSI value of 3.81), if
solution | of MODAT is adopted, the same M&R opamat 2 (non-structural
maintenance) would be applied in years 2016 and.2i@2olution Il or solution IV of
MODAT is adopted no M&R operation will be neededaihthe planning time-span. If
solution Il of MODAT is adopted the recommended R&operations are very
different. The MODAT recommends the applicationfaiir M&R operation 5 (major
rehabilitation) in years 2016, 2020, 2024 and 20&8h a constant interval of four
years. In this solution the M&R operations are mamel heavier because this solution
corresponds to the minimization of user costs wimeans that the pavement quality
must be always high.

An identical analysis could be made for any oth&rgment section. For example, for
pavement section 05004 of another national roael Table 3.6 and Figure 3.11), which
has a PSI value of 2.75, if solution | of MODAT aslopted the M&R operation 4
(medium rehabilitation) would be applied in yearl20and M&R operation 2 (non-
structural maintenance) would be applied in yedi$92and 2026. If solution Il or
solution IV of MODAT is adopted only one M&R opei@t is recommended, which is
M&R operation 3 (minor rehabilitation) applied iear 2012. Again, if solution Il is
adopted the recommended M&R operations are more haadier as appended for
pavement section 05001. In this case the MODAT meunends the application of four

M&R operations 5 (major rehabilitation) in yearsl202016, 2020, and 2024.
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Table 3-5 - Attributes of road sections

Attributes Road section
Section_ID 05012 05004 05001 05003
Road_class EN IC IP IC
Pavement_type Flexible Flexible Flexible Flexible
District Castelo Branco Castelo Branco Castelo Bsban Castelo Branco
Length (m) 21,455 19,439 1931 14,635
Width (m) 5.9 8.8 9.4 8.6
Sub-grade_CBR (%) 5 10 6 4
Structural_number 2.47 3.51 5.20 4.80
Age_of pavements (years) 16 14 8 3
Annual_average_daily_traffic 744 6,212 4316 5,828
Annual_average_daily heavy _traffic 100 1000 300 1000
Annual_growth_average_tax 3.0 4.0 3.0 4.0
Truck_factor 2.0 4.0 3.0 4.0
PSh 1.79 2.75 3.81 3.90

—2— Solution Il —>— Solution lll

---0---- Solution |

—o— Solution IV

PSI

0,0 ———————
AN ™ < Yo} (o] N~ [ce] [« o - N [s¢] < w © I~ o] D o o AN
by by by by by by by by N N N N N N N N N AN ™ ™ [a2}
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Year

Figure 3-10 - Evolution of PSI for pavement sectio®5001 of a national road
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Table 3-6 - M&R operations to be applied in road setions

Year
Secion PSp M N oM N N N N N NN N NN NN N NN N
© O © O © O O O 9O © O © © O O O o 9O o o
PR R R R R R R RN R NN NN RN NMRN ® @
N WA U1 ® N ® © O kB N W K~ o0 oo N o © O [
Solution I - Knee point W, =0.04,W, =0.96)
05012 1.79 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05004 2.75 4 1 1 1 1 1 1 2 1 1 1 1 1 1 2 1 1 1 1 1
05001 381 1 1 1 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1
05003 3.90 1 1 3 1 1 1 1 1 2 1 1 1 1 2 1 1 1 2 1 1
Solution Il (W, =1.00,W{, =0.00)
05012 1.79 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05004 2.75 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05001 381 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05003 3.90 1 1 1 1 1 2 1 1 1 1 3 1 1 1 1 1 1 1 1 1
Solution Il (W, =0.00,W, =1.00)
05012 1.79 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1 1 1
05004 2.75 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1 1 1
05001 381 1 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1
05003 3.90 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1
Solution IV (W, =0.50,W,- =0.50)
05012 1.79 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05004 2.75 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05001 381 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05003 3.90 1 1 1 3 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1

KEY (M&R actions):

1 - Do nothing?2 - Non structural maintenancg: Minor rehabilitation4 - Medium rehabilitation$
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Figure 3-11 - Evolution of PSI for pavement sectio®5004 of a national road
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3.4 Conclusions

The Multi-objective Decision-Aid Tool (MODAT) prested in this chapter,
incorporating several objectives into the same nogtition model, can solve the
pavement management problem for the case involvingjor rehabilitation
interventions. The MODAT, as well as the decisi@h-#ol currently in use in the
Estradas de Portugal’'s PMS, which has the objeabfveninimising costs over a
selected planning time-span, allows closing the fQapveen project and network
management. This is made possible by using a maap@sapproach that uses models
for predicting the future condition of the paveméeased on measured condition data
(i.e. cracking, ravelling, potholes, patching, ingt longitudinal roughness, skid
resistance, traffic, climate, etc.). This macroscogpproach requires that each road
section is homogeneous in terms of quality, pavérseuacture, traffic and climate. It is
assumed that each road section possesses onenparter curve with any estimated
future performance value representing the ovenadrage pavement condition. The
MODAT considers the pavement performance model usethie AASHTO flexible
pavement design method but any other preferred htatiebe used as well.

The MODAT constitutes a new useful tool to help tbad engineers in their task of
maintenance and rehabilitation of pavements. InNI@DAT application, the Knee
point, that represents the most interesting satubibthe Pareto frontier, corresponds to
an agency costs weight value of 4% and an users coglight value of 96%,
demonstrating that user costs, which are generaligh greater than agency costs,
dominate the decision process. While the case stidthis chapter focuses on a

national road network, the approach proposed idicgipbe to any transportation
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infrastructure network, e.g., municipal road netyobridge network, where the
decision-making process often involves multipleegkive considerations. Because the
MODAT is an open system, some modifications coddrade to better serve the needs
of road engineers. In the near future, our researdhe pavement management field
will follow two main directions. First, the MODAT M be applied considering also
other objectives, beyond the two existent one$pasexample the maximization of the
residual value of pavements or the maximizationth& road network performance.
Second, pavement performance models will be deedlajsing pavement performance
data available in some road network databases @hdenncorporated into MODAT

for future applications to road networks.
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APPENDIX 1: NOTATION

AC is the agency cost for applying operatidio road sectios in yeart;
B; is the budget for yedr

C, is the total cracked pavement area in year 01@0nT?);
Cy is the structural coefficient of layar

Cr‘,j is the drainage coefficient of layeyr

C is the cost of construction or the cost of the ladtabilitation of pavement

s,const
sections;
dis the discount rate;

Do is the total disintegrated area (with potholes @vetling) in year 0 (/4100nf);
H,, is the thickness of layer(mm);
IRI, is the pavement longitudinal roughness in yean@{km);

Mg is the sub-grade resilient modulus (pounds pearggunch);

Nmax IS the maximum number of M&R operations that magus in road sectios over
the planning time-span;

Wgo is the number of 80 kN equivalent single axle |I@gplications estimated for a
selected design period and design lane;

Pa, is the pavement patching in year G(t@0nf);

PSl is the Present Serviceability Index in y&ar

PSI; ..o IS the PSlvalue after the application of a rehabilitatiorti@e in pavement

sections;

Ris the number of alternative M&R operations;
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R, IS the mean rut in year 0 (mm);

RV; 11 is the residual value for the pavement of sectjon

Sis the number of road sections;

S is the combined standard error of the traffic poéoh and performance prediction;
SN is the structural number of a road pavement im {ea

T is the number of years in the planning time-span;

tc is the annual average growth rate of heavy traffic

TMDA, is the annual average daily heavy traffic in tlearyof construction or the last
rehabilitation, in one direction and per lane;

UC is the user cost for road secti®m yeart;

VOG are the vehicle operation costs in yeg/km/vehicle);

Xrst IS equal to one if operatianis applied to sectios in yeart, and is equal to zero
otherwise;

Y; is the time since the pavement’s constructionsolaist rehabilitation (years);

Zr is the standard normal deviate;

PSL;are the pavement condition for sect®in yeart;

PSI is the warning level for the pavement condition;

a is the average heavy traffic damage factor or Birtipck factor;

APS| is the difference between the initial value of flresent serviceability index
(PSh) and the value of the present serviceability inmheyeart (PSH);

Y4 are the agency cost functions;

Yp are the pavement condition functions;

& are the residual value functions;
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U are the user cost functions;

Q are the feasible operations sets.

APPENDIX 2: DECISION-AID TOOL MODEL

For explanation of notation, refer to the Appentlix

A.2.1 Objective functions

Minimise agency costs (maintenance and rehabditatpsts)

S

I\/IinAC:ZR: > i l mc,x
t=1

r=1 s (:I'-'-d)t rSt rSt (3_1)
Minimise user costs
. S & 1
MinuC=> %" -wc,
s=1 t=1 (1+d) (32)
A.2.2 Constraints
Pavement condition functions
PSI =PP(PSI o, X1 -1 Xigtree s X g1 Xpat)s S=L...,.5t=1,....T (3.3)
Warning level constraints
PSI 2PSls, s=1..,S;t=1...T (3.4)
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Feasible operation sets

X OQ(PSI ) r=1..,Rs=1..St=1..T (3.5)

Annual operations constraints

ZR: Xy =1s=1..St=1..T
= (3.6)

Agency cost functions

AC

I

L =7a(PSl, X, ) r=1..Rs=1..St=1..T (3.7)

User cost functions

uc, =wu(Psl ), s=1...St=1...T (3.8)

Residual value functions

RV.,, =% (PSl ;) s=1....,S (3.9)

Annual budget constraints

R S

Z Z ACrst D<rst s Bt, t=1..T
oo (3.10)
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Planning time-span operations constraints

ZR: ixrst <N maxS,DS::L___,S

r=2 t=1

(3.11)
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APPENDIX 3: PAVEMENT CONDITION AND OTHER FUNCTIONS USED IN
THE MODEL

A.3.1 Pavement condition functions

PSI, =5x g 00002598IRly _ ) 00213% RO2 - 003%x(C,+D, + Pao)o'5 (3.12)
(logy W g)- ZxS)—9.380g; o(SNF J+0.22.3%l0g (Mg 807X 04+ 109319 0
PS|=PS} -(4.2-1.5)x1(£ {ns H (3.13)
N
SN =>"H,xC¢ xCf
n=1 (3.14)
Y —
Wy, =365xTMDA, x 19 71,
tc (3.15)
A.3.2 User cost function
VOC, =1.20487-0.49116x PSI, +0.05458x PSI? (3.16)
A.3.3 Residual value of pavements function
PSl;,, —15
RVST+1 = Cs const '
’ ‘ PSI epan — 15
(3.17)
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Chapter 4

Pavement maintenance
programming considering two
objectives: minimization of
maintenance and rehabilitation costs
and maximization of the residual

value of pavements

4.1 Introduction

Nowadays in Portugal, as in many other countrias, td the economic crisis, the trend
of budgetary pressures on highway agencies isasorg. At the same time, road users
are increasingly demanding in terms of highway ifggatomfort and safety. Several

highway maintenance and rehabilitation projectsehlagen delayed because of budget
constraints. The economic crisis has also stimdlatevider debate about the state of

Portugal’s road network infrastructure and the egugnces of past large-investment in
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new construction and under-investment in mainte@and rehabilitation. Fortunately,
in the last three years, the construction of neghWways has almost ceased and the
scarce funds available have been used essentialipdintenance and rehabilitation of

existing highways and roads.

To meet these challenges, highway agencies areinlpolor more cost-effective
methodologies for pavement maintenance programmaiimgetwork-level. For example,

in a plenary session at the 2013 Portuguese Roate@oce (CRP 2013), the president
of Estradas de Portugal said that it is possibteratessary to reduce maintenance and
rehabilitation costs using new methodologies arsb adlew technologies. So, in the
coming years, highway agencies are open to newsecAid Tools (DAT) that

minimise the costs related to their area of action.

Almost all the pavement maintenance programmingstoorrently in use are based on
single-objective optimization. In these single-ahije analyses, those requirements not
selected as the objective function are imposedastints in the model formulation.
This can be viewed as interference in the optimomaprocess by artificially setting
limits on selected problem parameters. As a reshudt,solutions obtained from these
single-objective analyses are sub-optimal compavéd ones derived from multi-
objective considerations (Fved al. 2000). In addition, only few applications have mad
use of multi-objective optimization techniques. Fwa al. (2000) developed an
optimization model with three objectives: the maization of the work production; the
minimization of the total maintenance cost; and theximization of overall network
pavement condition. The model was applied to faghway classes, each one with

three need-urgency levels (high, medium, low), mereng four M&R interventions
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and a planning time-span of 45 working days. Wengl. (2003) developed a different
optimization model with two objectives: the maxiadibn of the total M&R
effectiveness; and the minimization of the total Ri&listurbance cost. The model was
applied to a small network of 10 road sections i@rig a planning time-span of five
years. Wu and Flintsch (2009) developed anotheimigdtion model with two
objectives: the maximization of the network levélservice; and the minimization of
the total M&R cost. The model was applied to foavegment state quality types
(excellent, good, fair and poor) considering fou&m® interventions and a planning
time-span of 10 years. Menes#sal. (2013) developed an optimization model with two
objectives: the minimization of maintenance and alglitation costs; and the
minimization of user costs. The model was appleed tmunicipal road network with 36
pavement sections considering five M&R intervengi@md a planning time-span of 20
years. Meneses and Ferreira (2013) applied the s@tmaization model to a national
road network with 32 pavement sections considefing M&R interventions and a
planning time-span of 20 years.

None of these multi-objective optimization modets\siders the maximization of the
residual value of pavements at the end of the phanperiod which is very important
for highway agencies. More residual value of pavasés directly related with more
residual life of pavements which means lower maiabee and rehabilitations costs in

the next planning period.

This chapter presents the development and implexhent of a Multi-objective
Decision-Aid Tool (MODAT) which considers two diffent objectives, the

minimization of maintenance and rehabilitation soanhd the maximization of the
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residual value of pavements at the end of the phgnperiod. The MODAT is tested
with data from the PMS used by the main Portugumsecessionaire (Estradas de
Portugal, S.A.), the institution that acted untiD0Z as the Portuguese Road
Administration (Picado-Santost al. 2006, Picado-Santos and Ferreira 2007, Picado-
Santos and Ferreira 2008, Ferrestaal 2008, Trindade and Horta 2009, Ferraital.

2011, Horteet al, 2013).

4.2 Multi-Objective Decision-Aid Tool

4.2.1 Introduction

The Multi-Objective Decision-Aid Tool (MODAT) corsts of the components shown
in Figure 4.1: the objectives of the analysis; tteda and the models of the road
pavements; the constraints that the system mustgiee; and the results. Several
objectives can be considered in the analysis, dmeguthe minimization of maintenance
and rehabilitation costs, the maximization of tasidual value of pavements at the end
of the planning period, etc. The results of theliappon of the MODAT to a road
network are constituted by the M&R plan, the casiport, and the structural and
functional quality report. The data and the modsdsut the road pavements, and the

constraints that the system must guarantee areiloleddn the following section.
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Objectives:
Minimisation of maintenance and rehabilitation costs
Maximisation of the residual value of pavements

Data and models:
Number of years of the planning period
Discount rate
Areas and volumes
Structural and functional quality
Performance models
M&R actions and unit agency costs
User costs model
Residual value model
Minimum quality levels
Annual budgets

e
AN

Constraints:
Verifying the minimum quality levels
Using only the M&R actions defined by the infrastructure manager
Not exceeding the available budget
Not exceeding the maximum number of M&R actions during the planning period

Results:
Maintenance and rehabilitation plan
Costs report
Structural and functional quality report

Figure 4-1 - MODAT components

4.2.2 Optimization model

The notation used in the model formulation candensn Appendix | and details of the
deterministic optimization model can be found inp&pdix Il. Equation (4.1) is one of
the objective functions of the optimization modedaexpresses the minimization of
maintenance and rehabilitation costs over the phgntime-span. Equation (4.2) is the
second objective function and expresses the maatiiz of the residual value of

pavements at the end of the planning period.
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The constraints represented by Equation (4.3) spaoed to the pavement condition
functions. They express pavement condition in tesfthePSlin each road section and
year as a function of the initi®@Sl and the M&R actions previously applied to a road
section. The functions shown in Equations (4.12)8% of Appendix Il are used to
evaluate theé?Sl over time. The quality of the road pavements in phesent year is
evaluated by thd®S| representing the condition of the pavement adogrdo the
following parameters: longitudinal roughness, ngticracking, surface disintegration
and patching. This global quality index, calculatiedugh Equation (4.12), ranges from
0.0 to 5.0, with 0.0 for a pavement in extremelpmpoondition and 5.0 for a pavement
in very good condition. In practice, with this inda new pavement rarely exceeds the
value 4.5 and a value of 2.0 is generally definedh@ minimum quality level (MQL)
for national roads considering traffic safety awndnéort. Equation (4.13) represents the
pavement performance model used for flexible pavesd his pavement performance
model is the one used in the AASHTO flexible pavetm@esign method (AASHTO
1993, C-SHRP 2002). This design approach appliesrakfactors such as the change
in PSI over the design period, the number of 80 kN edeitasingle axle load
applications, material properties, drainage and irenmental conditions, and
performance reliability, to obtain a measure of tbguired structural strength through
an index known as the structural numb®N( The SNis then converted to pavement
layer thicknesses according to layer structuraffaments representing relative strength
of the layer materials. Th&Nin each road section and year of the planningogeran
be calculated by Equation (4.14). The number ofkBOequivalent single axle load

applications is computed using Equation (4.15). Tlke of a pavement performance
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model for pavement design into a PMS allows thetgdpe closed between project and
network management, which is an important objediivee achieved and one that has
been mentioned by several researchers (Feremh 2009, Haas 2012). This pavement
performance model was chosen from a range of dumedels implemented in several
PMS because it is widely used and tested. Nevexdhbelbther pavement performance
models can be used instead, such as, for exarpl@alvement performance models of
HDM-4 (AIPCR, 2000), the deterioration models deyeld for local authority roads by
Stephensomet al. (2004), or the deterioration models developeduf® in the Swedish
PMS (Lang and Dahlgren 2001, Lang and Potucek 2@@4,and Sjogren 2003,
Andersson 2007). Equation (4.13) defines a pavermperibormance model in terms of
PSI as a function of the number of 80 kN equivalemigk axle load applications
(Figure 4.2) or the number of years of service tirAa incremental change in the
present serviceability indexXAPSl.1;) corresponds to an estimated incremental change
in load applications {Wsp)i1;) and, at the same time, to an incremental setuice
interval (ATw1¢). The Present Serviceability Index in yda(PSl) is defined as the
difference between the serviceability index in yeédr (PSk;) and the incremental
change in the present serviceability indéP®L.;;). At the same time, the Present
Serviceability Index in yeat (PSH) is defined as the difference between the initial
serviceability indexRSk) and the total incremental change in the presemviceability
index QAPSbhL;). The Present Serviceability Index in yda(PSl) ranges between its
initial value of about 4.5 (value for a new pavemamd the AASHTO lowest allowed

PSlvalue of 1.5 (value for a pavement of a nationabrat the end of its service life).
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Present Serviceability Index (PSI)

Figure 4-2 - Pavement performance curve as a funcin of equivalent single-axle load applications

The constraints given by Equation (4.4) are thenumgr level constraints. They define
the MQL considering thd®Sl index for each pavement of the road network. The
warning level adopted in this study waB &l value of 2.0. A corrective M&R operation
appropriate for the rehabilitation of a pavementstroe performed on a road section
when thePSlvalue is lower than 2.0.

The constraints represented by Equation (4.5) septethe feasible operation sets, i.e.,
the M&R operations that can be performed on eacd reection each year. These
operations depend on the pavement condition clarsicly the section. In the present
study the same five different M&R operations weoasidered, corresponding to nine
M&R actions applied individually or in combinatianth others, as in previous studies
(Picado-Santos and Ferreira 2008, Ferretral 2008). The types of M&R actions and

operations considered are presented in Tables fd14&2. The M&R action costs
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considered in this study, calculated using infororafrom M&R works executed on the
Castelo Branco road network, are also presentédftes 4.1 and 4.2.

As shown in Table 4.3, the operations to applyotdrsections depend on the warning
level. M&R operation 1 which corresponds to “dohing” is applied to a road section
if the PSl value is above the warning level, i.e., if tA8I value is greater than 2.0.
M&R operation 5 is the operation that must be aplio a road section when the
warning level is reached, i.e., this operationgpled to solve pavement serviceability
problems. This operation has the longest efficigmesod which is defined as the time
between its application to the pavement and the tivhen the pavement reaches the
warning level for thd®SL M&R operations 2, 3, 4 and 5 are alternative apens that
can be applied instead of operation 1 (see Table 4n this case they constitute
preventive M&R operations. The analysis of Tables &hd 4.4 clearly shows that the
application of M&R operations may be correctivepoeventive. An M&R operation is
corrective if it is performed when the warning leigereached, and it is preventive if it
is performed before the warning level is reachedhew deciding which M&R
operations should be applied in a given year tavangroad section withPSI value
above the warning level, it is possible to seldatiee the simplest operation (M&R
operation 1) or a preventive operation (M&R op@nmat2, 3, 4 or 5). In fact, selecting a

preventive operation may be more efficient (lesstlgpin the medium or long-term.
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Table 4-1 - M&R actions

M&R action Description Cost
1 Do nothing €0.00/nt
2 Tack coat €0.41/nf
3 Longitudinal roughness levelling (1 cm) €1.23/m
4 Longitudinal roughness levelling (2 cm) €2.45/m
5 Membrane anti-reflection of cracks €1.88/m
6 Base layer (10 cm) €8.63/nt
7 Binder layer (5 cm) €6.13/nf
8 Non-structural wearing layer €3.13/m
9 wearing layer (5 cm) €6.69/nf
Table 4-2 - M&R operations
M&R operation Description M&R actions involved Cost
1 Do nothing 1 €0.00/M
2 Non-structural maintenance 2+3+2+8 €5.18/m
3 Minor rehabilitation 2+4+2+5+2+9 €15.31%m
4 Medium rehabilitation 2+4+2+5+2+7+2+9 €18.78/m
5 Major rehabilitation 2+4+2+5+2+6+2+9 €21.28/m
Table 4-3 - Application of the simplest M&R operatbons
Warning level PSI M&R operation M&R action
>2.0 1 1
PSI=2.0
<20 5 2+4+2+5+2+6+2+9

Table 4-4 - Alternatives to M&R operations

M&R operation

Alternative M&R operations

2 3 4 5
1 v v v v v
2 - v v v v
3 - - v v v
4 - - - v A%
5 - - - - A%
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The constraints given by Equation (4.6) state trdy one M&R operation per road
section should be performed in each year. The min& represented by Equation (4.7)
represent the agency cost functions. They exphessdsts for the road agency involved
in the application of a given M&R operation to aadosection in a given year as a
function of the pavement condition in that sectmul year. These costs are obtained by
multiplying the unit agency costs for the M&R acisoinvolved in the M&R operation
by the pavement areas to which the M&R actionsaggied. The constraints defined
by Equation (4.8) represent the user cost functidbhsy express the cost for road users
as a function of the pavement condition in thatiea@nd year. To calculate the vehicle
operation cost, Equation (4.16) of Appendix Il wased. This Equation is currently in
use in the Estradas de Portugal’'s PMS (Picado-Samad Ferreira 2008, Ferreeaal
2008, Ferreiraet al 2011). The constraints represented by Equatid®) (¢present the
pavement residual value functions. They expressvithee of the pavement of a road
section at the end of the planning time-span asetibon of pavement condition at that
time. To calculate the residual value of pavemé&mfsation (4.17) of Appendix Il was
used. This equation was defined based on the AASHUI@e for design of pavement
structures (AASHTO, 1993) considering a termindbgaof 1.5. The constraints given
by Equation (4.10) are the annual budget constaifhey specify the maximum
amount of money to be spent on M&R operations dugach year. The constraints
represented by Equation (4.11) were included inrtoglel to avoid frequent M&R

operations applied to the same road section.
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4.2.3 Generation of Pareto optimal solutions

Multi-objective optimization decouples the optintiba and decision-making process
by first analysing all feasible candidate soluti@m&l subsequently presents the trade-
offs between them to a decision maker. This allthes decision maker to articulate
individual preferences between alternative sol@iand to select an optimal solution.
Such an approach has been widely applied to salg;eering problems where cost-
quality trade-offs need to be made between multiptnflicting and possibly
immeasurable criteria, e.g. having different unBgcause of the contradiction and
possible immeasurability of the objective functipassingle solution that would be
optimal for all the objectives simultaneously does exist in general. Instead, multiple
solutions exist, and therefore a criterion to defimptimality in the multi-objective
context is required (Hoffmanet al. 2006).

After defining the mathematical formulation of tbptimization model, the next step
consists of the adoption of the appropriate medmarfor generating a representative
set of Pareto optimal solutions (Meneses and Far@)13). At this point it is evident
that, given the particular features of the optirti@a model (a combinatorial problem
with multiple objectives), it is not possible toeuan exact algorithm for solving the
problem efficiently. In this section, we used a gén algorithm approach that could
overcome the difficulties inherent to the naturéhaf optimization model.

There are several optimization methods that candeel to generate the set of Pareto
optimal solutions. Hwang and Masud (1979) and Iktettinen (1999) classified them
into the following four types: no-preference metkogbosterior methods; a priori

methods; and interactive methods. The no-preferenethods do not assume any
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information about the importance of different olijges and a heuristic is used to find a
single optimal solution. Posterior methods usegregfce information of each objective
and iteratively generate a set of Pareto optimaitiems. Alternatively, a priori methods

use more information about the preference of objestand usually find one preferred
Pareto optimal solution. Interactive methods use tpreference information

progressively during the optimization process.

According to Marler and Arora (2004), no single aqgeh is, in general, superior to the
other methods. Rather, the selection of a specifethod depends on the users’
preferences, the type of information provided, gwution requirements, and the
availability of software. This study uses a genatigorithm approach with the

incorporation of the weighting sum method. This moe; as the name suggests,
combines a set of objectives into a single objechby pre-multiplying each objective

with a user-defined weight. This method is the daspapproach and is probably the
most widely used (Deb 2008, Wu and Flintsch 20@3tting relative weights for

individual objectives becomes a central issue iphapg this method. As the weight

vector for the multiple objectives often dependghly on the magnitude of each
objective function, it is desirable to normalis@sh objectives to achieve roughly the
same scale of magnitude. Equation (4.18) represhetapplication of the weighting

sum method (Deb 2008) to the two objective fundiai the optimization model

presented in the previous section.

AC - AC RV -RV,

Minimise Z =w,. O min_ 4 (1) (W, G—— min
" ACmax - Acmin ( ) " I:avmax - F'2Vmin (4 18)
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where: Z is the normalised value of a solutiow,. andws, are the weight values for
each objective functiolAC, and RV, are the individual objective function values that

depend on the decision variables valu@ds; ,, and RV,,, are the minimum values

'min

obtained for each objectiveAC,,, and RV, are the maximum values obtained for

ax

each objective.

The second objective function corresponds to theimmaation of the residual value of
pavements at the end of the planning period. Wherolgective is required to be
maximised, the duality principle (Deb 2008) can used to transform the original
objective of maximization into an objective of mmmkation by multiplying the

objective function by (-1). The range of values tbe various objective functions

(AC

i, AC...) and RV, , RV,,) are obtained by applying the optimization model

in ?
considering only one objective at each time, iagying the weight values vectow(.,

Wy, ) between the extreme situations of (1, 0) andlYGnd considering that, initially,

all minimum values are 0 and all maximum values &reConsidering these two
objectives (Figure 4.3), the ideal solution)(Zorresponds to the minimum value of
agency costs and the maximum value of the residaiale of pavements. In general,
this solution is a non-existent solution that iedigs a reference solution. The nadir
solution (2%, which is used as the upper boundary to norméfis®bjective values in
a common range, corresponds to the upper boundaeaah objective in the entire

Pareto optimal set and not in the entire searchesid ). The Pareto optimal solution
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set is finally obtained by using the objective fumie defined by Equation (4.18),
considering different combinations of the weighiues.

Objective 2
f.= RV
A
Ideal Solution
Z*=(AC min, RVimas) Znad Z
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Figure 4-3 - The Pareto frontier and the ideal andhadir solutions

4.2.4 Knee points and identification procedure

When dealing with a multi-objective optimizationoptem, the decision maker has

great difficulties in selecting a particular sotutifor implementation from the Pareto

optimal solution set. Das (1999), to avoid thisficufity, developed the Normal-

Boundary Intersection (NBI) method to identify the called “Knee point” of the Pareto

frontier. Knee points represent the most intergssiolutions of the Pareto frontier due
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to their implicit large marginal rates of substibmt (Iniestra and Gutiérrez 2009).
Considering only two objectives (Figure 4.3), theel€ is a point on the region of the
Pareto frontier that results from the projection aafnormal vector from the line
connecting the end points of the Pareto frontiee tvo individual optima). The “knee
point” is the farthest Pareto point away from thie in the direction of the normal
vector. Wu and Flintsch (2009) considered anothethod to identify the best solution
of the Pareto frontier. As the ideal solution mayt be achieved due to conflicting
objectives, the best solution is the solution af Bareto frontier that has the shortest
normalised distance from the ideal solution, coragutising Equation (4.19). This
method to identify the so called “Knee point” o&tRareto frontier is based on TOPSIS

method (Loftiet al 2007, Deb 2008, Yuan et al. 2010, Mostafavi aadakhouz 2010).

1
2 207
Di — ACI ACmin _Zl + va R\/min _22
ACmax - ACmin RVmax - RVmin

(4.19)

where: D, is the normalised distance between each Paretticgolpoint and the ideal

solution point; Z: and Z. are the normalised values for each objective efitleal
solution (are equal to 0 or 1 depending on wheithisra minimization or maximization

objective).

4.2.5 Model solving

The multi-objective optimization model presentedhe previous section is extremely

complex, being impossible to solve with exact otation methods available through
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commercial packages like XPRESS-MP (FICO 2009) AMS-CPLEX (IBM 2009). It

is only possible to solve with exact optimizatiorthods for small, highly idealised
problems, through complete enumeration. In faaait only be solved through heuristic
methods. Nowadays, a large number of classic andemoheuristic methods are
available (Deb 2008, Gendreau and Potvin 2005, M&kicz and Fogel 2004) to solve
this kind of complex optimization models. The optiation model and its heuristic
solver were implemented in a computer program ddM©DAT. The heuristic method
used to solve this optimization model is a genalgwrithm (GA) that was implemented
in Microsoft Visual Studio programming language Yigket al. 2006, Randolph and
Gardner 2008) adapting and introducing new funetlities to an existing GA program
called GENETIPAV-D (Ferreira 2001, Ferreiea al 2002) previously developed to
solve single-objective deterministic optimizatiomaels. Since they were proposed by
Holland (1975), genetic algorithms have been swfaltg used on many occasions to
deal with complex engineering optimization problefise MODAT applied to the
Castelo Branco road network was run on a 2.2 GHgopal computer (PC) with 2.0
GB RAM and 200 GB capacity. Each best solution wgillg the MODAT was obtained

in approximately 30 minutes of computing time.

4.2.6 Results of the application of the MODAT

The MODAT was tested with data from the EstradaPaolktugal’'s PMS (Picado-Santos
and Ferreira 2008, Trindade and Horta 2009, Ferreir al 2011) to plan the
maintenance and rehabilitation of the road netwawksidering two objectives: the

minimization of agency costs and the maximizatibresidual value of pavements. The
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Estradas de Portugal road network has a total heoyi4,500 km. The MODAT was

applied only to the road network of the districtGdstelo Branco, one of the 18 districts
of Portugal. This road network has a total lengthb89.9 Km and the corresponding
network model has 32 road sections. The discoust aansidered in this study was

2.5%.

Figure 4.4 represents the Pareto optimal set aftisok in the objective space by
varying the weight values while Figure 4.5 représehe optimal set of normalised

solutions. The “Knee point” was obtained considgrthe following weight values:

(Wae, Wgy) = (0.81, 0.19); and it corresponds to the follogvbbjective valuesAC,
RV) = (€52.3x16, €38,4x16). The range of values for the two objective fuois is

(AC,., AC = (€44.2x16, €206.0x18 and RV, .RV,.) = (€10.9x16,

max) in?
€39.2x16). From Figures 4.4 and 4.5, it can be concluded, tithen varying the two

weights through a grid of values from 0 to 1 witlixe@d increment step, for example
0.05, the two objective values were not transformmeghtaining the same fixed range.
Therefore, each weight value not only indicatesitigortance of an objective but also

compensates, to some extent, for differences ieablbe function magnitudes.
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In multi-objective problems there is no perfect hoet to select one “optimal” solution
from the Pareto optimal set of solutions. The fibast-compromise solution is always
up to the decision maker. For that purpose, fofferdint M&R solutions of the Pareto
frontier were considered for comparison.
a) Solution [I: Multi-objective optimization approachcofrective-preventive)
considering the “Knee point,. = 0.81, wg, = 0.19);
b) Solution II: Multi-objective optimization approaclicorrective-preventive)
considering the following weightsa(,. = 1.00, w,,, = 0.00);
c) Solution 1ll: Multi-objective optimization approacticorrective-preventive)
considering the following weightsa(,. = 0.00,w, = 1.00);
d) Solution IV: Multi-objective optimization approackcorrective-preventive)

considering the following weightsa(,. = 0.50,wg, = 0.50).

The costs and normalised costs during the entimanmhg time-span for these four
Pareto optimal solutions are summarised in Figdrésand 4.7, respectively. Figure 4.7
shows that, as expected, solution | (‘Knee poirg’}he Pareto optimal solution with

least normalised value of M&R costs minus residuaue (-0.83), which was the

objective considered in the optimization model. §idaring the non-normalised value
of M&R costs minus residual value (Figure 4.6%;ah be seen that this optimal solution
continues to have the lowest value (€13.9 X.1igure 4.6 also shows that solution III,

i.e. the solution of the multi-objective optimizati approach (corrective-preventive)

considering the weightsa(,. = 0.00, w,, = 1.00), is the Pareto optimal solution with the
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lowest total costs, computed by adding M&R costd aser costs and deducting the
residual value. Figure 4.7 also shows that solufios the Pareto optimal solution with

the lowest total normalised costs. This happensadse solution Il was defined

considering only the objective of minimization dfet residual value of pavements,
which gives high PSI values, at least at the endhefanalysis period, which, as a
consequence, originates lower user costs.

Figure 4.8 presents the predicted PSI average walelethe years of the planning time-
span for all the road network pavements and foh satution. By analysing this Figure

it can be seen that solution lll, i.e. the solutimnthe multi-objective optimization
approach (corrective-preventivepnsidering the weightsw.= 0.00, w,, = 1.00),

corresponds to the highest average PSI valuesxpscted, because this solution
corresponds to the maximization of the residual@alf pavements. Solution IV, i.e.

the solution of the multi-objective optimization papach (corrective-preventive)
considering the weightsa(,. = 0.50 , w,, = 0.50), is the second best solution in terms
of average PSI values, also as expected, becasssothition corresponds to the second
largest weight value for the residual value of pagets of the four solutionsag, =

0.50). This conclusion can be confirmed by analyshre user cost values presented in
Figure 4.6 because they are directly proportiomaltite PSI values during all the

planning time-span.
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Figure 4-8 - PSI average value for all the road natork pavements

In addition to these summarised results, the MODOAdvides extensive information
about the M&R strategy to be implemented for eaaudrsection. To analyse these road
section-linked results, four road sections weresehowith different attributes in the
present year. Table 4.5 presents the attributéiseske four road sections including their
present PSI value. Table 4.6 presents the M&R dipasato be applied in the four road
sections, considering the four M&R solutions of #&reto frontier. Figure 4.9 shows
the predicted evolution of the PSI value over tharg for pavement section 05001 of a
national road as a consequence of the executidgheoM&R plan. For this pavement
section, which is in good condition (PSI value @13, if solution | or solution IV of
MODAT is adopted, only one M&R operation 2 (nondstural maintenance) will be
applied to the pavement section and it will behiea last year of the planning time-span

(2031). If solution Il of MODAT is adopted no M&Rperation will be needed during
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all the planning time-span. If solution 1l of MODOAIs adopted the recommended
M&R operations are very different. The MODAT recoemds one M&R operation 4
(Medium rehabilitation) in year 2018 and the apgtiien of two M&R operation 3
(minor rehabilitation) in years 2022 and 2031. Teeommended M&R operations are
heavier in this solution because it correspondfi@omaximization of residual value of
pavements which means that the pavement quality beualways high.

A similar analysis could be made for any other paset section. For example, for
pavement section 05004 of another national roael Table 4.6 and Figure 4.10), which
is in intermediate condition (PSI value of 2.7%)solution | or solution IV of MODAT
is adopted, M&R operation 3 (minor rehabilitatiomjl be applied in the first year of
the planning time-span (2012) and the M&R operaffofmon-structural maintenance)
will be applied in year 2031. If solution Il of MOXY is adopted, only one M&R
operation 3 (minor rehabilitation) will be applitnlthe pavement section and it will be
in the first year of the planning time-span (2012¥olution Il of MODAT is adopted,
the recommended M&R operations are again veryréiffe The MODAT recommends
one M&R operation 5 (major rehabilitation) in y&#112, two M&R operation 3 (minor
rehabilitation) in years 2016 and 2031, and one M&Reration 4 (medium
rehabilitation) in year 2021. An identical analysieuld be made for any other
pavement section. Figures 4.11 and 4.12 presenprigdicted evolution of the PSI
value over the years for pavement section 05003 pankment section 05012,

respectively.
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Table 4-5 - Attributes of road sections

Attributes Road section
Section_ID 05012 05004 05001 05003
Road_class EN IC IP IC
Pavement_type Flexible Flexible Flexible Flexible
District Castelo Branco Castelo Branco Castelo Bvan  Castelo Branco
Length (m) 21,455 19,439 1931 14,635
Width (m) 5.9 8.8 9.4 8.6
Sub-grade_CBR (%) 5 10 6 4
Structural_number 2.47 3.51 5.20 4.80
Age_of _pavements (years) 16 14 8 3
Annual_average_daily_traffic 744 6,212 4316 5,828
Annual_average_daily heavy _traffic 100 1000 300 1000
Annual_growth_average_tax 3.0 4.0 3.0 4.0
Truck_factor 2.0 4.0 3.0 4.0
PSh 1.79 2.75 3.81 3.90
Table 4-6 - M&R operations to be applied in road setions
Year
Sedon PY B OB OB B OB B B B B BB B8NS NE S
N & " &6 6 5 & 6 8 R 8 8 R & 38 X% 8 8 8 &
Solution | - Knee point W, = 0.81,Wg,, = 0.19)
05012 1.79 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05004 2.75 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05001 3.81 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05003 3.90 1 1 1 1 1 3 1 1 1 1 1 1 1 1 2 1 1 1 1
Solution Il (W, = 1.00,Wg,, = 0.00)
05012 1.79 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05004 2.75 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05001 3.81 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05003 3.90 1 1 1 1 1 2 1 1 1 1 3 1 1 1 1 1 1 1 1
Solution Il (W, = 0.00Wg,, = 1.00)
05012 1.79 5 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 1 1
05004 2.75 5 1 1 1 3 1 1 1 1 4 1 1 1 1 1 1 1 1 1
05001 3.81 1 1 1 1 1 1 4 1 1 1 3 1 1 1 1 1 1 1 1
05003 3.90 1 1 1 1 1 1 5 1 1 1 1 1 1 5 1 1 1 1 1
Solution IV (W, = 0.50,Wg,, = 0.50)
05012 1.79 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05004 2.75 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05001 3.81 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
05003 3.90 1 1 1 1 2 1 1 1 1 3 1 1 1 1 1 1 1 1 1

KEY (M&R actions):
1 - Do nothing?2 - Non structural maintenancg: Minor rehabilitation4 - Medium rehabilitation$
— Major rehabilitation
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4.3 Conclusions

The Multi-Objective Decision-Aid Tool (MODAT) prested in this chapter allows
closing the gap between project and network manageand can solve the pavement
management problem for cases involving major rditatidon interventions. This is
made feasible by replacing the traditional micrgscapproach, which uses models
that include independent variables explaining theement deterioration process (i.e.
layer thickness, resilient modulus, asphalt chargtics, traffic, climate, etc.), with a
macroscopic approach that uses models for predidie future condition of the
pavement based on measured condition data (i&kingg ravelling, potholes, patching,
rutting, longitudinal roughness, skid resistancaffic, climate, etc.). The macroscopic
approach requires that each road section is honeogenn terms of quality, pavement
structure, pavement foundation, traffic and climé#tés assumed that each road section
possesses one performance curve with any estimfatiede performance value
representing the overall average pavement conditidre MODAT considers the
pavement performance model used in the AASHTO blexpavement design method
but any other preferred model can be used as lmdhe implementation of an optimum
solution recommended by the MODAT, a field reviewmsinbe conducted to identify
continuous road sections with the same or idenkt&R interventions with the goal of
aggregating them into the same road project. tee®@mmended that whenever actual
pavement performance data becomes available, tildh@eplace the predicteBSI
values from the AASHTO pavement performance modely other appropriate

pavement condition indicator can easily be useahaalternative in this methodology. It
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is further recommended that the MODAT is appliedb#ien as necessary (annually or
bi-annually) to obtain revised optimum M&R planstiwould incorporate the impact
of any recent changes that might have taken ptat®ei pavement network.

The MODAT constitutes a useful new tool to helpd@agineers in their task of M&R
of pavements. In this MODAT application, the Knesnp, which represents the most
interesting solution of the Pareto frontier, cop@sds to an agency costs weight value
of 81% and an weight value of 19% for the residwdile of pavements, demonstrating
that agency costs, because they are generally muagter than the residual value of
pavements, dominates the decision process. Whaledbke study of this chapter focuses
on a national road network, the approach proposeatpplicable to any transportation
infrastructure network, e.g. municipal road netwotkidge network, where the
decision-making process often involves multipleeghive considerations. Because the
MODAT is an open system, some modifications coddrade to better serve the needs
of road engineers. In the near future, our researdche pavement management field
will follow three main directions. First, the MODAWill be applied considering three
objectives, one more objective beyond the two eristobjectives, for example,
considering the minimization of user costs or thaximization of the road network
performance. Second, a sensitivity analysis willrbade of some input parameters
considered in the application of the MODAT systenmch as the discount rate. Third,
pavement performance models will be developed upi@ement performance data
available in some road network databases and wilinborporated into MODAT for

future applications to road networks.
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APPENDIX 1: NOTATION

AC is the agency cost for applying operatidio road sectios in yeart;

B; is the budget for yedr

C, is the total cracked pavement area in year 0100nT);
C; is the structural coefficient of layar

Cr‘j| is the drainage coefficient of layer

C Is the cost of construction or the cost of the ladtabilitation of pavement

s,const
sections;

d is the discount rate;

Do is the total disintegrated area (with potholes @velling) in year 0 (f100nT);

H,, is the thickness of lay&r(mm);
IRI, is the pavement longitudinal roughness in yeanfkm);

Mg is the subgrade resilient modulus (pounds perreguoah);

Nmax IS the maximum number of M&R operations that magus in road sectios over
the planning time-span;

Wgo is the number of 80 kN equivalent single axle I@gplications estimated for a
selected design period and design lane;

Pa, is the pavement patching in year G(t@0nf);

PSl is the Present Serviceability Index in year
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PSI, a0 1S the PSlvalue after the application of a rehabilitatiorti@e in pavement

sections;

Ris the number of alternative M&R operations;

R, is the mean rut in year 0 (mm);

RV; 11 is the residual value for the pavement of sectjon

Sis the number of road sections;

S is the combined standard error of the traffic preoh and performance prediction;
SN is the structural number of a road pavement im fjea

T is the number of years in the planning time-span;

tc is the annual average growth rate of heavy traffic

TMDA, is the annual average daily heavy traffic in tlearyof construction or the last

rehabilitation, in one direction and per lane;
UCs is the user cost for road secti®m yeart;
VOG are the vehicle operation costs in yeg/km/vehicle);

Xist IS equal to one if operatianis applied to sectios in yeart, and is equal to zero

otherwise;

Y; is the time since the pavement’s constructionsolaist rehabilitation (years);

Zr is the standard normal deviate;

PSL;are the pavement condition for sect®in yeart;
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PSI is the warning level for the pavement condition;
a is the average heavy traffic damage factor or Birtipck factor;

APS| is the difference between the initial value of fhresent serviceability index

(PSb) and the value of the present serviceability inteyeart (PSH);
Ya are the agency cost functions;

Yp are the pavement condition functions;

Y are the residual value functions;

Y are the user cost functions;

Q are the feasible operations sets.

APPENDIX 2: DECISION-AID TOOL MODEL

For explanation of notation, refer to the Appentlix

A.2.1 Objective functions

Minimise agency costs (maintenance and rehabditatpsts)

R S T 1
MinimiseAC=>" > >’ T [AC, X

r=1 s=1 t=1 (1+d) (41)

Maximise the residual value of pavements at theagrtkde planning time-span

= 1
Maximise RV =) ————I[RV,
aximise ; (1+ d)T+1 ST+ (42)
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A.2.2 Constraints

Pavement condition functions

PSI, =#P(PSl 45, Xytreer Xaepreor X pgrer X )y S=1..,Sit=1...T 4.3)

Warning level constraints

PSI 2PSls, $=1..,St=1...T (4.4)

Feasible operation sets

X OQ(PSl &), r=1...,Rs=1..,S;t=1....T (4.5)

Annual operations constraints

R
> X =1Ls=1..St=1..T
=1 (4.6)

Agency cost functions

AC, =7a(PSl (, Xs) r =1...,Rs=1..,St=1...T (4.7)

st?
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User cost functions

uc, =vu(PSl,) s=1...S;t=1...T

(4.8)

Residual value functions

RV.r, =¥ (PSl ;1) 5=1....8

4.9)

Annual budget constraints

R S

> > AC, X <B,t=1..T

r=1 s=1

(4.10)

Planning time-span operations constraints

ZR: ixrst <N maxS,DS:l’,_,'S

r=2 t=1

(4.11)
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APPENDIX 3: PAVEMENT CONDITION AND OTHER FUNCTIONS USED IN

THE MODEL

A.3.1 Pavement condition functions

PSI, =5& %R _ 0000539 R,” - 021[{(C, + D, + Pa,)*® (4.12)

106 Wo)-25(%-9.36001 (SN 1+0-2.3mq0(MR)+807)@0.4+(S%3§19HD

PS| =PS) -(4.2-1.E)DJ(

(4.13)
N
SN =) H,xCyxCy
n=1 (4.14)
Y —
Wy, =365xTMDA, x 111" ~1, 4
tc (4.15)
A.3.2 User cost function
VOC, =1.20487-0.49116x PS|, +0.05458« PS|? (4.16)
A.3.3 Residual value of pavements function
PSI,,—15
R\/sT+1 = Cs constGL
’ ’ PSI, chan— 15
(4.17)
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Chapter 5

Pavement maintenance
programming considering three
objectives: minimization of
maintenance and rehabilitation
costs, minimization of user costs and
maximization of the residual value of

pavements

5.1 Introduction

Due to the economic crisis in almost every courtltyover the world, the trend of
budgetary pressures on highway agencies is incigasintinuously. At the same time,
road users are increasingly demanding in termsgbiway quality, comfort and safety.

Several highway maintenance and rehabilitationgatsj have been delayed because of
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budget constraints. On the other hand, the econonsis has also stimulated a wider
debate about the state of each country’s road mktwiofrastructure and the

consequences of past large-investment in new amigtn and under-investment in
maintenance and rehabilitation. To meet these ehgdls, highway agencies are looking
more than ever before for cost-effective methodelgor pavement maintenance

programming at network-level.

Almost all the pavement maintenance programmingstoorrently in use are based on
single-objective optimization. In these single-ahije analyses, those requirements not
selected as the objective function are imposedastrints in the model formulation.
This can be viewed as interference in the optinmomaprocess by artificially setting
limits on selected problem parameters. As a resludt,solutions obtained from these
single-objective analyses are sub-optimal compavétd ones derived from multi-
objective considerations (Fwet al. 2000,Wuet al. 2012). In the literature related to
pavement maintenance management, only few applrsathave made use of multi-
objective optimization techniques. Fwé al. (2000) developed an optimization model
with three objectives: the maximization of the wrkduction; the minimization of the
total maintenance cost; and the maximization ofraVaetwork pavement condition.
The model was applied to four highway classes, eawh with three need-urgency
levels (high, medium, low), considering four M&Rteénventions and a planning time-
span of 45 working days. Warmg al. (2003) developed a different optimization model
with two objectives: the maximization of the totM&R effectiveness; and the
minimization of the total M&R disturbance cost. Thedel was applied to a small

network of 10 road sections considering a planning-span of five years. Wu and
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Flintsch (2009) developed another optimization nhodéh two objectives: the
maximization of the network level of service; am@ tminimization of the total M&R
cost. The model was applied to four pavement sfasdity types (excellent, good, fair
and poor) considering four M&R interventions anglanning time-span of 10 years.
Meneseset al. (2013) developed an optimization model with twojechbves: the
minimization of maintenance and rehabilitation spsind the minimization of user
costs. The model was applied to a municipal road/ork with 36 pavement sections
considering five M&R interventions and a planningéd-span of 20 years. Meneses and
Ferreira (2013) applied the same optimization moal@ national road network with 32
pavement sections considering five M&R intervengi@md a planning time-span of 20
years.

None of these multi-objective optimization modetmsiders the maximization of the
residual value of pavements at the end of the ph@nperiod which is very important
for highway agencies. Greater residual value oepaants is directly related to a greater
residual life of pavements which means lower maiabee and rehabilitations costs in

the next planning period.

This chapter presents the development and implexhent of a Multi-objective
Decision-Aid Tool (MODAT) which considers three feifent objectives, the
minimization of maintenance and rehabilitation sptshe minimization of user costs
and the maximization of the residual value of pasets at the end of the planning
period. The MODAT is tested with data from the PM&d by the main Portuguese
concessionaire (Estradas de Portugal, S.A.), thigution that acted until 2007 as the

Portuguese Road Administration (Picado-Saetasl. 2006, Picado-Santos and Ferreira
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2007, Picado-Santos and Ferreira 2008, Ferstigl 2008, Trindade and Horta 2009,

Ferreiraet al. 2011, Hortaet al, 2013).

5.2 Multi-Objective Decision-Aid Tool

5.2.1 Introduction

The Multi-Objective Decision-Aid Tool (MODAT) corsts of the components shown
in Figure 5.1: the objectives of the analysis; tla¢a and the models about the road
pavements; the constraints that the system mugstgiee; and the results. Several
objectives can be considered in the analysis, dmefuthe minimization of maintenance
and rehabilitation costs, the minimization of usests, the maximization of the residual
value of pavements at the end of the planning spen, etc. The results of the
application of the MODAT to a road network congifthe M&R plan, the costs report,
and the structural and functional quality repotieTdata and the models about the road
pavements, and the constraints that the system gusstintee are described in the

following section.
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4 N

Objectives:
Minimisation of maintenance and rehabilitation costs
Minimisation of user costs
Maximisation of the residual value of pavements

- <

Data and models:
Number of years of the planning period
Discount rate
Areas and volumes
Structural and functional quality
Performance models
M&R actions and unit agency costs
User costs model
Residual value model
Minimum quality levels
Annual budgets

Constraints:
Veritying the minimum quality levels
Using only the M&R actions defined by the infrastructure manager
Not exceeding the available budget
Not exceeding the maximum number of M&R actions during the planning period

/ Results: \
Maintenance and rehabilitation plan
Costs report

Structural and functional quality report

Figure 5-1 - MODAT components

5.2.2 Optimization model

The notation used in the model formulation candensn Appendix | and details of the
deterministic optimization model can be found inp&pdix Il. Equation (5.1) is the first
objective function of the optimization model andpessses the minimization of
maintenance and rehabilitation costs over the phgntime-span. Equation (5.2) is the
second objective function and expresses the miaitoiz of user costs. Equation (5.3)
is the third objective function and expresses tlaximization of the residual value of
pavements at the end of the planning time-span. ddwstraints represented by

Equation (5.4) correspond to the pavement conditimetions. They express pavement
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condition in terms of th@Slin each road section and year as a function ofriitial
PSland the M&R actions previously applied to a roadt®n. The functions shown in
Equations (5.13)-(5.16) of Appendix Ill are usedetaluate thePSl over time. The
quality of the road pavements in the present yeavaluated by thBS|, representing
the condition of the pavement according to theofsihg parameters: longitudinal
roughness, rutting, cracking, surface disintegratamd patching. This global quality
index, calculated through Equation (5.13), rangesnf0.0 to 5.0, with 0.0 for a
pavement in extremely poor condition and 5.0 fpagement in very good condition. In
practice, with this index a new pavement rarelyeexis the value 4.5 and a value of 2.0
is generally defined as the minimum quality lewdlJL) for national roads considering
traffic safety and comfort. Equation (5.14) reprasedhe pavement performance model
used for flexible pavements. This pavement perfaiceamodel is the one used in the
AASHTO flexible pavement design method (AASHTO 1993SHRP 2002). This
design approach applies several factors such ashhege inPSI over the design
period, the number of 80 kN equivalent single aldad applications, material
properties, drainage and environmental conditicns] performance reliability, to
obtain a measure of the required structural stretigtough an index known as the
structural number §N. The SN is then converted to pavement layer thicknesses
according to layer structural coefficients représenrelative strength of the layer
materials. The&&Nin each road section and year of the planningpderan be calculated
by Equation (5.15). The number of 80 kN equivalgingle axle load applications is
computed using Equation (5.16). The use of a pawmerperformance model for

pavement design into a PMS allows the gap to bgedldetween project and network
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management, which is an important objective to tieiewed and one that has been
mentioned by several researchers (Ferretral. 2009, Haas 2012). This pavement
performance model was chosen from a range of dumedels implemented in several
PMS because it is widely used and tested. Nevexdhbelbther pavement performance
models can be used instead, such as, for exarpl@alvement performance models of
HDM-4 (AIPCR, 2000), the deterioration models deyeld for local authority roads by
Stephensomet al (2004), or the deterioration models developeduie in the Swedish
PMS (Lang and Dahlgren 2001, Lang and Potucek 2@@4,and Sjogren 2003,
Andersson 2007). Equation (5.14) defines a pavermperibrmance model in terms of
PSl as a function of the number of 80 kN equivalemigk axle load applications
(Figure 5.2) or the number of years of service tirAa incremental change in the
present serviceability indexXAPSl.1;) corresponds to an estimated incremental change
in load applications {Wsp)i1;) and, at the same time, to an incremental setuice
interval (ATw1¢). The Present Serviceability Index in yda(PSl) is defined as the
difference between the serviceability index in yeédr (PSk;) and the incremental
change in the present serviceability indéP$L.;;). At the same time, the Present
Serviceability Index in yeat (PSH) is defined as the difference between the initial
serviceability indexRSL) and the total incremental change in the presemviceability
index QAPShL;). The Present Serviceability Index in yda(PSl) ranges between its
initial value of about 4.5 (value for a new pavemamd the AASHTO lowest allowed

PSlvalue of 1.5 (value for a pavement of a nationabrat the end of its service life).
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Figure 5-2 - Pavement performance curve as a funain of equivalent single-axle load applications
The constraints given by Equation (5.5) are thenumgr level constraints. They define
the MQL considering thd®Sl index for each pavement of the road network. The
warning level adopted in this study waB &l value of 2.0. A corrective M&R operation
appropriate for the rehabilitation of a pavementstruoe performed on a road section
when thePSlvalue is lower than 2.0.

The constraints represented by Equation (5.6) septethe feasible operation sets, i.e.,
the M&R operations that can be performed on eacd reection each year. These
operations depend on the pavement condition claraicty the section. In the present
study the same five different M&R operations weoasidered, corresponding to nine
M&R actions applied individually or in combinatianth others, as in previous studies
(Picado-Santos and Ferreira 2008, Santos and re@i2, Ferreira and Santos 2012,
Santos and Ferreira 2013). The types of M&R actiangd operations considered are

presented in Tables 5.1 and 5.2. The M&R actiontscasnsidered in this study,
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calculated using information from M&R works exealiten the Castelo Branco road
network, are also presented in Tables 5.1 and 5.2.

As shown in Table 5.3, the operations to applyotdrsections depend on the warning
level. M&R operation 1 which corresponds to “dohing” is applied to a road section
if the PSl value is above the warning level, i.e., if tA8I value is greater than 2.0.
M&R operation 5 is the operation that must be aplio a road section when the
warning level is reached, i.e., this operationgpled to solve pavement serviceability
problems. This operation has the longest efficigmesod which is defined as the time
between its application to the pavement and the tivhen the pavement reaches the
warning level for thd®SL M&R operations 2, 3, 4 and 5 are alternative apens that
can be applied instead of operation 1 (see Taldle B this case they are considered
preventive M&R operations. The analysis of Tables @&nd 5.4 clearly shows that the
application of M&R operations may be either cornextor preventive. An M&R
operation is corrective if it is performed when tharning level is reached, and it is
preventive if it is performed before the warningdkis reached. When deciding which
M&R operations should be applied in a given yeamatgiven road section witRSI
value above the warning level, it is possible tteceeither the simplest operation
(M&R operation 1) or a preventive operation (M&Reoation 2, 3, 4 or 5). In fact,
selecting a preventive operation may be more efiic(less costly) in the medium or
long-term.

The constraints given by Equation (5.7) state trdy one M&R operation per road

section should be performed in each year.
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Table 5-1 - M&R actions

M&R action Description Cost

1 Do nothing €0.00/M

2 Tack coat €0.41/M

3 Longitudinal roughness leveling (1 cm) €1.23/m
4 Longitudinal roughness leveling (2 cm) €2.45/m
5 Membrane anti-reflection of cracks €1.88/m
6 Base layer (10 cm) €8.63'm
7 Binder layer (5 cm) €6.13/m
8 Non-structural wearing layer €3.13/m
9 wearing layer (5 cm) £€6.69fm

Table 5-2 - M&R operations

M&R operation Description M&R actions involved Cost
1 Do nothing 1 €0.00/M
2 Non-structural maintenance 2+3+2+8 €5.18/m
3 Minor rehabilitation 2+4+2+5+2+9 €15.317m
4 Medium rehabilitation 2+4+2+5+2+7+2+9 €18.78/m
5 Major rehabilitation 2+4+2+5+2+6+2+9 €21.28/m

Table 5-3 - Application of the simplest M&R operatbns

Warning level PSI M&R operation M&R action
>2.0 1 1
PSI=2.0
<20 5 2+4+2+5+2+6+2+9

Table 5-4 - Alternatives to M&R operations

Alternative M&R operations

M&R operation

2 3 4 5
1 v v v v v
2 - v v v v
3 - - v v v
4 - - - v v
5 - - - - Y
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The constraints represented by Equation (5.8) septethe agency cost functions. They
express the costs for the road agency involveché application of a given M&R
operation to a road section in a given year asnation of the pavement condition in
that section and year. These costs are obtainedubtyplying the unit agency costs for
the M&R actions involved in the M&R operation byetipavement areas to which the
M&R actions are applied. The constraints definedElgyation (5.9) represent the user
cost functions. They express the cost for roadsuser a function of the pavement
condition in that section and year. To calculate #ehicle operation cost, Equation
(5.17) of Appendix Ill was used. This Equation igrently in use in the Estradas de
Portugal's PMS (Picado-Santos and Ferreira 2008 @onstraints represented by
Equation (5.10) represent the pavement residuakviainctions. They express the value
of the pavement of a road section at the end optlening time-span as a function of
pavement condition at that time. To calculate #sdual value of pavements Equation
(5.18) of Appendix Il was used. This equation whefined based on the AASHTO
guide for design of pavement structures (AASHTM3)onsidering a terminal value
of 1.5. The constraints given by Equation (5.1%)the annual budget constraints. They
specify the maximum amount of money to be spenM&R operations during each
year. The constraints represented by Equation Y5ak2e included in the model to

avoid frequent M&R operations from being appliedite same road section.

5.2.3 Generation of Pareto optimal solutions

Hwang and Masud (1979) and later Miettinen (199%ssified the different

optimization methods that can be used to geneh&tesét of Pareto optimal solutions,
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also called non-dominated solutions, into the feitay four types: no-preference
methods; posterior methods; a priori methods; ateftactive methods.

According to Marler and Arora (2004), no single aqgeh is, in general, superior to the
other methods. Rather, the selection of a specifethod depends on the users’
preferences, the type of information provided, gwution requirements, and the
availability of software. This study uses a genatigorithm approach with the

incorporation of the weighting sum method. This moe; as the name suggests,
combines a set of objectives into a single objechby pre-multiplying each objective
with a user-defined weight. As the weight vector the multiple objectives often

depends highly on the magnitude of each objectinetfon, it is desirable to normalize
those objectives to achieve roughly the same soélenagnitude. Equation (5.1)

represents the application of the weighting sumhogtt(Deb 2008) to the three

objective functions of the optimization model pretsel in the previous section.

= AC - AC,_, uc -uUcC,_, RV -RV,,,
Minimise Z =w,. 4 cH——— M —+w,, ] -———— "
ACmax - ACmin UCmax - UCmin R\/max - RVmin (5 1)

where: Z is the normalized value of a solutiom; ., w,. , andw,, are the weight values
for each objective functio®dC,, UC, and RV are the individual objective function

n, and R\, are the

values that depend on the decision variables valA€,,,, UC,

minimum values obtained for each objectiveC uc and RV, are the

maximum values obtained for each objective. Thelthbjective function corresponds
to the maximization of the residual value of paveteeat the end of the planning
period. When an objective needs to be maximizezdthality principle (Deb 2008) can

be used to transform the original objective of maxation into an objective of
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minimization by multiplying the objective functidwy (-1). The range of values for the

various objective functionsAC,,,, AC.. ), (UC.,, UC_.), and RV,,, RV,,) are

in? in?

obtained by applying the optimization model consitg only one objective at each
time, i.e. varying the weight values vectow,(, w,, Wg,) among the extreme
situations of (1, 0, 0), (0, 1, 0) and (0, 0, LJ @onsidering that, initially, all minimum
values are 0 and all maximum values are 1. Thet®am@imal solution set is finally
obtained by using the objective function definecHapation (5.1ronsidering different

combinations of the weight values.

5.2.4 Knee points and identification procedure

To avoid the difficulties in selecting a particusolution for implementation from the
Pareto optimal solution set, Das (1999) develofed Normal-Boundary Intersection
(NBI) method to identify the so called “Knee poirdf the Pareto frontier. The “Knee
point” is the Pareto point farthest away from thie in the direction of the normal
vector. “Knee points” represent the most intergstiolutions of the Pareto frontier due
to their implicit large marginal rates of substibut (Iniestra and Gutiérrez, 2009). Wu
and Flintsch (2009) considered another method émtify the best solution of the
Pareto frontier. As the ideal solution (Meneses Bedeira 2013) may not be achieved
due to the conflicting objectives, the best soluti® the solution of the Pareto frontier
that has the shortest normalized distance fromidleal solution, computed using

Equation (5.2).

161



Chapter 5

2 2 2
Di - AC:I - ACmin _ ZI + UCI - UCmin _ Z; + R\/I B RVmin _ Z;
ACmax - ACmin UCmax - UCmin RV - RV

max min

N

(5.2)

where: D, is the normalized distance between each Paretti@olpoint and the ideal

solution point;z, Z*z, andZs are the normalized values for each objective efideal
solution (equal to 0 or 1 depending on whethes i iminimization or maximization

objective).

5.2.5 Model solving

Nowadays, a large number of classic and modernidteumethods are available to
solve this kind of complex optimization models (D08, Gendreau and Potvin 2005,
Michalewicz and Fogel 2004). The heuristic methegduto solve this optimization
model is a genetic-algorithm (GA) called MODAT thads implemented in Microsoft
Visual Studio programming language (David et aD&0Randolph and Gardner 2008)
adapting and introducing new functionalities to eristing GA program called
GENETIPAV-D (Ferreira 2001, Ferreirat al. 2002) previously developed to solve
single-objective deterministic optimization modelSince they were proposed by
Holland (1975), GAs have been successfully usednamy occasions to deal with
complex engineering optimization problems. The MODApplied to the Castelo
Branco road network was run on a 2.2 GHz persooalputer (PC) with 2.0 GB of
RAM and 200 GB capacity. Each best solution givgrihe MODAT was obtained in

approximately 30 minutes of computing time.
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5.2.6 Results of the application of the MODAT

The MODAT was tested with data from the Estradas Rietugal’s Pavement
Management System (Picado-Santos and Ferreira ZD@&lade and Horta 2009,
Ferreiraet al. 2011, Horteet al. 2013) to plan the maintenance and rehabilitatiothe
road network considering three objectives: the mipation of agency costs; the
minimization of user costs; and the maximizatiorredidual value of pavements. The
MODAT was applied to the road network of the dattof Castelo Branco, one of the
18 districts of Portugal. This road network hasotltlength of 589.9 Km and the
corresponding network model has 32 road sections.discount rate considered in this
study was 2.5%.

The solutions of the optimization problem were shaw a 3D representation using
MATLAB (MathWorks 2013). MATLAB is a programming gmonment for algorithm
development, data analysis, visualization, and mioalecomputation which can be
used in a wide range of applications. MATLAB suppothe entire data analysis
process, from acquiring data from external devieesl databases, through pre-
processing, visualization, and numerical analy$cs, producing excellent quality
outputs.

Figure 5.3 presents the three-dimensional (3D) tBaoptimal set of normalized

solutions in the objective space by varying thegiveivalues. The “Knee point” was

obtained considering the following weight valuesv,{, w,., wg,) = (0.04, 0.95,

0.01); and it corresponds to the following objeetivalues AC, UC, RV) =

(€69228291.7, €1497083878.6, €37118050.Mhe range of values for the three
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objective functions is AC,,,, AC,. ) = (€44.2x16, €206.0x16), (UC ., UC . ) =

in Y

(€1424.2x16, €2529.3x16) and RV,,,, RV,.,) = (€10.9x16, €39.2x16).

Figure 5.4 shows the solutions in a three-objectefgesentation using a scatter-plot
matrix. In an optimization problem with three or m@bjective functions, like this one,
the scatter-plot matrix method is appropriate tespnt the solutions to a decision-
maker (Cleveland 1994). In this case study, witleehobjective functions, there are a
total of 6 plots. The diagonal sub-plots mark tkis #or the corresponding off-diagonal
sub-plots. For example, a sub-plot in position 3L of the scatter-plot matrix has its
horizontal axis marked RV and the vertical axis kedrAC. If the decision-maker is
not comfortable in viewing a plot with AC in thertieal axis, the sub-plot in position
(3, 1) shows the same sub-plot with AC marked entibrizontal axis. Thus, a sub-plot
in position (i, j) of the scatter-plot matrix isedtical to the sub-plot in the (j, i) position,
except that the sub-plot is mirrored.
The final best-compromise solution from the Pamgdtimal set of solutions in multi-
objective problems is always up to the decision eénakor that purpose, five different
M&R solutions of the Pareto frontier were considief@ comparison.
a) Solution [|: Multi-objective optimization approachcofrective-preventive)
considering the “Knee point'\,. = 0.04,w,. = 0.95w,, = 0.01);
b) Solution II: Multi-objective optimization approaclicorrective-preventive)
considering the following weightsa(,. = 1.00,w,. = 0.00,wj,, = 0.00);

c) Solution 1ll: Multi-objective optimization approacticorrective-preventive)

considering the following weightsa,. = 0.00,w,. = 1.00,w,,, = 0.00);
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d) Solution IV: Multi-objective optimization approackcorrective-preventive)
considering the following weightsa,. = 0.00,w,. = 0.00,w,,, = 1.00);
Solution V: Multi-objective optimization approachofrective-preventive) considering

the following weights W, = 1/3,w,. = 1/3,w,, = 1/3).

Knee point (0.150, 0.083, 0.905)
(AC = €£69228291.7. LIC = £€1497083878.6. RV = £37118050.1)

Figure 5-3 - 3D Pareto optimal set of normalised $ations
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Figure 5-4 - Solutions in a three-objective represgation using a scatter-plot matrix
The costs and normalized costs during the entiamnphg time-span for these five
Pareto optimal solutions are summarized in Figbrésand 5.6, respectively. Figure 5.5
shows that, as expected, solution | (“Knee poirg’'the Pareto optimal solution with the
lowest total costs (M&R costs, plus user costs,umiresidual value of pavements),

which was the objective considered in the multiegkiye optimization model. Solution

[ll, considering the weightsw,.= 0.00w,.= 1.00w,,= 0.00), is the second best
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solution, which corresponds to the minimization usfer costs. It is interesting that
solution 1, which corresponds to the minimizatminagency costs, is the worst solution
in terms of total costs. Solution V, consideringigioweights for the three objectives, is
an interesting solution for the road administratimetause it has the lowest value of
M&R costs minus residual value of pavements.

Figure 5.7 presents the predicted PSI average walelethe years of the planning time-
span for all the road network pavements and foh eatution. One can conclude that

solution 1ll, i.e. the solution of the multi-obj@éa¢ optimization approach considering
the weights {,. = 0.00w,. = 1.00,w,, = 0.00), corresponds to the highest average PSI

values, as expected, because this solution comdspim the minimization of the user
costs. Solution | (*Knee point”) is the second bsslution in terms of average PSI

values, also as expected, because this solutiorspamds to a high weight value for

user costs and small weight values for the other tljectives W,.= 0.04w,.=

0.95w,, = 0.01). As expected, solution I, which correspoiid the minimization of

agency costs, is the worst solution in terms ofaye PSI values.
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Figure 5-7 - PSI average value for all the road natork pavements

The results presented above were defined at netlseek At project-level, the
MODAT provides extensive information about the M&Rategy to be implemented for
each road section. To analyze these road seché&gdiresults, four road sections were
chosen with different attributes in the presentrydable 5.5 shows the attributes of
these four road sections including their presertvafie. Table 5.6 presents the M&R
operations to be applied in the four road sectignssidering the five M&R solutions
of the Pareto frontier.

Figure 5.8 shows the predicted evolution of the Vlie over the years for pavement
section 05012 of a national road as a consequénite @xecution of the M&R plan.
For this pavement section, which is under the mimmyuality level (PSI value of 1.79
< 2.0), which means that it needs urgent rehabdita if solution | (“Knee Point”) or
solution V (using equal weight values for each otie) is adopted, two M&R

operations are recommended for application to thement section, M&R operation 5
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(major rehabilitation) in year 2012 and M&R opeoati2 (non-structural maintenance)

in year 2031. If solution Il of MODAT is adopted lgrone M&R operation will be

needed during all the planning time-span, i.e. M&Reration 5 in year 2012.

Considering solution Ill, the MODAT recommends Hpplication of M&R operation 5

in years 2012, 2016, 2020 and 2024. The recommeliddRl operations are heavier in

this solution because it corresponds to the miration of user costs which means that

the pavement quality must be always high. Adoptsajution IV, the MODAT

recommends the application of M&R operation 5 imry2012, M&R operation 3 in

year 2016, and M&R operation 2 in year 2031.

Table 5-5 - Attributes of road sections

Attributes Road section
Section_ID 05012 05004 05001 05003
Road_class EN IC IP IC
) Flexible Flexible Flexible
Pavement_type Flexible
District Castelo Branco Castelo Branco Castelo Branco el@aBtanco
Length (m)
21,455 19,439 1931 14,635
Width (m)
5.9 8.8 9.4 8.6
Sub-grade_CBR (%)
5 10 6 4
Structural_number 2.47 3.51 5.20 4.80
Age_of_pavements (years) 16 14 8 3
Annual_average_daily_traffic
744 6,212 4316 5,828
Annual_average_daily _heavy _traffic
100 1000 300 1000
Annual_growth_average_tax
3.0 4.0 3.0 4.0
Truck_factor
2.0 4.0 3.0 4.0
PSh 1.79 2.75 3.81 3.90
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Table 5-6 - M&R operations to be applied in road setions

Year
i N N N N N N N N N N N N N N N N N N N N
Secion PSb. 2 2 2 2 2 B 2 2 S 8 8 S S S S S S 8 8 8
N w S a1 (o] ~ oo (o] o [ N w N (631 (o2} ~ oo © o [
Solution | - Knee point W, = 0.04 W, = 0.95Wy,, = 0.01)
05012 179 5 1 1 1 1 1 1 1 1 1 1 1 1 2
05004 275 4 1 1 1 1 1 1 1 2 1 1 1 1 1 1 2 1 1 1 1
05001 381 1 1 1 1 2 1 1 1 1 1 1 1 1 2 1 1 1 1 1
05003 390 1 1 3 1 1 1 1 2 1 1 1 2 1 1 1 1 2 1 1 1
Solution Il (W, = 1.00W, = 0.00,Wg,, = 0.00)
05012 179 5 1 1 1 1 1 1 1 1 1 1 1 1
05004 275 3 1 1 1 1 1 1 1 1 1 1 1 1
05001 381 1 1 1 1 1 1 1 1 1 1 1 1 1
05003 390 1 1 1 1 1 2 1 1 1 1 3 1 1 1 1 1 1 1 1 1
Solution [l (W, = 0.00 W, = 1.00,W,, = 0.00)
05012 179 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1 1 1
05004 275 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1 1 1
05001 381 1 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1
05003 390 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 1 1
Solution IV (W, = 0.00,W, = 0.00,Wg,, = 1.00)
05012 179 5 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 1 1 2
05004 275 5 1 1 1 3 1 1 1 1 4 1 1 1 1 1 1 1 1 1 3
05001 381 1 1 1 1 1 1 4 1 1 1 3 1 1 1 1 1 1 1 1 3
05003 390 1 1 1 1 1 1 5 1 1 1 1 1 1 5 1 1 1 1 1 3
Solution V (W, = 1/3,W,c = 1/3,Wgy, = 1/3)
05012 179 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2
05004 275 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2
05001 381 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2
2

05003 390 1 1 1 1 4 1 1 1 1 1 1 1 1 1 1 1 1 1

KEY (M&R operations):

1 — Do nothing?2 — Non-structural maintenanc&:- Minor rehabilitation4 - Medium rehabilitation —
Major rehabilitation

An identical analysis could be made for any oth&rgment section. For example, for
pavement section 05001 of another national roagl Tsdle 5.6 and Figure 5.9), which
is in good condition (PSI value of 3.81), if soartil (“Knee Point”) of MODAT is
adopted, only two M&R operations 2 (non-structuraintenance) will be applied to
the pavement section, one in year 2016 and anathgear 2026. If solution Il of

MODAT is adopted, no M&R operation will be needadridg all the planning time-
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span. If solution Ill of MODAT is adopted the recorended M&R operations are very
different. The MODAT recommends the application of&Rl operation 5 (major
rehabilitation) in years 2016, 2020, 2024 and 20R2@&: solution IV, the MODAT
recommends one M&R operation 4 (Medium rehabibiatiin year 2018 and the
application of two M&R operation 3 (minor rehahaliion) in years 2022 and 2031. If
solution V of MODAT is adopted only one M&R operati will be needed during all
the planning time-span, i.e. M&R operation 2 inry2@31.

An analogous analysis could be made for any otheement section. Figures 5.10 and
5.11 present the predicted evolution of the PSuevabver the years for pavement

section 05003 and pavement section 05004, respéctiv

~—g-- Solution | —a— Solution || —<— Solution Il —e— Solution|V —— SolutionV
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Figure 5-8 - Evolution of PSI for pavement 05012 od national road
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5.3 Conclusions

The Multi-objective Decision-Aid Tool (MODAT) prested in this chapter,
incorporating several objectives into the same nogtition model, can solve the
pavement management problem for the case involvingjor rehabilitation
interventions. The MODAT, as well as the decisiah-#ol currently in use in the
Estradas de Portugal’'s PMS, aims to minimize cogs a selected planning time-span,
closing the gap between project and network managenThis is made possible by
using a macroscopic approach that uses modelsddigting the future condition of the
pavement based on measured condition data (i.€kiogg raveling, potholes, patching,
rutting, longitudinal roughness, skid resistancaffic, climate, etc.). This macroscopic
approach requires that each road section is honeogenn terms of quality, pavement
structure, pavement foundation, traffic and climé#tés assumed that each road section

possesses one performance curve with any estimfatiede performance value
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representing the overall average pavement conditidte MODAT considers the
pavement performance model used in the AASHTO blexpavement design method,
nevertheless any other preferred model can beaseactll.

The MODAT is a useful new tool to help the road iaegrs in their task of
maintenance and rehabilitation of pavements. Is MODAT application, the Knee
point, which represents the most interesting smfutif the Pareto frontier, corresponds
to an agency costs weight value of 4%, a user cusight value of 95% and a weight
value of 1% for the residual value of pavementsnalgstrating that user costs, which
are generally much greater than agency costs amdeidual value of pavements,
dominate the decision-making process. While the sasdy of this chapter focuses on a
national road network, the approach proposed idicgijpe to any transportation
infrastructure network, e.g., municipal road netyobridge network, where the
decision-making process often involves multipleeghive considerations. Because the
MODAT is an open system, some modifications coddrade to better serve the needs
of road engineers. In the near future, our researdhe pavement management field
will follow in three main directions. First, the MIAT will include other objectives,
beyond the three existing ones, such as, for exgntbe maximization of the road
network performance. Second, a sensitivity analysgik be made of some input
parameters considered in the application of the MDBystem, such as the discount
rate. Third, pavement performance models will bevettied using pavement
performance data available in some road networkbdetes and will be incorporated

into MODAT for future applications to road networks
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APPENDIX 1: NOTATION

AC is the agency cost for applying operatidio road sectios in yeart;
B; is the budget for yedr

C, is the total cracked pavement area in year 01@0nT?);
Cy is the structural coefficient of layar

Cr‘,j is the drainage coefficient of layeyr

C is the cost of construction or the cost of the lettabilitation of pavement

s,const
sections;
dis the discount rate;

Do is the total disintegrated area (with potholes @wvetling) in year 0 (/4100nf);
H,, is the thickness of layer(mm);
IRI, is the pavement longitudinal roughness in yean@{km);

Mg is the subgrade resilient modulus (pounds perreguoah);

Nmax IS the maximum number of M&R operations that magus in road sectios over
the planning time-span;

Wgo is the number of 80 kN equivalent single axle I@glications estimated for a
selected design period and design lane;

Pa, is the pavement patching in year G(t@0nf);

PSl is the Present Serviceability Index in y&ar

PSI; ..o IS the PSlvalue after the application of a rehabilitatiorti@e in pavement

sections;

Ris the number of alternative M&R operations;
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R, IS the mean rut in year 0 (mm);

RV; 11 is the residual value for the pavement of sectjon

Sis the number of road sections;

S is the combined standard error of the traffic poéoh and performance prediction;
SN is the structural number of a road pavement im {ea

T is the number of years in the planning time-span;

tc is the annual average growth rate of heavy traffic

TMDA, is the annual average daily heavy traffic in tlearyof construction or the last
rehabilitation, in one direction and per lane;

UC is the user cost for road secti®m yeart;

VOG are the vehicle operation costs in yeg/km/vehicle);

Xrst IS equal to one if operatianis applied to sectios in yeart, and is equal to zero
otherwise;

Y; is the time since the pavement’s constructionsolaist rehabilitation (years);

Zr is the standard normal deviate;

PSL;are the pavement condition for sect®in yeart;

PSI is the warning level for the pavement condition;

a is the average heavy traffic damage factor or Birtipck factor;

APS| is the difference between the initial value of flresent serviceability index
(PShb) and the value of the present serviceability inaheyeart (PSH);

Y4 are the agency cost functions;

Yp are the pavement condition functions;

& are the residual value functions;
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U are the user cost functions;

Q are the feasible operations sets.

APPENDIX 2: DECISION-AID TOOL MODEL
For explanation of notation, refer to the Appentlix
A.2.1 Objective functions

Minimise agency costs (maintenance and rehabditatDsts)

R S T 1
MinimiseAC=>" > %" T[AC, X

S 5 & (1+d) (51)

Minimize user costs

S T 1
MinimiseUC = —F—C
nimise ;; (1+ d)t st (52)

Maximize the residual value of pavements at theadride planning time-span

S 1
Maximise RV=) ————[RV.
aximise ; (1+ d)T+1 sT+1 (53)

A.2.2 Constraints

Pavement condition functions

PSI_, =%p(PSl 45, Xotreer Xaepreor X pgror Xrer)s S=1..,Sit=1...T (5.4)

Warning level constraints

PSI =PSls, s=1..,.S;t=1...T (5.5)
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Feasible operation sets

X O0QPS ) r=1.,Rs=1..St=1.T

(5.6)

Annual operations constraints

R

D Xq=Ls=1..St=1..T

oy (5.7)
Agency cost functions

AC, =?a(PSl , X ). r =1...,Rs=1...St=1...T (5.8)
User cost functions
uc, =wu(Psl ), s=1...St=1...T (5.9)
Residual value functions

RV.,, =% (PSl ;) s=1....,S (5.10)
Annual budget constraints

R S
> > AC, X <sB, t=1..T

P~ (5.11)
Planning time-span operations constraints

R T
> > X € Nmaxg,05=1,...,S
=2 =1 (5.12)
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APPENDIX 3: PAVEMENT CONDITION AND OTHER FUNCTIONS USED IN
THE MODEL
A.3.1 Pavement condition functions
PSl, =5 %% _ 0000535 R, - 021[{(C, + D, + Pa,)% (5.13)
Juogm(wg)—zﬂcsb—g.smm(sw 1+o.z.smo(MR>+snmﬁa4+ 109319]}5
PS| =PS} -(4.2-1.90 (sv) (5.14)
N
SN =Y H,*xCgxC]
= (5.15)
Y a—
Wy, =365xTMDA, x 1971,
tc (5.16)
A.3.2 User cost function
VOC, =1.20487- 0.49116x PSI, + 0.05458x PS|? (5.17)
A.3.3 Residual value of pavements function
PSI.,,—15
RVST+1 = Cs const =
’ ’ PSIs,rehab_ 15
(5.18)
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Chapter 6

Multi-objective decision-aid tool for
pavement management: sensitivity

analysis to the discount rate

6.1 Introduction

Multi-objective optimization has received incre@siattention as a tool to assist
transportation agencies in order to be able to makee economical investment
decisions. When analyzing long-term public investtagwe must compare costs and
benefits that occur in different time periods. Asd has a money value, a dollar spent
in the future is worth less than the present ddqlamwad and Ozbay 2006). Therefore,
the optimization process needs to consider an eemndechnique known as
“discounting” to convert different costs and betsefoccurred at different times at a
common point in time (FHWA 2002). This techniquelégs a financial variable called

discount rater() to represent the time value of the money.
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The discount rate used in a multi-objective appiocacan have quite a large impact on
the analysis and in the conclusions that can behesh Therefore, it is important to
apply the correct discount rate for each particulacision problem. However, the
question of which discount rate to actually useaigiven situation does not have a

simple answer.

The choice of the discount rate is one of the nuedtatable topics in public project
evaluation and has been analyzed by many researdhetr there still is uncertainty

about which discount rate is most appropriate taluate public projects. Therefore,
several authors have written about theories andtipes in the choice of the social
discount rate (e.g. Kula 1985, Kula 1987, PearcklWph 1995, Pearce and Ulph 1999,
Evans and Sezer 2002, Young, 2002, Evans 2004,sExant Sezer 2004, Spackman
2004, Evans and Sezer 2005, Evans 2006, Rambaud@aretillas 2006, Spackman

2006, Jenkins and Kuo 2007, Azar 2007, Zhuang. &04l7, Lally 2008, Percoco 2008,
Harrison 2010). Despite the lack of consensus bextwauthors, four alternatives of
theoretical basis approaches have been consideratid choice of a social discount
rate: social rate of time preference (SRTP); maigaocial opportunity cost of capital

(SOC); weight average (WA); and shadow price ofteafSPC).

Since there is no consensus about which approable imost appropriate for the choice
of the discount rate used for the evaluation oflipytrojects, many governments and
agencies, across countries and within countriesr tine, have specified the discount
rate to be employed in their public projects. Tdhle presents the social discount rates
values adopted in several countries (Ferreira amatoS 2013). The analysis of this

table permits us to conclude that the tendency iadopt low social discount rates

188



Multi-objective decision-aid tool for pavement mgement:

sensitivity analysis to the discount rate

values. For example, the European Commission re@rdm 5.5% for cohesion

countries and for convergence regions elsewhere lgh growth outlook, and 3.5%

for competitive regions.

Table 6-1 - Social discount rate values

Theoretical basis

Country/Region Values References
approach
. ] Zhuang et al. (2007)
USA 10% (until 1992); 7% (after 1992) SOC/SRTP OMB (1992)
TBCS (2007)
Canada 10% (until 2007); 8% (after 2007) SOC Zhuang et al. (2007)
Spackman (2006)
AG (2010)
Australia 8% (until 2010); 7% (after 2010) SOC Zhuang et al. (2007)
IA (2008)
. ) NZT (2008)
New Zealand 10% (until 2008); 8.0% (after 2008) SOC Zhuang et al. (2007)
Europeqn 5.5% - countries anq_ convergenf:e regions SRTP EC (2008)
Commission 3.5% - competitiveness regions
K%r;;eodm 6% (until 2003); 3.5% (after 2003) SRTP Zh“::ﬁre(tzg'(')gom)
Germany 4% (until 2004); 3.0% (after 2004) ?;‘?::nz?n;e(rj;real Zgzzzag;sl(z(égg; )
Zhuang et al. (2007)
France 8% (until 2005); 4.0% (after 2005) SRTP Spackman (2006)
GCP (2005)
Italy 5% SRTP Zhuang et al. (2007)
Spain 6% SRTP Zhuang et al. (2007)
Portugal 4.0% (after 2003) Based on government 1 553,
refinancing rate
Government Zhuang et al. (2007)
Norway 7% (until 1998); 3.5% (after 1998) borrowing rate Spackman (2006)
Odeck (2005)
China 8% WA Zhuang et al. (2007)
India 12% SOC Zhuang et al. (2007)

Note: SRTP - social rate of time preference; S@&rginal social opportunity cost of capital; WA -
weight average; SPC - shadow price of capital.
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Over the years, highway agencies, influenced hydsesuggested by some authors or
by government imposition, have changed the discoatet applied in the evaluation of
their public projects. Wall and Smith (1998), ofe Icycle costs analysis (LCCA) in
pavement design, specified that the discount rateds to be consistent with the
opportunity cost for the public at large and shaetliect the historical trends over long
periods of time. Ozbay et al. (2004) carried oudtiady to examine how LCCA was
practiced by State Highway Agencies (SHA) in thdtéth States. The results showed
that in 1984 the discount rate ranged between 0D 1®.0% with a mean of 4.3%,
whereas in 2001 the applied discount rate rangedeaea 3.0 and 5.0% with a mean of
3.9%. The next step of the study conducted by O=ba}. (2004) was performed by
Rangarajuet al (2008). The results showed that in 2005 ninetedA used discrete
values ranging between 3.0% and 5.3%; four SHA tisedliscount rate defined by the
USA Office of Management and Budget; and another tsed a variable discount rate
value depending on available current data. Thofistdnsen (2009), considering
LCCA of bridges, stated that discount rates randirmm 2.0 to 3.0% are more
reasonable than an unrealistically high discouta, g. 6.0% commonly used in many

countries.

Wall and Smith (1998) stated that all LCCA shou&ddubject to a sensitivity analysis
in order to determine the impact of the variability the major LCCA input

assumptions, projections and estimates on ovel@CA results. Christensen et al.
(2005) affirmed that through this process, decisiakers can identify the inputs of the
model that have most influence on model resultdaandietermine break-even points

that alter the ranking of considered alternatividscording to Hallet al. (2003), the
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inputs of the model that most influence the rektnost-effectiveness of different
alternatives are: the project life; the predicteaffic over the project life; the initial
investment; the discount rate; the timing of folloyw maintenance and rehabilitation
(M&R) activities; and the quantities associatedhwititial and follow-up maintenance
and rehabilitation activities. Thus, it is fundartedrio do a sensitivity analysis in order
to determine the impact of the variability of thajor input parameters in the results of
a multi-objective decision-aid tool application. i¥hchapter presents a sensitivity
analysis to the discount rate that was carried amutthe application of the Multi-
Objective Decision-Aid Tool (MODAT). The chapterdssided into three sections. The
first section consists of a brief description o ttate-of-art in terms of discount rates
that have been applied over the years in the asse$f public investment projects.
The second section presents the results obtainethdysensitivity analysis to the
discount rate considered in the application of MM@DAT system to the main road
network of Castelo Branco. The final section caisstd a synthesis of the conclusions

reached so far and a statement of prospects farefueésearch.

6.2 Sensitivity analysis to the discount rate

6.2.1 Introduction

Chapter 3 presented the development and implen@mtaif a Multi-Objective
Decision-Aid Tool (MODAT) tested with data from thEstradas de Portugal’s
Pavement Management System (Meneses and Ferrelf®). Zbhe MODAT used a

multi-objective deterministic section-linked opteation model with two goals:
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minimization of agency costs; and minimization seucosts. The MODAT also used
the deterministic pavement performance model uséde AASHTO flexible pavement
design method. The application of MODAT was illastéd with a case study involving
the main road network of Castelo Branco, a distsficPortugal. This application was
carried out using a discount rate equal to 2,5% féxt section of this chapter will

present the results of the application of MODAThdifferent discount rates.

6.2.2 Results

Figure 6.1 shows the evolution of the discountdaetf(r, t) - represented by Equation
(17) throughout the project analysis period comsidedifferent discount rate values.
This Figure shows that as the discount rate valoeeases, the present value of any cost
or benefit decreases over time. This Figure alsmvshthat as the discount rate value

increases the curvature also increases over time.

= 0% 1= 1% =——r=20p 1= 3% = 4% = 5%

o —
0.8 e———— —

0.7 %
0.6

0,5
0.4 —
0,3
0,2
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0,0 . . . |
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Year of the project analysis period (7)

fir, v

Discount factor

Figure 6-1 - Evolution of the discount factor throwghout planning period of 20 years
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1
@+r)

f(r,t) =
(6.1)

Where:f(r, t) is the discount facton; is the discount rate valug;is any year of the

planning period.

In this sensitivity analysis, the discount rate uealvaried between 1% and 5%,
incremented by 1%, while keeping all the other inyalues. Using this methodology,
the decision-maker can understand the variabilftyhe results associated with the
choice of the discount rate value. Figure 6.2 regmés the Pareto optimal set of
solutions in the objective space by varying the ghkivalues while Figure 6.3

represents the optimal set of normalised solutions.
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Figure 6-2 - Pareto optimal set of solutions for &dkconsidered rates
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—e— Rate=1% Rate=2% —— Rate=3% —=— Rate=4% Rate=5%
1,0 B

09 }

08 §

0,7
0,6 i
05 |{
04 | §
0,3 \

0,2 %

0,1 o e

0,0 ; s —a o]
0,0 0,2 0,4 0,6 0,8 1,0
Normalised total M&R costs over 20 years

Normalised total user costs over 20 years

Figure 6-3 - Pareto optimal set of normalised solidns for all considered rates

The “Knee point” for the discount rates of 1%, 2%% and 4% was obtained

considering the following weight valuesw(. , w,.) = (0.04, 0.96). For discount rate of

5%, the “Knee point” was obtained considering hiéofving weight values: \,. , W,.)

= (0.03, 0.97). From these Figures it can be cateduthat, when the decision-maker
considers different discount rate values betweenah® 5%, the weight values remain

the same or almost the same.

In multi-objective problems there is no perfect hoet to select one “optimal” solution
from the Pareto optimal set of solutions. The fibast-compromise solution is always
up to the decision-maker. For that purpose, fotfeidint M&R solutions of the Pareto
frontier were considered for comparison.

a) Solution [I: Multi-objective optimization approachcofrective-preventive)

considering the “Knee point"v{,. = 0.04,w,. = 0.96) for discount rates of 1%,
2%, 3% and 4%; and considering the “Knee poimt.(= 0.03, w,. = 0.97) for

discount rate of 5%;
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b) Solution II: Multi-objective optimization approaclicorrective-preventive)
considering the following weightsa(,. = 1.00,w,. = 0.00);

c) Solution llI: Multi-objective optimization approaclicorrective-preventive)
considering the following weightsa(,. = 0.00,w,. = 1.00);

d) Solution 1V: Multi-objective optimization approackicorrective-preventive)

considering the following weightsa(. = 0.50,w,. = 0.50).

The M&R costs throughout the planning time-sparR@fyears for these four Pareto

optimal solutions are summarised in Figure 6.4sHgure shows that, as expected, the
M&R costs decrease when the discount rate valueases. The same happens for the
user costs (Figure 6.5), the residual value of perds (Figure 6.6), and the total costs

(Figure 6.7).

m Solution | (Knee Point) Solution Il m Solution Il m Solution IV

2,50E+08

2,00E+08

1,50E+08

M&R costs

1,00E+08

5,00E+07 -

0,00E+00-
r=1% r=2% r=3% r=4% r=5%

Figure 6-4 - M&R Costs throughout the planning timespan of 20 years for all considered rates
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m Solution | (Knee Point) = Solution Il m Solution 111 m Solution IV
3,00E+09

2,50E+09

2,00E+09

1,50E+09+

User costs

1,00E+09+

5,00E+08 -

0,00E+00-

r=1% r=2% r=3% r=4% r=5%

Figure 6-5- User Costs throughout the planning timespan of 20 years for all considered rates

m Solution | (Knee Point) = Solution |l m Solution Il m Solution IV
6,00E+07

5,00E+07

4,00E+0Q7 -

3,00E+07 -

Residual Value

2,00E+07

1,00E+07 -

0,00E+00-

r=1% r=2% r=3% r=4% r=5%

Figure 6-6 - Residual Value throughout the planningime-span of 20 years for all considered rates
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m Solution | (Knee Point) Solution Il m Solution 111 m Solution IV

3,00E+09

2,50E+09

2,00E+09 +—

1,50E+09+

Total costs

1,00E+09

5,00E+08

0,00E+00-
r=1% r=2% r=3% r=4% r=5%

Figure 6-7 - Total Costs throughout the planning tine-span of 20 years for all considered rates

In addition to these summarised results, the MODO#dvides extensive information
about the M&R strategy to be implemented for eaadrsection. To analyse these road
section-linked results, four road sections wereseho Table 6.2 illustrates the attributes
of these road sections including their present \Rflle. Table 6.3 presents the M&R
operations to be applied in road section 05012 idenag the four M&R solutions of
the Pareto frontier. Figure 6.8 represents theigtei evolution of the PSI value over
the years for pavement section 050012 of a natiovadl as a consequence of the
execution of the M&R plan. The results obtained tlis pavement section show that
the M&R actions are not independent of the discaaté value. If solution Il of
MODAT is adopted, different M&R operations would beplied in function of the
discount rate value adopted. A similar analysislatde made for any other pavement
section. Tables 6.4, 6.5 and 6.6 present the M&Rraipns to be applied in road

sections 05004, 05001 and 05003, respectively.régy6.9, 6.10 and 6.11 present the
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predicted evolution of the PSI value over the ydarpavement sections 05004, 05001

and 05003, respectively.

Table 6-1 - Attributes of road sections

Attributes Road section
Section_ID 05012 05004 05001 05003
Road_class EN IC IP IC
Flexible Flexible Flexible
Pavement_type Flexible
District Castelo Branco Castelo Branco Castelo Branco e@aBtanco
Length (m)
21,455 19,439 1931 14,635
Width (m)
5.9 8.8 9.4 8.6
Sub-grade_CBR (%)
5 10 6 4
Structural_number 2.47 3.51 5.20 4.80
Age_of_pavements (years) 16 14 8 3
Annual_average_daily_traffic
744 6,212 4316 5,828
Annual_average_daily _heavy _traffic
100 1000 300 1000
Annual_growth_average_tax
3.0 4.0 3.0 4.0
Truck_factor
2.0 4.0 3.0 4.0
PSh 1.79 2.75 3.81 3.90
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Table 6-2 - M&R operations to be applied in road setion 05012

Section 05012; PSI0=1.79

Year
r (%) N N N N N N N N N N N N N N N N N N N N
o o o o o o o o o o o o o o o o o o o o
= = = = = = = = N N N N N N N N N N w w
N w N o1 (o)} ~ o © o = N w N (63} (o)) ~ [ee] © o =

Solution | - Knee point

1% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Solution Il (W, = 1.00,W, = 0.00)
1% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Solution I (W, = 0.00,W,- = 1.00)
1% 5 1 1 1 5 1 1 1 5 1 1 1 1 5 1 1 1 1 1 1
2% 5 1 1 1 5 1 1 1 5 1 1 1 1 5 1 1 1 1 1 1
3% 5 1 1 1 5 1 1 1 5 1 1 1 4 1 1 1 1 1 1 1
4% 5 1 1 1 6 1 1 1 5 1 1 1 5 1 1 1 1 1 1 1
5% 5 1 1 1 5§ 1 1 1 5 1 1 1 4 1 1 1 1 1 1 1
Solution IV (W, = 0.50 W, = 0.50)
1% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5% 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

KEY (M&R actions):
1 - Do nothing? - Non structural maintenance: Minor rehabilitation4 - Medium rehabilitation$
— Major rehabilitation

—e— Solution | Solution Il —a— Solution Il —=— Solution IV

5

4,5 WAﬁAA-AA-ﬁ
4/ | e
3,5/ ‘
o]
7]
D_2,5/

2§

1,5

1

0,5

0

N M < 1D © N 0 O O 4 N M S D © ~ 0 0 O oA o
o d  d  d d d d d AN AN AN NN NN NN OO 00om
O O O O OO 0O 0O O 66 O o0 6 O o o o o o o o
AN N AN AN AN &N AN AN N AN &N N &N N NN NN N NN

year

Figure 6-8 - Evolution of PSI for pavement sectio®5012 of a national road
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Year

Minor rehabilitation4 - Medium rehabilitation5

—a— Solution Il

Section 05004; PgE2,75
Solution | - Knee point

Solution Il (W, = 1.00,W, = 0.00)
Solution Il

Table 6-3 - M&R operations to be applied in road setion 05004
Solution HI (W, = 0.00,W . = 1.00)
Solution IV (W, = 0.50,W, = 0.50)

—e— Solution |

4

4

3

3

3

3

3

3

5

5

5

5

5

3

3
4,5
1,5
0,5

P25

¢e0c
T€OC
0€0c
6¢0¢
8¢0¢
Lc0¢
9¢0¢
Gcoc
vcoc
€c0c
(44014
Tcoc
0c0c
6T0C
8T0¢
LT0C
9T0¢
ST0C
14184
€T10¢
¢10¢

1 - Do nothing2 - Non structural maintenance;

KEY (M&R actions):

Chapter 6
1%
2%
3%
4%
5%
1%
2%
3%
4%
5%
1%
2%
3%
4%
5%
4%
5%

— Major rehabilitation

year
Figure 6-9 - Evolution of PSI for pavement sectio®5004 of a national road
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Table 6-4 - M&R operations to be applied in road setion 05001

Section 05001; PgE 3.81

Year
r (%) N N N N N N N N N N N N N N N N N N N N
o o o o o o o o o o o o o o o o o o o o
= = = = = = = = N N N N N N N N N N w w
N w N a1 » ~ oo © o = N w N a1 (o2} ~ (o] © o [l
Solution | - Knee point
1% 1 1 1 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1
2% 1 1 1 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1
3% 1 1 1 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1
4% 1 1 1 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1
5% 1 1 1 1 2 1 1 1 1 1 1 1 2 1 1 1 1 1 1
Solution Il (W, = 1.00,W, = 0.00)
1% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Solution I (W, = 0.00,W,- = 1.00)
1% 1 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1
2% 1 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1
3% 1 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1
4% 1 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1
5% 1 1 1 1 5 1 1 1 5 1 1 1 5 1 1 1 5 1 1
Solution IV (W, = 0.50 W, = 0.50)
1% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

KEY (M&R actions):

1 - Do nothing? - Non structural maintenancg: Minor rehabilitation4 - Medium rehabilitation$
— Major rehabilitation

—e— Solution | Solution I —=— Solution Il —=— Solution IV
5
o MM
4 —~ —
3’5 M
3
(7’ \\-
a 2.5 —
2
15
1
0,5
0
N M < 0 O N~ 0 0 O 4 N M S I © N~ 0 0O O d o
d d d d 94 d 9 49 & o N & 4 a4 d NN AN GO ;m M
O O O O O O O O O 0O O O O O O o o o © © o
N J d N N N N AJJJNANAJNANq]§ANNN A
yeal

Figure 6-10 - Evolution of PSI for pavement sectio®5001 of a national road
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Table 6-5 - M&R operations to be applied in road setion 05003

Section 05003; P§E3,90

Year

Solution | - Knee point

1
1
1
1
1

1%
2%
3%
4%
5%

Solution Il (W, = 1.00,W, = 0.00)

1
1
1
1
1

1%
2%
3%
4%
5%

Solution Il (W, = 0.00,W, = 1.00)

1
1
1
1
1

1%
2%
3%
4%
5%

Solution IV (W, = 0.50,W, = 0.50)

1
1
1
1
1

1%
2%
3%
4%
5%

KEY (M&R actions):

Minor rehabilitation4 - Medium rehabilitation5

1 - Do nothing2 - Non structural maintenance;

— Major rehabilitation

—— Solution IV

—a— Solution Il

Solution 1l

—e— Solution |

4,5

4
3,5

2
15

D25

0,5

[AX014
T€0C
0€0¢
6¢0¢
8¢0¢
120¢
9¢0¢
G¢0¢
1 Z4V4
€¢0¢
(4404
T¢0¢
0¢0¢
6T0C
8T0¢
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¥10¢
€T0¢
(41074

year

Figure 6-11 - Evolution of PSI for pavement sectio®5003 of a national road
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6.3 Conclusions

The outcomes obtained with the sensitivity analysishe discount rate value, when
applying the MODAT system to a case study, pernstta draw the following

conclusions: (1) the M&R costs, the user costs, @nedresidual value of pavements
always decrease with the increase of the discaiatvalue; (2) the total costs (the sum
of the M&R costs and the user costs, deductingebelual value of pavements) always
decrease with the increase of the discount rateeygB) the M&R actions are not
independent of the discount rate value. In the riaaure, in terms of sensitivity

analysis, our research will follow with the consitéeon of other input parameters, such

as, for example, the planning period.
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Conclusions

This PhD thesis presented a Multi-Objective Deciséad Tool, called MODAT, which
can solve the pavement management problem forae iavolving major rehabilitation
interventions. The MODAT, which has the objectiveé minimising costs over a
selected planning time-span, allows closing of glap between project and network
management. This is made possible by replacindréuktional microscopic approach,
which uses models that include independent vasaldgplaining the pavement
deterioration process (i.e. layer thickness, msilimodulus, asphalt characteristics,
traffic, climate, etc.), with a macroscopic apptodicat uses models for predicting the
future condition of the pavement based on measowedlition data (i.e. cracking,
ravelling, potholes, patching, rutting, longitudirraughness, skid resistance, traffic,
climate, etc.). The macroscopic approach requireat teach road section is
homogeneous in terms of quality, pavement structuaéfic and climate. It is assumed
that each road section possesses one performamee with any estimated future

performance value representing the overall avepayement condition. The MODAT
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considers the pavement performance model usedeirA&SHTO flexible pavement
design method but any other preferred model camsbd as well. In the implementation
of an optimum solution recommended by the MODAT figld review must be
conducted to identify continuous road sections wite same or identical M&R
interventions with the goal of aggregating themoithe same road project. It is
recommended that whenever actual pavement perfaendata becomes available, it
should replace the predicted PSI values from theSHAO pavement performance
model. Any other appropriate pavement conditioncatbr can easily be used as an
alternative in this methodology. It is further remmended that the MODAT is applied
as often as necessary (annually or bi-annuallyht@ain revised optimum M&R plans
that would incorporate the impact of any receningjes that might have taken place in
the pavement network. The MODAT constitutes a neeful tool to help the road
engineers in their task of maintenance and rehatiln of pavements. This new
approach allows PMS to become interactive deciaidntools, capable of providing

road administrations with answers to “what-if” quess in short periods of time.

Chapter 2 presented the results of the applicadioMODAT to a municipal road
network, the road network of the municipality ofiv@ira do Hospital. In this
application two objectives were considered: minahan of agency costs (maintenance
and rehabilitation costs); and minimisation of usests. In this MODAT application,
the Knee point, that represents the most integ@swiution of the Pareto frontier,
corresponds to an agency costs weight value of B8aa user costs weight value of
95%, demonstrating that user costs, which are gépenuch greater than agency costs,

dominate the decision process.
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Chapter 3 presented the results of the applicabibODAT to a national road
network, the main road network of Castelo Brancaodisgtrict of Portugal. In this
application the same two objectives were considaredimization of maintenance and
rehabilitation costs; and minimisation of user sosh this MODAT application, the
Knee point corresponds to an agency costs weidhe\a 4% and an user costs weight

value of 96%, demonstrating again that user castsirthte the decision process.

Chapter 4 presented the results of the applicaifoMODAT also to a national road
network, the main road network of Castelo Branad, donsidering other objectives:
minimization of maintenance and rehabilitation spsind maximization of the residual
value of pavements. In this MODAT application, tKeee point corresponds to an
agency cost weight value of 81% and a weight valu£9% for the residual value of
pavements, demonstrating that agency costs, bethegeare generally much greater

than residual value of pavements, dominate thesagcprocess.

Chapter 5 presented the results of the applicatioMODAT also to the main road
network of Castelo Branco, but considering thregedives: minimization of
maintenance and rehabilitation costs; minimizatbmser costs; and maximization of
the residual value of pavements. In this MODAT aatlon, the Knee point
corresponds to an agency costs weight value ofad¥ser costs weight value of 95%
and a weight value of 1% for the residual valugp@fements, demonstrating that user
costs, which are generally much greater than agensys and the residual value of

pavements, dominate the decision-making process.

Chapter 6 presented the results of a sensitiviyars to the discount rate considering

the optimization problem presented in chapter 2e Dutcomes obtained with the
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sensitivity analysis to the discount rate valuernpe us to draw the following
conclusions: (1) the M&R costs, the user costs, @nedresidual value of pavements
always decrease with the increase of the discaiatvalue; (2) the total costs (the sum
of the M&R costs and the user costs, deductingebelual value of pavements) always
decrease with the increase of the discount rateeyal3) the M&R actions are

dependent of the discount rate value.

Because the MODAT is an open system, some modditatcould be made to better
serve the needs of road engineers. In the nearefutwr research in the pavement
management field will follow in three main direct® First, the MODAT will include

other objectives, beyond the three existing ongsh ss, for example, the maximization
of the road network performance. Second, a serigi@walysis will be made of some
input parameters considered in the applicationhef MODAT system, such as the
planning period. Third, pavement performance modeld be developed using

pavement performance data available in some ro&donle databases and will be

incorporated into MODAT for future applicationsrtmad networks.
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