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Resumo
A reabilitação de pavimentos, especialmente num contexto de autoestradas, compreende um
conjunto de operações complexas, desde a fresagem do pavimento degradado à colocação de novas
camadas, enquanto a passagem de tráfego é assegurada. A importância de ter redes de
autoestradas funcionais e seguras faz com que este tipo de operações seja sensível à sua duração,
visto que estas muitas vezes envolvem restrições à circulação nas vias o que poderá causar
congestionamentos. Para além disso, este tipo de atividades também depende de equipamentos com
operação bastante dispendiosa. Apesar de existir cada vez mais um maior interesse em realizar estas
intervenções de reabilitação com menores custos e durações, constata-se que atualmente a sua
concretização é muito dependente da experiência e muito pouco tem sido feito para otimizar estes
processos. Esta dissertação tem como objetivo o desenvolvimento de um sistema inteligente de
otimização baseado numa abordagem evolutiva multi-objetivo (NSGA-II), capaz de apoiar a tomada
de decisão relativamente ao planeamento de processos de reabilitação de pavimentos. Para isso, o
sistema procura uma alocação ótima de pavimentadoras que minimize o custo e a duração
simultaneamente, enquanto recorre a uma programação linear para distribuir os restantes
equipamentos de suporte às pavimentadoras. A capacidade do sistema foi avaliada recorrendo ao
caso real dum projeto de reabilitação do pavimento de uma autoestrada. Esta experiência
demonstrou não só a habilidade do sistema para encontrar a solução utilizada no caso de estudo,
como também a capacidade para apresentar outras soluções também ótimas tendo em conta
diferentes objetivos.

Palavras-chave
Reabilitação de pavimentos, Sistemas inteligentes de otimização, Gestão de projeto, Metaheurísticas,
Alocação de Recursos.
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Abstract
Pavement rehabilitation, especially in a highway context, comprises a complex set of operations from
milling the old pavement to paving the new layers, while also ensuring the traffic passage. The
importance of having functioning and safe highway networks makes this type of operations very time
sensitive, since this usually involves closing lanes that will inevitably cause delays to users and in
extreme situations end up in bottlenecks. On top of that, this construction type also relies on heavy
mechanical equipment that is very expensive. Even though there is an increasing interest in
completing these interventions of rehabilitation with the lowest costs and durations, little has been
done to optimize this process. This thesis focuses on developing an intelligent optimization system
based on an evolutionary multi-objective approach (NSGA-II), capable of supporting the decision
makers in planning road pavement rehabilitation processes. To do this, the system searches for an
optimum allocation of pavers that minimize both cost and duration simultaneously, while using linear
programming to distribute the remaining equipment to support the pavers. Finally, the capability of the
system was tested with a real motorway pavement rehabilitation project. Not only did this experiment
shown the ability of the system to find the solution used in the case study, but also its ability to present
a set of other optimal solutions regarding different objectives.

Keywords
Pavement Rehabilitation, Intelligent optimization systems, Project Management, Metaheuristics,
Resource allocation.
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Chapter 1

1 Introduction
Motivation
The road network is undoubtedly the most important infrastructure for the development of a
country, it should not be seen solely as mean of transportation, but as a crucial asset to economic and
social growth and development. This network helps create jobs and promotes social and territorial
cohesion while ensuring the mobility and accessibility of people and goods throughout the country.
A paramount component of this type of network is the pavement that, besides the bearing
capacity, should also provide a smooth travelling surface that allows the vehicles to circulate with
comfort and safety under various climatic conditions, during the pavement’s design life. However,
these pavements, once built, suffer from deterioration over time, in consequence of the ever-growing
traffic volumes and conditions of the environment. Therefore, pavement often needs to undergo some
maintenance or rehabilitation actions throughout their life cycle, in order to maintain its condition
acceptable.
Pavement rehabilitation, especially in a highway context, comprises a complex set of operations
from milling the old pavement to paving the new layers, while continuing to ensure the traffic passage.
The importance of having functioning and safe highway networks makes this type of operations very
time sensitive, since it usually involves closing lanes that will inevitably cause delays to users and in
extreme situations end up in bottlenecks. On top of that, this construction type also relies on heavy
mechanical equipment that is very expensive, such as milling machines, dumper trucks, pavers and
rollers. Therefore, it exists an increasing interest in completing these actions of rehabilitation with the
lowest costs and durations.
Time and cost are clearly two of the most important criteria in choosing the methods and
resources to develop a project and, therefore, can be seen as two objectives that are important to
minimize simultaneously. What happens currently is that, instead of optimizing the distribution and
allocation of the aforementioned variety of equipment to various work fronts, planners either rely on
their experience or on a random trade-off of those two objectives.
Nowadays there are a lot of methodologies to observe and evaluate the condition and behavior of
the pavement and consequently be able to schedule and decide which maintenance or rehabilitation
intervention to execute in each situation, not only taking into account the condition of the pavement as
well as the agencies available investment. These methodologies are usually associated with
pavement management systems (PMS).
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Regarding the interventions planning process, which fills the gap between pavement management
systems and the subsequent construction, Morgado and Neves (2014) developed a model to support
decision makers in planning such interventions in a highway context. Their model generates a set of
feasible alternatives for a specific project and compares those alternatives regarding cost, duration
and user effects.
However, there is a lack of developments regarding the optimization of road pavement
constructive processes, especially in the context of the rehabilitation of highways, i.e., in terms of
considering equipment and operation modeling in order to obtain an optimal work sequence and
equipment allocation. Actually, the little that has been done concerning optimization in the field of
rehabilitation of highways, mainly focuses either on work zone planning (Abdelmohsen and El-Rayes,
2017) or time-cost-quality trade-off analysis (El-Rayes and Kandil, 2005).
Nonetheless, the optimization of constructive processes has been extensively studied in other
fields, such as earthworks (Marzouk and Moselhi 2004; Zhang 2008; Parente et al. 2015) or bridge
construction (Salimi et al. 2018). Most of these optimization systems have in consideration the
objectives of minimizing both cost and/or duration and are also generally based on evolutionary
algorithms such as genetic algorithms, particle swarm optimization or ant colony optimization, thus
being considered as intelligent optimization systems.

Objective and Methodology
The main objective of this thesis is to create an intelligent optimization system with the ability to
support the decision makers in planning road pavement rehabilitation processes. It is expected from
this development that, when given a certain number of available equipment, the system will be
capable of determining the optimal equipment allocation for each work front and for the entire
development of the whole project. Instead of outputting just one solution, i.e., just one optimal
allocation, the system should have the ability to present a set of optimal allocation solutions for a
specific project, having in consideration two objectives, time and cost.
As it was mentioned before this type of system has not been developed in the pavement
rehabilitation context or even pavement construction. So, this is the first development in this specific
area, as far as the author knows. However, it is not completely innovative in the sense that similar
methodologies have been applied in other areas, mainly earthworks. This thesis attempts to apply to
pavement construction what has already been applied to earthworks, which is a methodology based
on a simulation-optimization system. For this kind of systems, it is necessary to choose an
optimization method and to create an evaluation function, that can either be based on linear relations
or on a simulation engine.
The system was developed in R (R Development Core Team 2011) and in order to validate it, the
system was applied to a real case study. Subsequently, the solutions obtained by the optimization
system were compared to the original solution implemented.

2

Thesis Outline
This thesis is divided into five chapters. The current chapter (Chapter 1) introduces the theme and
the reasons that motivated the author to develop it, while making a brief summary of the current state
of the art. It also identifies the main objectives and methodology, ending in a description of the whole
document.
In Chapter 2 the most relevant concepts for the resolution of the problem are defined and in the
end a literature review is presented. It develops the concepts such as the description of the pavement
rehabilitation workflow and what each task comprises, the most relevant technologies available to
optimize the problem, and the tools which could help to develop the system. The literature review
approaches what has already been studied regarding project management optimization more focused
on highway construction, but also including other areas.
Chapter 3 describes the development of the intelligent optimization system for pavement
rehabilitation. It starts by defining the problem with more detail and compares the process of pavement
rehabilitation to a production line followed by the identification of the optimization objectives. Finally,
the development of the system is explained, including all the components of the fitness function and
how it interacts with the optimization method to obtain the optimal solutions.
In Chapter 4, a case study is presented and is used to show the capability of the system developed
to model pavement rehabilitation projects, as well as its flexibility to adapt to different types and
numbers of resources.
Finally, Chapter 5 presents the conclusions that were drawn from the development of the system
and from its application to a real-world case study, while also mentioning some of the system’s
limitations that should be approached in some future research in order to improve it.
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Chapter 2

2 Concepts and Literature Review
This Chapter focuses on describing the concepts needed to define and to solve the problem of
equipment selection and resource optimization, in the context of structural rehabilitation of flexible
pavements. In a first instance the workflow of rehabilitation activities is analyzed, the tasks and
equipment necessary to its completion are enumerated, and a comparison between this kind of
processes and shop-floor production lines is drawn. Following the background on the topic of
pavement rehabilitation in the previous section, including the delineation of the problem being
addressed in this study, the next section compiles the available technologies and tools available to
achieve the proposed goals. As such, the most commonly used evolutionary algorithms belonging to
metaheuristics and the tools to apply them to the problem are described. Lastly, a review and analysis
of the current state of the art is presented, considering the relevance of optimization in construction
management problems and the use of metaheuristics.

Road Pavement Rehabilitation
The road network represents the main infrastructure for the transportation of passengers and
goods, therefore being an essential element for socio-economic development. The main functions of a
road pavement are to ensure an adequate bearing capacity and a rolling surface allowing a
comfortable and safely circulation to all the vehicles, for a certain period of time, under the action of
the traffic, and under the climatic actions that occur.
Some characteristics of the surface, such as texture, skid resistance, color, other optical qualities,
smoothness, noise control, and drainage are more related with the surface layers of the pavements.
Other features, such as the integrity, regularity and the performance of the surface, translated in the
absence of cracks, potholes, depressions and other permanent deformations, are more related with
the structural behavior of the pavement. Thus, a pavement must require two types of qualities: the
functional quality and the structural quality. The first one is related to the users’ requirements, such as
comfort and safety in circulation, and the second one is related to the pavement’s bearing to support
the loads of the vehicles without undergoing changes beyond certain limits, which would jeopardize
the guarantee of the functional quality, which the road users are sensitive to.
Regarding the composition of the road pavement, it is considered to be a multi-layered system,
consisting of several layers supported on a foundation mainly consisting of natural terrain. The layers
that form a road pavement can be divided in layers composed of bound granular materials stabilized
with binders, placed on the top of the pavement and unbound granular layers, placed on the bottom of
5

the pavement. The most superficial layer of a pavement is designated as wearing course, whose
function is to ensure the aforementioned functional characteristics, providing a safe and comfortable
driving experience. The subjacent layers to the wearing course are responsible for the pavement’s
bearing to support traffic loads, and therefore to ensure the structure quality. The sequence of layers
from top to bottom is, generally, the following: wearing course, binder course, base course, granular
base and granular sub-base.
The two main types of pavement are characterized as either flexible or rigid, which are a function of
the adopted type of materials (more precisely the used type of binder – hydrocarbon or hydraulic) and
deformability degree. The flexible pavement generally consists of bituminous layers and displays high
deformability, whereas the rigid pavement is made of concrete layers displaying low deformability.
During life cycle, road pavements are exposed to loads of ever-growing traffic and climatic
conditions, which will eventually lead to the pavement’s degradation over time. The effects of the
degradation at a functional level affect the quality of the rolling surface perceived by the users, which
only occurs at the superficial layers. At the structural level the effects of degradation affect the ability
of the pavement to support the loads applied under certain climatic conditions, which can occur both at
superficial and subjacent layers. For these reasons, it is essential to plan maintenance and
rehabilitation interventions so as to eliminate or reduce the effects of the degradation, either at a
functional, structural, or both levels.
The structural rehabilitation of pavements usually comprises the execution of one or more new
layers. These layers can be the wearing course, the binder course and the base course. In the event
of the pavement being very degraded, it is common to mill the most degraded layers followed by
repairs in the remaining layers (like crack sealing and pothole patches) and ending with the execution
of the new layers.
Considering the rehabilitation of a flexible pavement with the execution of one or more overlays
(e.g., binder course and wearing course), the construction operations can be generally divided in at
least two processes: (1) the milling process of the existing and degraded layers; and (2) the execution
of the new layers. In the event that a rehabilitation operation consists of the execution of more than
one layer, it would be considered one process per execution of a new layer. Each process follows a
sequence of tasks, which for the milling process mostly consists of milling the existing layer,
transportation of the reclaimed asphalt pavement (RAP) and cleaning and preparation of the surface.
For the execution of the new layer the tasks considered start with the transportation of the new
bituminous mixture to be applied, the application of the track coat, the paving and finally the
compaction operation. Both processes can be seen in Figure 2.1, in a) the milling machine is milling
the old pavement and transferring the RAP to a truck that accompanies it, in b) the paving process is
taking place with the paver spreading the new bituminous mixture followed by a vibratory roller
compacting the new layer.
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Figure 2.1 - Pavement rehabilitation processes: a) Milling of the existing layers);
b) Execution of the new layers

It is important to note that the task of cleaning and preparing the surface is not exclusive of the
milling process, it can also be considered the first step in the execution of the new layer. In those
cases when the surface is milled and open to the traffic right after, the surface is cleaned immediately
after milling, and again before the execution of the new layer, possibly in another work day. However,
if both milling and execution of a new layer are done in the same work day, the cleaning task is only
done once between the execution of the two processes. Therefore, Table 2.1 summarizes the tasks
that compose each process, while considering those cases when both milling and execution of the
new layer are done sequentially in the same work day. It also indicates the resources that are required
to complete them and a description for each task. The optimization developed further in the next
chapters will simplify these processes, admitting that some of these tasks, such as cleaning and
preparation of the surface and the application of the track coat, are not as critical as the others.
Therefore, the main activities where the system will focus on are the milling, the transportation, the
paving and the compaction tasks.
It should also be mentioned that in the general process of pavement rehabilitation there are several
other crucial tasks that comprise this type of work. Those tasks are related with processes such as the
rehabilitation of the drainage system, replacement of vertical and horizontal signaling, replacement of
security elements, telecommunications to name a few. Even though, a project of rehabilitation has
more to it than just the tasks related with the milling and paving processes, this thesis will only focus
on the tasks mentioned in Table 2.1.
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Table 2.1 - Rehabilitation tasks and equipment needed for each process
Process

Milling of the
existing layers

Execution of
the new layers

Task

Equipment

Milling

Milling machine
Truck

Transportation

Truck

Cleaning and
preparation of the
surface

Sweeper
Truck (with water)
Air compressor

Transportation

Truck

Tack Coat

Truck (with emulsion)

Paving

Truck
Paver

Compaction

Roller

Description
Removal of the pavement surface by a
milling machine generating the RAP material
that is loaded onto haul trucks by the same
machine
Transportation of the RAP generated by
the milling machine to a leak/ditch or to the
plant to be integrated in the new mixture
Cleaning the excess of dust and debris of
the milling process
Transportation of the bituminous mixture
that will form the binder course from the
batch plant to the construction site
Laying of a bituminous emulsion to provide
an adequate bonding between the existing
layers and the overlay
A paver spreads the new bituminous mixture
transversely across the width of the screed
aided by a truck that feeds the paver
A team of rollers (usually composed by
vibratory rollers and pneumatic tyre rollers)
compacts the new layers to obtain the
desired layer thickness and level of
compaction

Admitting that many construction operations in related fields, such as earthwork processes, can be
compared to production lines similar to those found on the shop-floor of a factory (Parente et al. 2015),
so can other operations of highway construction such as more complex rehabilitation processes. In
this line of work, the construction project can be divided into a number of production lines, which
correspond to the total number of a type of equipment of the most conditioning task. In pavement
rehabilitation the critical task that determine the speed and the global work rate of this production line
is the paving. Therefor the pavers are the most critical equipment that defines the work that is done
each workday and that ultimately has a direct influence on project durations. To each production line
corresponds a number of each type of equipment (from milling machines to trucks and rollers) that can
assure an uninterrupted work and maximize the production rate of a paver. There are as many
production lines as the pavers that are assigned to a project and each paver is allocated to one of the
lanes that needs rehabilitation works. Thus, it is possible to have multiple production lines working
simultaneously and independently from each other while each one progresses towards completing the
lane where the production line was placed in. As soon as the paving of a lane is completed, the
equipment associated with that production line becomes available to be reallocated to a new work
front to form a new production line in a new lane still waiting to be rehabilitated.
The time that each production line requires to complete their tasks is mostly dependent on their
actual productivity, which, even though being determined individually for each piece of equipment is
strongly influenced by the productivity of the rest of the production line. Bearing in mind an example of
a production line working on the milling phase, consisting of one milling machine and two trucks, if the
productivity of the milling machine is of 50 m3/h and the combined productivity of both trucks is just 30
8

m3/h, then the actual productivity of the milling machine is forced to decrease to match that of the
equipment of the sequential task. Taking this into account, the productivity of the equipment allocated
to a task is always conditioned by the productivity of the equipment that serves it. While adding more
equipment to a specific task may increase its productivity, its maximum work rate cannot exceed that
of the tasks that serves it, as seen with the case of the trucks serving the milling machine.
These interdependencies and interactions between each task and each equipment is what makes
the modeling of this kind of operations difficult and complex. One option to model operations such as
rehabilitation of flexible pavements is through the application of simulation techniques. Some works
serve as good examples that have modeled through simulation construction the operations of the
paving phase. The first one modeled the paving operation of asphalt concrete (i.e., rigid pavement)
(Hassan & Gruber, 2008) and the other one the hot mix asphalt (HMA) paving operations (i.e., flexible
pavement) (Zhang, 2014), however neither of these models include the milling phase.

Optimization Technologies and Tools
2.2.1. Metaheuristics
Optimization is the act of obtaining the best result under given circumstances (Rao, 2009). In an
optimization process, first it is necessary to identify the goal regarding certain characteristics of the
system, designated as decision variables, which may or may not be constrained. After identifying the
goal, decision variables and constraints, an objective function is created to determine the best values
for the decision variables according to a certain objective (or set of objectives), while also taking into
consideration the constraints of the problem. Once the objective function has been formulated, the
next step concerns the choice of optimization algorithm to find the solution of the problem. There is no
single method available for solving all optimization problems efficiently. Notwithstanding, there are a
number of optimization methods that have been developed for solving different types of problems.
Nowadays, Metaheuristics have emerged as powerful and popular stochastic methods for solving
complex engineering optimization problems. These new techniques present themselves as good
alternatives to the deterministic algorithms when attempting to solve combinatorial complex
optimization problems, since even though they cannot guarantee that the optimal solutions are
reached, they can find quality solutions in a reasonable amount of time. Therefore, metaheuristics are
methods more adequate for solving combinatorial, non-linear and complex optimization problems with
a large discrete search space. Evolutionary Algorithms (EA) are a class of metaheuristic algorithms
that mimic the natural biological evolution and social behavior of species. Genetic Algorithms (GA),
Ant Colony Optimization (ACO) and Particle Swarm Optimization (PSO) comprise three of the most
well-known evolutionary algorithms commonly applied to engineering problems.
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Genetic Algorithms
GA were introduced by John Holland (1975) as a random searching algorithm that is influenced by
the mechanism of natural selection and survival of the fittest based on Darwinism. As an algorithm
also based on genetic concepts, the most important phases involved in a genetic algorithm are
selection, crossover and mutation.
The GA take a population of potential solutions of an optimization problem and submits it to the
three phases enumerated above, over many iterations (called generations) before reaching nearoptimal solutions. These solutions are called chromosomes, which encode a sequence of genes. In
turn, genes encompass the decision variables of the optimization problem, that are represented in the
chromosome by binary, integers or real numbers. An example of a chromosome represented by a
binary string can be seen in Figure 2.2.
The process starts with an initial population consisting of a predefined number of chromosomes
that is generated randomly. In each generation the fitness of the chromosomes of the current
population is evaluated with regard to the objectives chosen. According to the fitness, multiple
chromosomes are selected from the current population to be then modified, by crossover and possibly
mutation, to create a new population used in the next iteration. More often than not, the criteria for the
termination of the algorithm is either defined by a maximum number of generations or by reaching a
satisfactory fitness level for the population. Since the number of generations is a parameter that
defines the iterations that will be conducted by the algorithm, if the number considered is too small the
algorithm may not converge towards a satisfactory solution.
Every GA typically requires the definition of the genetic representation of the solution domain. This
is usually embodied by the chromosome consisting of an array of decision variables, and a fitness
function to evaluate the solution domain. The fitness function that measures the quality of a solution is
always problem dependent. The quality of the fitness function is determinant to the quality and
credibility of the solution obtained by the optimization algorithm. If the fitness function is poorly
designed, the algorithm will either converge to an inappropriate solution, or have difficulty converging
entirely.
The most common type of GA follows the steps described in detail below:
• Initialization: Individual solutions are randomly generated to form an initial population.
The population size which is defined by the user is problem dependent and it can range
from hundreds to thousands of possible solutions. Just like the number of generations the
population size is also an important parameter that can affect the algorithm convergence.
• Selection: In each generation, a proportion of the best solutions in the existing
population is selected based on evaluation through a fitness function to breed a new
generation. A small portion of less fit solutions is also selected in order to help keep the
diversity among the population, preventing premature convergence.
• Crossover: The most common type is single point crossover. First a crossover point
(defined by the red line in Figure 2.2) is chosen randomly which divides the chromosome in
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two parts that will be exchanged between parents to form new offspring. Depending on a
set probability, crossover may be skipped, resulting in the parents being copied directly to
the new population.
• Mutation: In order to ensure diversity in the gene poll, there is a small chance of
occurring mutation. If one allele (gene value) in an individual is selected for mutation, it can
either change it by a small amount or replace it with a new value (example in Figure 2.2).
Mutation is vital to ensuring genetic diversity within the population, allowing the
appearance of really innovative features and also preventing premature convergence.
• Termination: As said before, this process is repeated until a satisfactory fitness level
for the population or a maximum number of generations is reached.

Figure 2.2 - Operations of GA (Zhou et al. 2013)

A pseudocode for the GA algorithm can be defined as shown is Figure 2.3 (Elbeltagi et al. 2005).

Figure 2.3 - Pseudocode for a GA procedure (Elbeltagi et al. 2005)
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Ant Colony Optimization
It is common to witness a colony of ants moving in a straight line one after the other on an endless
path, rarely scattered or following a different path from the colony. In the natural world, ants can find
the shortest path between their nest and food sources while laying down pheromones to indicate the
path for each other. The pheromones in a certain path will dissipate over time, however, it will increase
when other ants travel on it. Generally, ants are inclined to choose the path with more pheromones,
which leads all ants converging in the same path.
Initially proposed by Dorigo and Gambardella (1997), ACO is based on this behavior of ant
colonies and it is especially efficient for path finding and combinatorial optimization problems. Artificial
ants are used in ACO to find paths in the search space, each one of these ants build a solution which
is similar to a chromosome in a genetic algorithm.
The process starts by generating m random ants (solutions). Each ant represents a solution string,
with a selected value for each variable that is then evaluated according to an objective function. In a
way to reinforce good solutions, pheromone concentration associated with each possible solution is
changed. Pheromone evaporation is allowed to avoid a strong influence of the old pheromone to avoid
premature solution stagnation. After the pheromone is updated, a new iteration starts by changing the
ants’ paths (i.e., associated variable values) in a manner that respects pheromone concentration and
also some heuristics preference (Elbeltagi et al. 2005). A pseudocode for the ACO algorithm can be
defined as shown in Figure 2.4.

Figure 2.4 - Pseudocode for an ACO procedure (Elbeltagi et al. 2005)

Particle Swarm Optimization
Developed by Kennedy and Eberhart (1995), the PSO takes its inspiration from the social behavior
of a flock of birds trying to reach an unknown destination.
In PSO each bird in the flock is a solution, which it is referred to as a particle, much like the
chromosome in GA. Each particle is defined by a velocity and a position, which is adjusted during
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flight according to its own experience (local search) and according to the experience of a neighboring
particle (global search), aiming to find the best position.
The algorithm initializes with randomly generated particles with each particle being represented by
its position as a point in a S-dimensional space, where S is the number of the variables. In each
iteration, each particle re-evaluates its position through a fitness function and according with its
experience compares it with the particle’s best position it has reached so far (pbest). Besides
determining pbest, the best global value obtained so far by any particle in the population, called gbest,
is calculated as the best fitness of all particles. Lastly, each particle’s velocity and position are updated
considering the values of pbest and gbest. Once the new position of a particle is calculated, the
particle then flies towards it and this process repeats through several iterations in search for and
optimal solution. The pseudocode for the PSO is shown in Figure 2.5.

Figure 2.5 - Pseudocode for a PSO procedure (Elbeltagi et al. 2005)

In comparison, PSO has a lot in common with GA since both are population based stochastic
algorithms, starting with a random population which is successively evaluated by a fitness function.
Also, both make few or no assumptions about the problem being optimized while being able to search
very large spaces of potential solutions. However, PSO does not have genetic operators, such as
crossover and mutation, rather relying on updating the internal velocity of particles. As opposed to
GAs, the evolutionary process does not create new birds from parent ones, rather, the birds in the
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population only evolve their social behavior and accordingly their movement towards a destination.
Summing up, the information sharing mechanism as it flows from best particle to the others is unlike
GA, in which the population moves together.

2.2.2. R Tool
Nowadays, there are several programming languages that can be used to model an optimization
system. Between the most common, namely commercial software of Matlab® and the open-source R
(R Development Core Team 2011), the one chosen to develop this thesis optimization system was R.
The R software tool has already been used in similar approaches to this work, through mostly in the
geotechnics area, more precisely in earthworks (Parente et al. 2015), which has shown the potential
and reliability of this programming language. Besides that, R environment is an open source, multiple
platform (e.g. Windows, Linux, Mac OS), and its features are consistent with the requirements of this
project.
Another factor that was important to the choice of R, was the fact that its community is highly active
and new packages are continuously being developed, and in the scope of optimization algorithms,
there are packages based on metaheuristics such as GA, like “mco” and “genalg” (Mersmann et al.
2014; Willighagen 2015) and PSO (mopsocd) (Naval 2013). Given the high success of genetic
algorithms (as discussed in the following section) and the versatility of pareto approaches for multicriteria optimization, the package mco (Mersmann et al. 2014) was adopted for the optimization
process in this work. The package implements a non-dominated sorting genetic algorithm-II (NSGA-II)
(Deb, 2002), which is an evolutionary multi-objective algorithm designed to find multiple Paretooptimal solutions in a multi-objective optimization problem. The algorithm is founded upon three
concepts that set it apart: elitism, diversity preservation and non-dominated solutions. The function
nsga2 corresponds to the NSGA-II implementation in the mco package, featuring the following main
parameters (Mersmann et al 2014):
• fn – function to be minimized (should return a vector with the several objective
values);
• idim – input dimension;
• odim – output dimension (number of objective functions);
• … - extra arguments to be passed through to fn;
• lower.bounds, upper.bounds – lower and upper bounds;
• popsize – population size (default is 100);
• generations – number of generations (default is 100) or a vector;
• cprob – crossover probability (default is 0.7); and
• mprob – mutation probability (default is 0.2).
This function returns a list with the final population with the following components:
• $par – population values;
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• $value – matrix with the best objective values for the last population individuals; and
• $pareto.optimal – Boolean vector that indicates which individuals from the last
generation belong to the Pareto front.

Optimization in Construction Management
Optimization has become an important tool for decision making in a vast number of areas, being
one of them construction management. Construction management comprises several types of
problems, from design phase to monitoring and control of a construction project (Liao, Egbelu, Sarker,
& Leu, 2011). Regardless of the type (linear or nonlinear), scale (small or large) and duration (short or
long) of each project, generally there are two objectives that a decision maker takes into
consideration, and consequently, wants to optimize. Those two conflicting objectives are time and
cost, and common-sense dictates that we cannot decrease one without increasing the other, making
the primary task of a project manager to manage the tradeoffs between them.
In the review paper of Liao et al. (2011), the authors give various examples of the use of
metaheuristics in the different phases that comprise a construction project. This section encompasses
a review of the current state of optimization in construction management, with focus on projects
related with highway construction, and following a structure inspired by Liao et al. (2011), dividing
them in design, planning, and construction phases. Table 2.2 summarizes the studies that will be
mentioned below.
Table 2.2 – Optimization systems for design, planning and construction phases
Optimization
method

Design

Planning

Construction

GA

(Kang et al. 2012)

(Marzouk & Moselhi, 2002,
2004)

(Hegazy & Petzold, 2003)

(Yang, Kang, Schonfeld, &
Jha, 2014)

(Hegazy & Kassab, 2003)

(Moselhi & Alshibani, 2007,
2009)

(Cheng et al. 2005)

(Parente et al. 2018)

(El-Rayes & Kandil, 2005)
(Cheng & Yan, 2009)
(Zahraie & Tavakolan, 2009)
(Ashuri & Tavakolan, 2011)
(Parente et al. 2015)
(Abdelmohsen & El-Rayes,
2016, 2017)
(Salimi et al. 2018)
ACO

(Miao, Li, Yang, & Huo,
2009)

Afshar and Kaveh (2007)

---

PSO

(Shafahi & Bagherian, 2013)

(Zhang, 2008)

---

(Nassar & Hosny, 2012)
(Zhang & Xing, 2010)
(Ashuri & Tavakolan, 2011)
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2.3.1. Design Phase
In the specific case of Highway Construction, during design phase, optimization is generally used
to find the best alignment for a new highway. Many researches have studied Highway Alignment
Optimization.
On one hand, some studies focus on just one of the alignments, either vertical or horizontal, just
like Miao et al. (2009), who developed an optimization methodology based on ACO to produce an
optimum vertical highway profile for a pre-selected horizontal alignment. The ACO would select the
roadway grades that minimize the earthwork cost and satisfy the geometric specifications.
On the other hand, there are studies that optimize both vertical and horizontal alignment
simultaneously (Kang 2012; Shafahi 2013; Yang et al. 2014). These studies propose a multi-objective
highway alignment optimization model to aid engineers in designing multiple high-quality highway
alternatives in the preliminary design phase. The models consist of a Geographical Information
System allied with an optimization method. In Kang (2012) the optimization method chosen was GA, in
Shafahi (2013) it was PSO and in Yang et al. (2014) it was a Hybrid Multiple Objective Genetic
Algorithm that finds a set of non-dominated Pareto-optimal solutions of alignments.

2.3.2. Planning Phase
The phase of a construction project that has been the subject of most research is the Planning
Phase. Given the complexity of the problems associated with this project phase, the simpler traditional
optimization methods (e.g., linear programming or blind search) are not viable in most cases. Instead
the most adopted solution is simulation-optimization using non-traditional optimization methods (i.e.,
metaheuristics).
Usually, simulation-optimization systems rely on an optimization method, associated with an
evaluation function, that can either be based on linear relations or on a simulation engine. The process
consists on a search for potential solutions for a given problem by the optimization algorithm, while the
evaluation function (i.e., simulation model) rates each possible solution in order to establish a measure
of preference over decision objectives.
At this phase of a project, there are many optimization problems ranging from site layout to routing
problems and resource optimization. More specific problems of site layout and routing problems are
respectively highway work zone planning associated with maintenance or rehabilitation works, and the
least-cost cut-fill route problem related with earthworks. As an example of work zone planning
optimization, Abdelmohsen and El-Rayes (2016) first developed a multi-objective GA optimization
model for highway work zone layouts that is capable of generating optimal trade-offs between
minimizing traffic delays and construction cost. In 2018, the same authors developed another multiobjective optimization model although this time the aim focused on user’s safety by minimizing the
probability of crashes.
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Regarding the least-cost cut-fill route problem, Nassar and Hosny (2012) attempts to determine the
optimal route and the quantities of soil that construction equipment must haul to meet the desired
grade while minimizing the total distance traveled.
Generally, project planning problems of resource optimization, as mentioned before, are solved by
following a simulation-optimization process. Marzouk and Moselhi (2002) presented an application for
optimizing earthwork operations using a developed simulation engine linked to a genetic algorithm as
the optimization technique. The simulation process utilizes discrete event simulation and objectoriented modelling. An equipment database provides the simulation module with the specifications of
available equipment, while the genetic algorithm is used to generate different scenarios of possible
fleets of equipment to complete a series of earthwork tasks, and then searches for feasible near
optimum solutions. The system does not present itself the capability of optimizing more than one
objective simultaneously, but it gives the opportunity to minimize either total project cost, project
duration or the idle time of one or more specific pieces of equipment individually. The interaction
between the GA and the simulation engine presented in this research exemplifies a typical simulationoptimization system Figure 2.6. Not long after, the same authors adapted this system to be able to
perform multi-objective optimization by employing Pareto optimality, which is capable of identifying a
set of nondominated solutions accounting for different optimization objectives (Marzouk and Moselhi
2004).

Figure 2.6 - Simulation-optimization system with the optimization module to the left and the simulation module
to the right (Marzouk and Moselhi 2002)

Potentiated by this work, a model for planning and control of earthwork operations, was developed
(Moselhi and Alshibani 2007, 2009). The main difference between this new model and the one
developed by Marzouk and Moselhi (2004), besides the integration of GPS to track the progress of the
operations, resides in the fact that the new research (Moselhi and Alshibani 2007, 2009) developed a
pathfinder algorithm to integrate the crew optimization module. The pathfinder algorithm analyzes the
collected spatial data, searching among many paths predefined by the user, to find the optimal path
for the equipment under consideration.
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More recently, a new approach of a multi-objective optimization system for earthwork operations
was developed (Parente et al. 2015). This optimization system compares the earthwork construction
to a production line, so instead of picking out the equipment with a minimum productivity to control the
whole crew productivity after the generation of the solutions (Moselhi and Alshibani 2009), it admits in
advance that the most critical task is soil compaction, making the solutions searched by the
evolutionary algorithm (NSGA-II) consisting of the allocation of these conditioning equipment
(compactors) to embankment fronts. From there on, the remaining equipment (e.g., trucks, loaders,
excavators) needed to conclude an earthwork production line is distributed by using linear
programming, guaranteeing their productivity is as close as possible to the productivity of the
compaction team that they will support. The framework of this approach of earthwork resource
allocation optimization is shown in Figure 2.7.

Figure 2.7 - Algorithmic flow of EMO algorithm (Parente et al. 2015)

Other systems follow the same simulation-optimization principles using different approaches.
Hegazy and Kassab (2003) presented a simulation-optimization system which was tested for both a
concrete placing and earthwork operations, by using GA for optimization and object-oriented
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simulation engine as an evaluation function. Cheng et al. (2005) proposed a method that uses an
optimization technique based on a hybrid between genetic algorithms and heuristics to help the
optimization process to converge quickly, while using CYCLONE (Cyclic Operation Network) as a
simulation evaluation function modeled for a sewer pipeline construction. Zhang (2008) presented a
multi-objective simulation-optimization system, based on particle swarm optimization paired with an
object-oriented simulation as the evaluation function to obtain near-optimal equipment configurations
of earthworks operations. The proof of the broad applications of this type of systems is also illustrated
in the work of Cheng and Yan (2009), that once again used CYCLONE simulation engine to model the
production of precast concrete elements, allied to a “messy GA”. The difference between the latter and
a regular GA is in the genes of a chromosome that are represented by a pair (gene locus and gene
value), the first being the position of the gene and the second the value. The relevance of using this
algorithm is that it allows to determine the “optimal scheme of a simulation model” while finding the
optimal resource combination for the various tasks that form that production process. More recently,
Salimi et al. (2018) also proposed a multi-objective simulation-optimization system that adopted the
evolutionary algorithm NSGA-II and discrete-event simulation engine SimEvents (MATLAB Simulink
Library tool) to optimize the quantities of resources needed for bridge construction.
In terms of highway construction specifically, El-Rayes and Kandil (2005) presented a GA multiobjective optimization model for solving a highway construction time-cost trade-off problem with an
introduction of a new objective, the maximization of quality. It was considered different configurations
for resource utilization to different types of activities, instead of just considering types of equipment for
each activity as the studies mentioned above tend to. Those configurations consist of combinations of
materials, pre-defined crew formations and overtime policies. However, this approach cannot
guarantee that the pre-defined crews considered are the best combination of equipment. Therefore,
the solutions obtained cannot be justified as being optimal.
The same time-cost-quality trade-off problem was also solved for other fields by using an
optimization based on multi-colony ant algorithm (Afshar and Kaveh 2007) and another based on
particle swarm optimization (Zhang and Xing 2010). Other researches have considered resource
moments as an objective instead of considering quality (Zharaie and Tavakolan 2009; Ashuri and
Tavakolan 2012). Resource moments is a measure used to quantify the variations of a type of
resource allocation throughout the course of the whole project. Both approaches utilize the fuzzy set
theory to characterize uncertainty about input data (i.e., time and cost), however the first model resorts
to a nondominated sorting genetic algorithm and the second a hybrid GA-PSO optimization approach,
which was even shown to outperform the first approach.

2.3.3. Construction Phase
During construction phase, the main focus of an optimization system is to know when the actual
progress starts to deviate from the planned, allowing the decision-maker to apply corrective actions.
Hegazy and Petzold (2003) presented a model for cost optimization and dynamic project control. The
basic premise of the model is to allocate optimal construction methods for each activity using a genetic
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algorithm procedure for total cost optimization. Once the actual progress is entered, their model can
be used to determine optimal corrective actions for the remaining portion of the project activities during
execution of construction projects, while at the same time, considering time, cost, and resource
constraints.
Other researches have considered continuous optimization systems supported by spatial
technologies, such as global positioning system (GPS) to track the progress of a project on site and on
real time. An example of this is the development of systems focused on continuous optimization of the
equipment fleet in a construction involving earthwork operations, where the GPS is used as a real time
equipment control tool, a spatial data analysis tool, and also supports spatial data acquisition (Moselhi
and Alshibani 2007; Moselhi and Alshibani 2009). The GPS technology provides the position of a
piece of equipment over time, allowing for an estimate of the actual productivity of the equipment. The
estimated productivity in planning phase is then replaced by this new one, and the equipment fleet is
re-optimized. This monitoring and control systems demonstrate a superior ability to adapt to
unforeseen delays during construction.
While the works mentioned above are not all directly related with highway rehabilitation operations,
most works presented demonstrate the relevance of optimization and its most various applications in
the different phases of a construction project management, and also the preference for metaheuristics
as the optimizer.

20

Chapter 3

3 Development of the Optimization System
As stated previously, pavement rehabilitation comprises a complex set of operations that are very
time and cost sensitive, since it usually involves closing a couple of lanes of a segment of a highway,
which in turn becomes an inconvenience to users. Besides that, this type of construction also depends
on costly heavy mechanical equipment that, if optimized, can lead to a reduction and/or optimal tradeoff between construction cost and duration. By taking into account this potential to be optimized and
the lack of developments of an optimization system regarding the pavement rehabilitation process, this
thesis focuses on developing such optimization system.
Considering the nontrivial characteristics derived from the complexity of the problems mentioned
above, such as non-linearity, the existence of integer or binary variables, large search space, and
conflicting objectives it is very challenging to address them through deterministic optimization methods
alone. Thus, metaheuristics are presented as a feasible alternative to solve this kind of complex
problems, since they are capable of searching interesting search space regions without being too
computationally expensive. On that note, an evolutionary metaheuristic was chosen as the
optimization method in this work, more precisely genetic algorithms. This choice was supported by the
existing literature, which featured attempts at solving similar problems in different fields, as described
in Chapter 2. Even though several studies adopted other evolutionary algorithms, like ant colony
optimization (Afshar et al. 2007; Miao et al. 2009) and particle swarm optimization (Nassar & Hosny,
2012; Zhang, 2008; Zhang & Xing, 2010), it was clear that the most popular among researchers was
genetic algorithms (Marzouk and Moselhi 2004; El-Rayes and Kandil 2005; Zahraie and Tavakolan
2009; M Parente et al. 2015; Salimi et al. 2018), due to their ease of implementation and intuitive
interpretation. Even if a comparison between PSO and GA applied to this specific problem could be
interesting, it was not conducted because it did not fit into the scope of this work.
The GA based multi-objective evolutionary algorithm that was chosen to develop this work was the
Non-Dominated Sorting Genetic Algorithm II (NSGA-II), which has among many interesting features
the ability to perform Pareto optimality. This feature allows the algorithm to output a set of nondominated solutions, which means that none of the objectives can be improved in value without
worsening the other, instead of just only one solution that tries to satisfy both conflicting objectives.
The decision makers are therefore presented by a set of equally good solutions to choose from
according to their own criteria.
In the first section of this chapter the optimization problem will be defined, and the concept of
addressing it as a production line will be further explored. The second section identifies the objective
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and constraints of the problem studied. Finally, the development of the optimization system is
described.

Problem Definition
Pavement rehabilitation can be depicted as a set of similar production lines based on resources
that execute a set of tasks in a specific sequential order throughout different work fronts, until a certain
parameter is reached. In this case, the parameter is the completion of the paving of a certain volume
(m3) of bituminous mixtures. The resources that make of the production line are the heavy equipment
essential for the development of the project, namely milling machines, trucks, pavers and rollers, and
the sequential tasks that they perform are milling, transportation, paving and compaction, respectively,
as depicted in Figure 3.1. It is important to note that the depiction of these construction operations in
Figure 3.1 is very simplified and does not include some tasks mentioned in Chapter 2, such as
cleaning and preparation of surface and track coat application. These tasks considered secondary will
only be accounted to obtain total construction costs, admitting that they do not have as much of an
influence in the total construction duration as do the equipment presented in Figure 3.1.

Figure 3.1 - Pavement rehabilitation production line (adapted from Zhang (2014))

In production lines there is always a critical path that determines the speed at which the whole
process progresses, comprised by one or a set of critical tasks. In this specific case, the most relevant
critical task corresponds to the spreading by the pavers. In fact, this task of spreading does not limit
itself to spreading the new mixture, but it also compacts it to about 90 % of the compaction level
desired, with the remaining 10 % being compacted by the rollers that follow the paver.
Another interesting characteristic of these type of road rehabilitation works is related to the fact that
there are two different materials, and therefore also two distinct process sequences that can be
considered as production lines: the milling process, which only deals with the RAP material, and the
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paving process, that deals with the new material that is meant to be placed to form the new
rehabilitated pavement. The first process consists of milling the area to be rehabilitated and, as it was
already mentioned in Chapter 2, this is achieved by resorting to milling machines and trucks. The latter
carry out the transportation of RAP to a ditch or to the production plant (if the intention is to recycle the
RAP). The second process consists of applying the new bituminous mixture, a task that is performed
by the pavers, supported by a truck that feeds it the new bituminous mixture and the rollers that
conclude the compaction.
Even though the material that flows through the milling process and the paving process is not the
same (which would be different if the new mixture had even a small percentage of RAP in the
constitution of the new pavement) there is still an interdependency between both processes.
Therefore, instead of separating the two production lines, and try to optimize each individually, this
work will consider that both processes form one main production line. In fact, the paving machine
cannot pave a lane that has not yet been milled, and as for the milling machine, it would be unwise to
mill all lanes not considering the ability of the paver to follow it. So, to conclude, these processes need
to be synchronized in terms of their work rates and the rates of the transportation and compaction
equipment as well. This is, one equipment cannot do its task faster than the other, as they need to
move as one whole production line in order to optimize productivity and therefore minimize both time
and cost. In other words, maximizing the work rate of the pavers would only correspond to the minimal
execution duration solution, if there is enough equipment in the remaining tasks to support the paver.
In these type of road rehabilitation works using hot mix asphalt, a key factor for the good final
quality obtained for the new pavement is directly linked to a good compaction of the new mixture,
which, in turn, depends on the temperature of the HMA at the time it was placed and its cooling rate,
as well as on climatic conditions. In other words, once the new mixture leaves the pavers at a certain
temperature, the rollers have a time window to compact it before it reaches a temperature threshold,
otherwise it will be harder to work the new mixture and therefore compact it to the desired level. This
particularity of these projects is taken into account by considering that the whole production line
moves at the rate of the slowest task. Therefore, if the rollers total work rate is inferior than the pavers
that it serves, instead of the paver moving at its own work rate, this decreases to equal the rollers total
work rate in order that the mix doesn’t cool down will waiting to the rollers to compact it.
The pavers are allocated to work fronts as to form a production line, which has the objective of
paving a certain volume of a new mixture, and the work fronts considered for this application are the
lanes that need to be rehabilitated. Most of the times, as it is the case with the rehabilitation in a
highway context, the project is not complete with just one production line, because there are usually
more than two lanes to be rehabilitated at the same time, so, in this point of view, the rehabilitation
construction projects are divided into a number of production lines equal to the number of paving
fronts. In the case studied in this thesis the paving fronts will be limited to one lane per front.
Whenever a paving front is completed, it corresponds to the end of a construction phase. At the
end of a construction phase the equipment allocated to the completed paving front becomes available
to be reallocated to form a new production line in a new paving front or to integrate a production line in
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a front already started if this front does not have enough equipment to ensure its paver maximum
utilization. This reallocation of each available resource every time a new phase starts makes this a
time-evolving process that grants the problem a dynamic characteristic, meaning that the solution
must also adapt over time. Thus, this type of optimization problem features as variables the amount
and type of resources to be optimally allocated for each task in each construction phase.

Objectives and Constraints
As stated before, the amounts of equipment allocated are the decision variables of this optimization
problem, and the objective is to minimize both construction time and costs. The effect that the decision
variables have in these conflicting objectives is that if one wants to decrease execution durations by
increasing the amount of allocated equipment, the result will be the imminent increase in execution
costs, and vice-versa.
In order to define the objective functions of time and cost, it is important to note that maximizing the
productivity of the production line, is crucial to minimize both objectives, since they depend directly on
this global work rate of the production line. Having this in consideration also guarantees that the
available resources that are employed are working at their full efficiency (which also has beneficial
side effects, such as minimization of carbon emissions and environmental impact). This global work
rate in an ideal solution should correspond to the maximum paving task work rate, which was
considered the most conditioning task in this type of production line. However, due to the
interdependence between tasks, the work rate that should be considered in the calculation of the
objective values corresponds the minimum work rate between all tasks that comprise these production
lines (e.g., when the trucks that serve the paver are not enough to ensure its maximum work rate, the
global work rate then becomes equal to the total work rate of the trucks, since the paver has to spend
idle time waiting for trucks to be available, thus reducing its productivity).
The time for each work front (𝑇,% ) is obtained by dividing the volume of material paved in the
corresponding front, 𝑉< (𝑚D ⁄ℎ), by the minimum work rate within the production line, 𝑄389 (𝑚D ⁄ℎ)
(Equation 3.1). Consequently, the duration of a construction phase (𝑇"# ) corresponds to the duration
of the fastest production line (Equation 3.2), since the optimization conditions will change whenever a
production line completes its work (e.g., the equipment associated with that production line will be
available for reallocation to a new work front).
𝑇,%,* =

𝑉<,*
𝑉<,*
=
𝑄389,* 𝑚𝑖𝑛J𝑄#,* , 𝑄",* , 𝑄&#,* , 𝑄7,* , 𝑄&7,* K
𝑇"# = 𝑚𝑖𝑛J𝑇,%,* K

(3.1)
(3.2)

The cost for each equipment (𝐶$ ) can be divided into fixed and variable costs. While the fixed cost
(𝐶% ) corresponds to constant expenses, such as equipment rental (when applicable) and manpower
costs, the variable cost (𝐶+ ) is related to time dependent costs, such as equipment fuel or
maintenance (Equation 3.3). In turn, the cost of a production line allocated to an active work front
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(𝐶,% ) is given by the sum of the cost of all the equipment that comprise that production line (Equation
3.4), and the cost of a construction phase (𝐶"# ) is simply obtained by summing all the cost of the
active work fronts during that phase (Equation 3.5).
𝐶$,L = M 𝐶+,L × 𝑇"# + M 𝐶%,L

(3.3)

𝐶,%,* = M 𝐶$,L

(3.4)

𝐶"# = M 𝐶,%,*

(3.5)

In this given optimization procedure, as it will be further explained in the following section, in each
iteration, corresponding to a new construction phase, both time and cost related to that phase will be
obtained through equations 3.2 and 3.5. In the end the total project cost (𝐶&'()* ) and duration (𝑇&'()* )
will be the sum of every phase cost and every phase duration, respectively (Equations 3.6 and 3.7).
𝑇&'()* = M 𝑇"#,P

(3.6)

𝐶&'()* = M 𝐶"#,P

(3.7)

Concerning the constraints, it was mainly considered space and quantities restriction, such as
limiting the number of pieces of equipment that could be allocated to a front at the same time. Another
relevant restriction taken into consideration is related to the fact that the paving process, and therefore
the whole production line allocated to a front, is not able to work if a team of rollers is not available,
since paving requires the support of at least two different types of rollers: pneumatic tyre rollers and
vibratory rollers.

Optimization System Development
The evolutionary multi-objective optimization system presented in this thesis is based on the Nondominated sorting genetic algorithm (NSGA-II). Key elements of this type of optimization method are
both the designing of the chromosomes that will define the search space of the problem, and also a
good fitness function that can model de problem and at the same time evaluate the quality of the
solutions.
While the majority of GA optimization approaches mentioned in Chapter 2 generated
chromosomes to represent the quantities of equipment necessary to complete a specific construction
project, Parente et al. (2015) proposed a novel solution representation. In this proposal, only the
equipment corresponding to the most critical task of the production line is allocated, while the support
equipment for the remaining tasks comprising the production line is allocated in a later stage by
resorting to linear programming. The latter focuses on distributing equipment teams in such a way that
the productivity in each team is guaranteed to match as closely as possible the productivity in the
critical task, while minimizing operational costs. The advantages of such methodology include a
significant improvement both on the convergence time of the optimization algorithm, and on the quality
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of solutions. Following that same approach but applying it to a context of pavement rehabilitation, the
solution representation focuses on the optimal distribution of the pavers. Therefore, each solution is
composed of a sequence of integer genes 𝑔P8 that denotes the paving front to which the 𝑗(Q paver is
allocated in the 𝑖(Q construction phase (Figure 3.2). Each gene can take an integer value ranging from
0 to the maximum number of paving fronts, 𝐿, which in this case are the number of lanes to be paved.
Thus, the length of a solution’s chromosome depends on the total number of pavers available, 𝑃, and
the total number of lanes to be paved, 𝐿, and it is obtained by multiplying both numbers: 𝑃 × 𝐿. In the
example shown in Figure 3.2, with 𝑃 = 3 pavers and 𝐿 = 5 lanes, the chromosome is composed of 15
genes.

Figure 3.2 - Chromosome representation and example

Such as mentioned above, the genes can take values ranging from 0 to 𝐿, where a gene equal to 0
corresponds to a paver that will not be allocated to any lane during a construction phase. This option
enables the optimization system to obtain solutions that could consider at the same time that a paver
would not be working in one construction phase, but still in the end of the project obtaining a lower
overall cost. Moreover, it allows the algorithm to assess and discard solutions that employ lower
efficiency equipment (e.g., equipment with high cost but low productivity), since these may be held
from being allocated entirely.

3.3.1. Verification and Repair Process
In order to make sure that the solutions obtained by the optimization algorithm are feasible it is
important to put them through a chromosome verification and repair process, comprised of the
following sequential four steps:
•

Step 1 – Verify if there is an unfinished front that started in the previous construction phase.
If it is verified, the paver allocated to this front will remain allocated to it, as to avoid
unnecessary interruptions and reallocations.

•

Step 2 – Verify if at least one paver is allocated to a front in a construction phase. This
verification is necessary for the specific case where the algorithm generates a solution with a
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value of 0 assigned to every paver in one construction phase. When such situation occurs,
the value of the first gene changes from 0 to the first front which state is categorized as Not
Started, effectively forcing at least one work front to be active in every construction phase.
•

Step 3 – Verify if any gene value of the current construction phase corresponds to an
already completed front (i.e., already paved). Whenever this is true, simply change the paver
allocation to a front that has not started yet, by changing the gene value corresponding to
that paver to a front categorized as Not Started. As one can easily infer, this step guarantees
that pavers are never allocated to lanes that are already paved and subsequently that a lane
is not paved more than once.

•

Step 4 – Verify if there are no more than a maximum number of pavers (𝑝3)4 ) allocated to
each front in the same construction phase. This verification is seen as a space restriction
and, in terms of solution representation, this happens when at least 𝑝3)4 + 1 genes
belonging to the same construction phase have the same value, meaning that 𝑝3)4 + 1
number of different pavers were allocated to pave the same lane simultaneously. When
verified, this is solved by finding the duplicated genes, corresponding to the excess pavers in
overcrowded fronts, and then change them to available fronts that have not been started, or
0 in case there are no more available fronts. Usually, the maximum number of pavers
applied in highway construction and rehabilitation context is one. However, this optimization
tries to be as broad as possible and admits that this number can be changed.

The sequence of verification steps is not random, the order was chosen in a way to prevent
harmful interactions between the four verifications. In other words, it prevents that the repair done in
one verification will not be undone in the next one. In Figure 3.3 the sequence and effects of applying
each step to an example is represented. Nevertheless, these steps only work if an information list
containing the lane state classification and the work volumes still left to do for each lane are constantly
updated after every construction phase is completed. This state classification varies from finished (F),
still not finished (NF) and not started (NS). Regarding the volumes that are kept in this list, they are
used to obtain the durations through Equation 3.2. After obtaining the construction phase duration, the
volumes are then updated by subtracting the paved volume to the initial volume. Moreover, to ensure
that step 1 is correctly verified, the same list also has the information about the paver that has been
previously allocated in the last construction phase to a lane currently classified has not finished. This
means that if a lane was started but not completed during the course of a construction phase, then the
information about the paver that was allocated to it will be recorded in this list. Besides this information
list, another type of list was needed to keep track of the equipment available to be distributed to each
paver.

3.3.2. Solution Quality Assessment Process
The fitness function includes not only this verification and repair process of the solutions obtained
by the evolutionary multi-objective optimization but also a solution quality assessment process which
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can also be divided in several steps that aim to determine the objective functions of total construction
time and cost, identified in the last section. These steps are identified and summarized in the flow
chart in Figure 3.4 representing this assessment process, that is done in an iteratively manner for
each construction phase needed to complete the project.
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Figure 3.3 - Verification and repair process applied to an example

In every iteration (generation) of the evolutionary multi-objective optimization algorithm a
population of solutions is created by reproduction associated with mechanisms like mutation or
crossover. Each one of those solutions consists of a different allocation of pavers to active fronts for
the whole project. For each segment of the solution chromosome corresponding to a construction
phase, it will first undergo the verification and repair strategy described above, and only then does the
solution quality assessment begin. So, the first step results from extracting the segment corresponding
to the current construction phase from the solution and apply the verification and repair process to it,
obtaining in this way the valid allocation of pavers to paving fronts for the current construction phase.
The following steps are oriented to distribute the remaining equipment to the tasks that serve the
paving front and consequently to obtain the total costs and duration of the current construction stage.
Bearing in mind that both time and cost depend either directly or indirectly of the productivity of the
production line, it is paramount to optimize this value when allocating the equipment to paving fronts.
To do this, after allocating the pavers to available paving fronts, i.e., lanes that have not yet been
completed, and calculating the total productivity in each front, the next step focus on allocating the
remaining equipment to form a production line. On one hand, the amount of the first equipment to be
allocated to a front still with only the pavers allocated to it, will be chosen considering factors such as
the pavers total productivity and the available types and quantities of that equipment. On the other
hand, the allocation of the following types of equipment to any front will not have in consideration the
productivity of the paver as default, but instead it begins to consider the minimum productivity between
all equipment already allocated, since it may happen that a certain type of equipment does not have
enough available units to maintain the pavers level of productivity.
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Figure 3.4 - Flowchart of the solution quality assessment process
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To help better visualize with a practical example what is done in the first three steps of the solution
quality assessment process, let us consider an initial construction phase where three pavers of the
same type, and therefore with the same productivity of 50 m3/h, were distributed between two fronts
(i.e., two lanes). Assuming that front 1 had 2 pavers allocated to it and front 2 the remaining one, this
means that front 1 would have a higher productivity (100 m3/h) than front 2 (50 m3/h). In order to keep
the productivity of each production line equal to the total productivity of the pavers in each front, logic
would dictate, for example, that front 1 needs more transportation trucks than front 2. However, in the
event that not enough trucks were available to serve the pavers, or paver, in one front, the productivity
of the production line, and consequently the paver will be limited to the minimum productivity imposed
by the transportation task. The same methodology goes for the allocation of the rest of the equipment
belonging to other tasks, where the goal is to allocate enough equipment so that the work rate does
not drop below the minimum already set. The only exception is compaction, since this task is usually
done by teams of at least two types of rollers (pneumatic tyre roller and vibratory roller). This means
that whenever there is no roller available of at least one type, it is as if that front would not perform at
all until both rollers of different types were available at the same time, because compacting the
bituminous mixture with just one type could affect the quality of the final product.
In order to distribute the equipment of the rest of the tasks to the active fronts a LP (linear
programming) model is adopted which is run every time a type of equipment needs to be allocated to
a task. Each LP model is used for every task in every front and has the main objective function of
minimizing the total equipment cost of that task. Note that, even though the allocation of the
equipment in these tasks implies tackling discrete variables, the adoption of a LP model is still viable,
as results can be rounded to the nearest integer without hindering the quality of solutions. The LP
model has two constraints, firstly the total work rate of the current task must be equal or greater than
the total work rate of the pavers in that work front, if no other previously allocated equipment has a
minimum work rate (𝑄389 ) than the paving task. Secondly, it is also constrained by the quantities
available of the types of equipment (𝑛L ) needed for that task. In the case that there is not enough
equipment to satisfy the work rate of the pavers in the corresponding front, all the available equipment
is allocated, and the corresponding new minimum work rate is defined by this task. To illustrate the
linear programming model used for each task (Equation 3.8), let us assume that there are 𝑁U types of
equipment that can be distributed to complete a certain task (e.g., two types of trucks with different
capacities and hourly costs) and to each type 𝑖 (𝑖 = 1, … , 𝑁U ) corresponds a different work rate (𝑄8 )
and hourly cost (𝑐8 ), then a string 𝑥8 (𝑥8 = 𝑥X , … , 𝑥YZ ), would corresponds to the quantities of the
selected equipment solution.

𝑀𝑖𝑛:

M 𝑥L × 𝐶$,L

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

𝑥L ≤ 𝑛L
M 𝑥L × 𝑄L ≥ 𝑄389,*
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(3.8)

With every production line completed (all equipment allocated) for each active front, it is possible to
determine the time for each production line by applying Equation 3.1 followed by the determination of
the duration of the current construction phase, which corresponds to the fastest production line to
complete a paving front. Going back to the last example, and admitting that there is enough available
equipment in every task in a way that maximizes the productivity of each front (100 m3/h for front 1
and 50 m3/h for front 2), by assuming the volume to be paved in both fronts to be 500 m3/h, the total
duration for front 1 would be 5 h and 10 h for front 2. In the next step, the fastest production line would
be identified as the one associated with front 1, which is the one with the minimum duration to
complete the paving of one lane, corresponding as well to the end of the current construction phase.
As the end of the current phase is reached, a new one ensues with the reallocation of the equipment
that would become idle and available after the 5 h to either strengthen a front already active and
incomplete or to start a new one. Yet, before this step it is necessary to update the state of each front
(Finished, Not finished, Not Started) and the work volumes still needed to complete each front, which
for front 1 would be 0 m3 for the remaining work volume as it was completed in the current stage, and
consequently the state is changed to Complete and for front 2 it’s state would change to Incomplete
with still 250 m3 left to pave.
Before checking if all fronts are completed in the end of this assessment process, there is a last
step to calculate the total cost of the current stage, which only needs the total duration of the current
stage and the hourly costs for each active equipment used in each front.
In the end of this process, if there is still a lane to be paved, like in the example, front 2 still has 250
3

m to be paved, a new construction phase will begin and the evaluation process goes back to the first
step, but now with updated work volumes and new available equipment to reallocate to the remaining
incomplete fronts. If there are no lanes left to be paved no new construction phase will begin, but
instead, the system will output the solutions values for the objective functions of total accumulated
cost and time for the whole project.

Optimization System Outline
The algorithmic flow of the optimization system for the pavement rehabilitation problem can be
seen in Figure 3.5. Before starting the optimization, it is necessary to define the algorithm parameters
(i.e., population size, number of generations, probability of crossover and mutation) as well as input
the required work-related data (i.e., work front information and equipment information). Then, the initial
population, consisting of the front indexes associated with the allocation of each paver, is randomly
generated. The fitness function is executed for each solution and includes the verification and repair
process, and the solution quality assessment process. On the one hand, the verification and repair
process examines if portions of the solution called construction phases are feasible, and if not, the
allocation of that construction phase is corrected. On the other hand, the solution quality assessment
process includes the LP models and aims to distribute the remaining equipment to active fronts and to
obtain construction phase durations and costs, ultimately leading to the determination of the total cost
and duration of the solution. After all the solutions in a population are evaluated according to their
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objective values, the optimization algorithm proceeds to generate a new population through operations
of crossover and mutation. The process keeps repeating itself until the number of generations defined
in the beginning is reached. Finally, at the end of this optimization process, the system outputs a
Pareto-optimal set, and for each solution of that set the information about the pavers allocation, the
remaining equipment distribution, and the cost and durations values.
Define algorithm parameters:
•

Population size

•

Number of Generations

•

Probability of Crossover

•

Probability of Mutation

Generate Population (pavers distribution)

Fitness Function
(Repeat for each Solution)

Inputs:
Verification and repair process

•

(repair allocation of pavers)
Crossover and

(volumes to be paved)
•

mutation for

(Repeat for each Construction Phase)

generation of new

Work front information
Equipment information
(for each type of
equipment it is required

population

Solution Quality Assessment

the quantities available,

(including the allocation of remaining equipment

the productivity and the

and determination of durations and costs)

No

Meet
termination
condition?

Yes
Output (for each solution):
•

Allocation of pavers to work fronts for the entire course of the project;

•

Distribution of the remaining equipment to each active work front in each
construction phase;

•

Execution durations and cost for each construction phase; and

•

Total execution duration and cost for the current solution

Figure 3.5 – Algorithmic flow of the optimization system
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hourly cost)

Chapter 4

4 Application to a Case Study
Under the pretense of showing the viability and potential of the developed intelligent optimization
system in this thesis, this chapter is built around a case study. The optimization system developed
attempts to optimize cost and durations related to the rehabilitation of road pavements, focusing
primarily on finding the optimal allocation of the equipment to lanes during the phases of milling and
paving.
In this chapter the total cost and duration obtained for a real-world example of pavement
rehabilitation done in a motorway context are presented, and they are confronted with the results
obtained by this thesis’ optimization system for the same situation and conditions. For the sake of
testing the potential of this tool, hypothetical cases are also tested.

Case Study Presentation
The case study refers to the rehabilitation with a structural character of a section of A5, a very
trafficked motorway that serves the metropolitan area of Lisbon, displaying one of the highest daily
traffic volumes of the entire Portuguese motorway network. The rehabilitation consisted in removing
the surface layer and an additional portion of the underlying layer, in both directions of the section
between two nodes (Oeiras – Estádio Nacional) corresponding to the kilometer marker of 8,0 km to
11,4 km (comprising a total length of 6,800 m considering two carriage ways). The cross-section of
this motorway is for most of its length a 2x3, which means that it has 3 lanes in both directions, which
accounts for a total of 6 lanes to be rehabilitated (Figure 4.1).

Figure 4.1 – Motorway A5

The operations of rehabilitation consisted in milling the surface to a depth of 9 cm and applying two
new overlayers: a regularization layer with 5 cm of thickness and a surface layer with 4 cm of
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thickness. Despite of having the possibility of recycling the old pavement since a milling process was
performed, the RAP obtained was not included in the formulation of the new layers but instead it was
transported to a ditch. As for the work hours, the rehabilitation operations were done on an average of
6 h per day during night period. This was the chosen period of the day because it displays the lower
registered traffic, and thus it is the least likely to cause constraints to the users.
The equipment available for each construction process is quantified in Table 4.1, as well as their
hourly costs and productivities. This equipment was all allocated to the different tasks in order to be
able to mill up to 400 m of the old pavement as well as applying the new regularization layer per work
day. Initially, the milling teams carry out their task, and only after the first 200 m were finished, would
the paving teams start working. The milling team consisted in two similar milling machines. The paving
team for applying the regularization layer consisted in two similar pavers served by two rollers (one
pneumatic tyre roller and one vibratory roller). Both milling and the application of the regularization
layer are consecutive processes, however the application of the surface layer is usually done some
days after the application of the first two processes. In other words, the first two processes can be
executed one after the other in several fronts before the application of the surface layer begins.
The productivities of the pavers given for the application of the regularization and surface layers
were different, mostly due to the different material applied. However, in order to simplify the modelling
of the pavement rehabilitation operations, it was considered that the application of the regularization
layer was immediately followed by the application of the surface layer, and the productivity of the
pavers for both processes was also considered the same.
Table 4.1 - Equipment available
Process

Milling

Execution of
the
regularization
layer

Equipment

Quantity

Cost
(€/h)

Productivity
Value

Unit

Own Milling Machine

1

340

50

m3/h

Rented Milling Machine

1

420

50

m3/h

Truck for RAP transportation

10

60

36

m3/h/truck

Sweeper

3

40

NA

Truck with water

1

65

NA

Air Compressor

2

17

NA

Own Paver

2

150

48

m3/h

Truck for new bituminous mixture transportation

10

60

27

m3/h/truck

Sweeper

2

40

NA

Truck with water

1

65

NA

Truck for cleaning

50

NA

NA

Air Compressor

2

17

NA

Truck for tack coat

1

75

NA

Vibratory Roller 10 ton

2

50

54

Pneumatic Tyre Roller 12 ton

2

55

NA

NA – Not available
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m3/h/roller

Test Cases Description
In this section, the optimization results obtained for different test cases are presented. The test
cases aim to validate the optimization system developed in this thesis, as well as to show its
applicability and flexibility to deal with cases with the most varied types of equipment with different
characteristics and quantities.
To do this, in the first case study, the optimization model is solved by using the original paver
allocation that was used in the motorway as a constraint. This was done in order to validate the
system outputs, obtaining comparable values regarding time and cost. In the following test cases, the
capabilities of the simulation model are showcased by attempting to solve the same optimization
problem but without constraining the paver allocation method. Table 4.2 describes each test case,
according with three main parameters that are changed between cases.
The genetic algorithm parameters chosen for each run of the optimization system in each test case
were considered as the suggested default values in the R package mco: population size of 100;
generations number of 100; probability of crossover of 0.7; probability of mutation of 0.2. Other smaller
population sizes were also tested however, in some cases some of the solutions obtained for the
default value of 100 were not found. Actually, the purpose of this study focuses more on assessing
and validating the capabilities of the developed system, rather than calibrating the parameters of the
optimization algorithm.
Table 4.2 - Test Cases Description
Test Case

1

2

3

4

Work front

Maximum number
of pavers per lane

Equipment

Equivalent to the
maximum width of the
pavers (2 pavers x 2
carriage ways ≡ 4 work
fronts)

1

2 pavers

Corresponding to each
lane (6 lanes ≡ 6 work
fronts)

1

Corresponding to each
lane (6 lanes ≡ 6 work
fronts)

2

Corresponding to each
lane (6 lanes ≡ 6 work
fronts)

1

(enough support equipment) *

2 pavers

3 pavers**

(enough support
equipment) *

(enough support
equipment) ***

2 pavers
(enough support equipment) *
2 pavers
(limited support equipment) ****

* support equipment as per Table 4.1 which is enough to serve the 2 pavers
** two pavers as per Table 4.1 and one rented
*** support equipment as per Table 4.1 plus enough support equipment to serve the extra paver (one milling
machine and two rollers)
**** not enough support equipment to serve two pavers simultaneously (number of trucks that serve each
process equal to 3 instead of 10)

35

Optimization Results
4.3.1. Test Case 1
The first test case determines the total theoretical cost and duration that the method of
optimization computes, when we simulate the real conditions in which the pavement rehabilitation
works were conducted.
To achieve this, both available equipment (shown on Table 4.1) and work front definition (one
paver paving half of one carriage way) were used as constraints. Since it was used two pavers that
can cover the entire width of one carriage way of a motorway with two carriage ways, the total number
of work fronts considered were four.
While considering the last constraints, three pareto optimal solutions were obtained (Figure 4.2 and
Table 4.3). In this test case – Test Case 1 – it is important to note that three valid solutions were found
by the optimization system, and the first one corresponds to the one that was used during the
motorway pavement rehabilitation works (Original Solution in Figure 4.2). The first solution is the faster
and most expensive one. It is completed in only two construction phases, since both pavers are used
during the two construction phases and all available equipment is used in order to maximize each
paver’s work rate.
As for Solution 2, three construction phases are required to complete the project, since only one
paver will be working in two construction phases. When during one construction phase, only one paver
is allocated to a work front, the overall cost tends to decrease, since the system choses the milling
machine that is less expensive. Thus, this solution is cheaper but takes longer than Solution 1.
In turn, Solution 3 is only completed in four construction phases, when in all of them only a paver
is allocated to a work front, which means that it is the solution that is slightly less expensive of all three
but it is also the one that takes longer (twice the duration of the original solution) to complete the
project.
It is important to note that in the tables below, all solution values are presented as a ratio of the
reference values of Solution 1. This way it is easier to compare between solutions.

Table 4.3 - Objective values for the three solutions of Test Case 1
Test Case 1
Solution

Total Duration ratio

Total Cost ratio

1

1.000

1.000

2

1.501

+0.501

0.982

-0.018

3

2.000

+1.000

0.964

-0.036
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1,040

Cost ratio

1,020

1,000

Solution 1
(Original Solution)
Solution 2

0,980

Solution 3

0,960

0,940
0,500

0,750

1,000

1,250

1,500

1,750

2,000

2,250

Duration ratio
Figure 4.2 - Solutions obtained for Test Case 1

Figure 4.3 shows examples of allocation of pavers throughout the whole project for every solution
obtained in Test Case 1, and Table 4.4 shows the results obtained for the first two construction
phases of Solution 2. As it can be seen in Figure 4.3, in Solution 2 the project is completed with only
three construction phases, being that in the first construction phase both pavers are allocated to
different work fronts, and in the second and third construction phases only one paver is allocated to a
work front. This results in different costs between phases and within the first construction phase
between work fronts as it can be observed in Table 4.4. This difference in costs comes from the fact
already mentioned that there are two types available of milling machines, one that is owned by the
company and the other that is rented, which makes the rented machine more expensive than the
owned one. Hence, in construction phase 1, the cost of the first work front is lower than the cost of the
second work front because the rented milling machine was allocated to the second work front.
Regarding Solution 1, the results of construction phase 1 would be repeated in construction phase
2, and with just two construction phases the project would be complete. As for Solution 3 the
construction phase 2 represented in Table 4.4 would repeat itself four times, which makes this solution
the one that takes longer even though it is the cheapest.
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Figure 4.3 - Examples of paver allocation for each solution of Test Case 1
Table 4.4 – Results obtained for the first two construction phases of an example of allocation of Solution 2
(Test Case 1)

*Trucks that only serve the paving process
**Trucks that only serve the milling process

Still regarding this test case, it is also important to note that by referring to Table 4.4 it can be
seen that the number of trucks (two trucks for each process) that was allocated by the optimization
system to each work front (i.e. the minimum required equipment to maximize each paver’s work rate)
is less than the one that was available throughout the whole motorway pavement rehabilitation works
(ten trucks for each process). This could mean that if optimized properly, fewer number of equipment
could have been allocated to this construction work, thus reducing its cost.
In what concerns the few solutions found by the optimization system, its cause is related with the
restricted number of resources, which in this test case was limited to the pieces of equipment available
to the construction project (shown in Table 4.1). Despite this, it is also important to note, that the
system still has value since it gives the project manager other solutions to choose from, depending on
the project needs, either associated with deadline or a budget. Let us consider that the budget for the
project is not enough for the decision maker to adopt solution 1, in this condition only Solutions 2 or 3
would be viable. On the other hand, if the project had no budget restrictions, but instead a strict
deadline, the only solution available would be Solution 1. However, given the conditions and type of
construction it is being dealt with, in which it is important to work fast to minimize the discomfort of
road users, it can be inferred that the solution chosen was the ideal one, since it corresponds to about
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half the duration (when compared with the other two cheapest solutions), for a less than 10 % cost
increase.

4.3.2. Test Case 2
For the second test case – Test Case 2 – the goal was to apply a different paver allocation and
compare it to Test Case 1 in terms of cost, duration and also lane occupation. Instead of the previous
approach, in this case, the work fronts considered were all 6 lanes of the motorway, which means that
pavers were allocated to lanes. By adopting this strategy, the decision maker gains more flexibility in
terms of the lanes available for users during construction.
In order to better understand the impact of different paver allocations, in this test case, solutions
were obtained for two available pavers (as was the case for the real motorway pavement rehabilitation
case) and for three available pavers (considering that this could be an option, provided a third paver
and corresponding support equipment, namely trucks and rollers, would be available to rent).
As can be seen in Table 4.5 and Figure 4.4-a, it is not possible to achieve a faster solution than the
original solution when only two pavers are used, no matter the allocation method. This is due to the
fact the pavers are the critical equipment, and if they are being served by enough support equipment
their work rate will determine the duration of the project. On the other hand, similarly to Test Case 1,
this optimization system is also able to provide us several other solutions with different costs and
durations, that might or might not be more suitable for specific situations (e.g. different deadlines may
not require the fastest solution and different equipment might not be available throughout the whole
construction work).
While considering the work fronts as lanes and two pavers to allocate to those lanes, two more
solutions were obtained (Solutions 4 and 5). Thus, it can be inferred that this method of allocation,
even though it does not present a faster solution than the original one, shows more flexibility to
present cheaper solutions to choose from.

Table 4.5 - Objective values for the solutions of
Test Case 2 (considering two pavers)

Table 4.6 - Objective values for the solutions of
Test Case 2 (considering three pavers)

Test Case 2 – 2 pavers
Solution

Total Cost ratio

1

Total Duration
ratio
1.000

4

1.333

+0.333

0.988

5

1.667

+0.667

3

2.000

+1.000

Test Case 2 – 3 pavers
Solution
6

Total Duration
ratio
0.667
-0.333

1.027

-0.012

1

1.000

1.00

0.976

-0.024

4

1.333

+0.333

0.988

-0.012

0.964

-0.036

5

1.667

+0.667

0.976

-0.024

1.00
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Total Cost ratio
+0.027

1,04

Cost ratio

1,02
Solution 1
(Original Solution)

1,00

Solution 4
0,98

Solution 5
Solution 3

0,96

0,94
0,50

0,75

1,00

1,25

1,50

1,75

2,00

2,25

1,75

2,00

2,25

Duration ratio
(a) Considering two pavers
1,04
Solution 6

Cost ratio

1,02
Solution 1
(Original Solution)

1,00

Solution 4
0,98

Solution 5

0,96

0,94
0,50

0,75

1,00

1,25

1,50

Duration ratio
(b) Considering three pavers
Figure 4.4 - Solutions obtained for Test Case 2

Figure 4.4-b shows that for three pavers, there is a solution which is faster and more expensive
than the others (i.e., Solution 6), while the rest of the solutions are similar to Solution 4 and Solution 5
already obtained in Figure 4.4-a, and the original solution. This happens because it is assumed that all
pavers are working at the maximum rate and since the motorway case does not have enough variation
(all lanes have the same length and width, all equipment is available at all times), the optimization
system is not able to find a solution that is better in every aspect than the one that was used in reality.
Figure 4.5-a (considering two pavers) and Figure 4.5-b (considering three pavers) shows examples
of paver allocation for every solution obtained in Test Case 2, however it is important to note that the
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same values for cost and duration can be obtained by different allocations than the ones identified in
both figures. Another fact that can be seen in both figures below (Figure 4.5-a) is that for Solution 1,
Solution 4 and Solution 5 the examples of paver allocation are similar regardless of the number of
available pavers considered (two or three pavers) since these solutions are obtained by either only
allocating two pavers or one paver in each construction phase. The only solution that is actually added
by considering three pavers available is Solution 6 that can only be obtained by allocating all three
pavers in each construction phase.

(a) Considering two pavers

(a) Considering three pavers
Figure 4.5 - Examples of paver allocation of Test Case 2

Table 4.7 shows the results for the first two construction phases of the example of solution 5 shown
in Figure 4.5-a. As it can be seen in Table 4.7, the equipment distribution for each work front is equal
to the ones present in Table 4.4 obtained for the solutions of Test Case 1. It is also verified that
whenever two pavers are allocated to an active work front during the same construction phase, the
total cost corresponding to one of the work fronts production line is more expensive since it is using
the rented milling machine. The only two differences between the current test case (Test Case 2 - 2
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pavers) and Test Case 1 is that the volume needed to pave in each work front is less than in Test
Case 1, since now the work fronts considered are equivalent to the lanes.
Table 4.7 - Results obtained for the first two construction phases of an example of allocation of solution 5
(considering two pavers)

*Trucks that only serve the paving process
**Trucks that only serve the milling process

When three pavers are considered (and corresponding support equipment, namely trucks, rollers
and milling machines would be available to rent as well) the results show the possibility of completing
the project with just two construction phases (Table 4.8).
Table 4.8 - Results obtained for the first two construction phases of an example of allocation of solution 6
(Test Case 2 - considering three pavers)

*Trucks that only serve the paving process
**Trucks that only serve the milling process

4.3.3. Test Case 3
Just like in the previous case, in Test Case 3 the objective is to once again try to showcase
the ability of the optimization system when applied to the motorway case, yet adopting a different
paver allocation method and try to see if there are any differences in terms of solution time, cost or
flexibility regarding lane use. The main difference in paver allocation in this case is the possibility of
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having two pavers allocated to the same work front (lane) at the same time, i.e., the length of the work
front would be sectioned in two, and each paver and support equipment placed in those sections (e.g.,
if the lane had a length of 400 m one paver and support equipment would be placed in the first 200 m
and the other up ahead in the same lane paving the remaining 200 m).
By looking at the solutions presented in Figure 4.6 and Table 4.9, it is possible to see that,
even though some of the solutions that were found are similar in duration and cost to previous ones
from other cases, they are obtained using a different paver allocation. Focusing on the example of
solution 1 that obtained the same objective values than the original one, the project would be complete
(as seen in Figure 4.7) in the course of six construction phases where in each phase 2 pavers would
pave the same working front.
On top of that, there are also some entirely new solutions regarding both duration and cost
(solutions 7 and 8).
Table 4.9 - Objective values for the solutions of Test Case 3
Test Case 3
Solution

Total Duration ratio

Total Cost ratio

1

1.000

1.00

7

1.167

+0.167

0.994

-0.006

4

1.333

+0.333

0.988

-0.012

2

1.501

+0.501

0.982

-0.018

5

1.667

+0.667

0.976

-0.024

8

1.834

+0.834

0.970

-0.030

3

2.000

+1.000

0.964

-0.036

1,04

Cost ratio

1,02
Solution 1
(Original Solution)
Solution 7
Solution 4
Solution 2
Solution 5
Solution 8
Solution3

1,00

0,98

0,96

0,94
0,50

0,75

1,00

1,25

1,50

1,75

Duration ratio

Figure 4.6 - Solutions obtained for Test Case 3
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2,00

2,25

Figure 4.7 - Examples of paver allocation for each solution of Test Case 3

In the last test cases, considering only two pavers available, the types of allocation within a
construction phase would resume themselves to either allocating just one paver or allocating two
pavers to different active fronts in that construction phase. However, in the current test case (Test
Case 3), there is an extra possibility (as it can be seen in Table 4.10) which is allocating both pavers
to the same active front during one construction phase.
Table 4.10 - Results obtained for the construction phases 3, 4 and 5 of an example of allocation of Solution 7
(Test Case 3)

*Trucks that only serve the paving process
**Trucks that only serve the milling process

4.3.4. Test Case 4
Finally, in the last test case – Test Case 4 – a new constraint is introduced where the support
equipment that is allocated to each paver is limited in number. As it was already discussed, the
44

original fleet is more than enough to support the pavers. However, in this case we consider that the
number of the trucks available for both milling and paving processes are now only composed of fleets
of three units each, which would not be enough to fully support all the pavers simultaneously, thus
generating interesting solutions for other construction cases where this possibility may be a reality.
Although in a context of planning rehabilitation operations, this scenario is not so frequent, its inclusion
in this analysis aims to show the system’s capability to approach such cases when the equipment is
not enough to guarantee the maximum productivity of the production line. Such scenarios can happen
in very exceptional cases in which many equipment malfunctions occur at the same time, and some
pieces of equipment becomes unavailable. As expected, it can be seen that the solutions for this test
case while having similar durations to the previous cases, the cost of these new solutions are
comparably higher (see Table 4.11 and Figure 4.8). These expensive solutions are due to the fact that
the longer the project takes to be completed, more fuel will be spent, which adds complexity to this
problem.
By doing this test case, since one of the pavers is not able to work at its maximum rate when all
pavers are allocated, this then results in different construction phase durations throughout the whole
rehabilitation work. Because lanes do not always finish at the same time, there are solutions where
from phase to phase the pavers continue allocated to unfinished lanes (it is possible to see this in
Table 4.12 as well as in Figure 4.9). Consequently, as it is also visible in Table 4.12, the equipment
distribution for those construction phases that have both available pavers allocated to active work
fronts, the equipment distribution changes due to the lack of sufficient equipment to serve the second
paver. Therefore, in construction phase 1 (Table 4.12) the equipment distribution is equal for both
work fronts except for the number of trucks, as there is only one truck allocated to each process
(milling and paving) for the second work front. Since the work rate of only one truck in the second work
front is of just 27 m3/h and the work rate of the paver is 48 m3/h, then this means that the global work
rate in that work front is the work rate of the truck instead of the paver.
Table 4.11 - Objective values for the solutions of Test Case 4
Test Case 4
Solution

Total Duration ratio

Total Cost ratio

9

1.333

+0.333

1.192

+0.192

10

1.438

+0.438

1.157

+0.157

11

1.480

+0.480

1.142

+0.142

12

1.625

+0.625

1.092

+0.092

13

1.667

+0.667

1.078

+0.078

14

1.813

+0.813

1.028

+0.028

3

2.000

+1.000

0.964

-0.036
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1,20

Solution 9
Solution 10
Solution 11

Cost ratio

1,15

1,10

Solution 12
Solution 13

1,05
Solution 14
1,00

Original Solution
Solution 3

0,95
0,50

0,75

1,00

1,25

1,50

1,75

2,00

Duration ratio
Figure 4.8 - Solutions obtained for Test Case 4

Figure 4.9 - Examples of paver allocation for each solution of Test case 4
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2,25

Table 4.12 - Results obtained for the first two construction phases of an example of allocation of solution 9
(Test Case 4)

*Trucks that only serve the paving process
**Trucks that only serve the milling process

Results Discussion
With all these test cases presented, it was confirmed that with the quantities and types of
equipment available to develop this project it was not possible to find a better solution, i.e., that was
cheaper and faster at the same time, but it was possible to find other equally optimal solutions, that
would either be less expensive but would take longer, or one solution which was faster but slightly
more expensive. The purpose of having more than one optimal solution to choose from is that it
enables the decision makers with a broad view of the options, and according to their own criteria this
optimization system gives them the ability to choose the fittest option to complete the project in any
condition. For example, if the motorway rehabilitation project had a predefined deadline (represented
by the orange line in Figure 4.10) the decision maker would have 4 feasible solutions to choose from
as seen in Figure 4.10, regarding cost and duration. However, those 4 solutions can be obtained by
several modes of allocation. Therefore, even if the decision maker settled for Solution 4, this solution
could be reached by considering the conditions of either Test Case 2 (with 2 or 3 pavers) or Test Case
3 (see Table 4.13). On the other hand, if the solution chosen was the fastest (Solution 6), the only way
to reach it would be by considering Test Case 2 conditions with three available pavers.
While analyzing Table 4.13, we can infer that Solution 1 (Original Solution) can be obtained despite
the original allocation of pavers (allocate one paver to pave half of a carriage way), i.e., the same
objective values for cost and duration can be obtained by allocating pavers to lanes (Test Case 2) or
even consider two pavers simultaneously paving one lane at a time (Test Case 3).
The flexibility of the optimization system to consider many possible allocation methods was also
proven and although none of the allocation methods studied proved to be the best to apply to the case
study, this ability will be useful if in future works traffic management constraints are integrated in this
system.
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1,20

Solution 9
Solution 10
Solution 11

1,15

Cost ratio

Deadline
1,10

Solution 12
Solution 13

1,05
Solution 1
(Original Solution)

Solution 6

Solution 14

1,00
Solution 7
Solution 4
Solution 2

0,95
0,50

0,75

1,00

1,25

Solution 3

Solution 5 Solution 8
1,50

1,75

2,00

2,25

Duration ratio
Figure 4.10 - Solutions obtained for all the test cases

Table 4.13 - Distribution of the solutions by test cases
Test Case

S1

S2

S3

1 (1)

X

X

X

2 (2)
(2 pavers)
2 (3)
(3 pavers)
3 (4)
4 (5)

X

X

X
X

X

X

S4

S5

X

X

X

X

X

X

X

S6

S7

S8

X

X

S9 to
S14

X

X

(1)

Test Case 1 – two available pavers and corresponding support equipment if allocated to work fronts that match the maximum
width of the paver
(2)
Test Case 2 (2 pavers) – two available pavers and corresponding support equipment if allocated to lanes as work fronts
(3)
Test Case 2 (3 pavers) – three available pavers and corresponding support equipment if allocated to lanes as work fronts
(4)
Test Case 3 – two available pavers and corresponding support equipment if allocated to lanes as work fronts and considering
that one work front can have two pavers working simultaneously
(5)
Test Case 4 – two available pavers with limited and insufficient number of support equipment (trucks) and if allocated to lanes
as work fronts
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Chapter 5

5 Conclusion
Main Conclusions
The main goal of this thesis was to develop an intelligent optimization system for road pavement
rehabilitation process management that would be able to choose the optimal allocation for heavy
equipment regarding objectives such as construction costs and duration.
In the current state of the art, there are several tools available to develop optimization systems of
different complexity levels which can then be applied to a variety of fields. During the development of
this work, it was found that for similar problems to the one studied, GA were the common choice.
Because of this, a metaheuristic method was chosen, more precisely, an evolutionary algorithm based
on GA (NSGA-II).
After deciding the optimization method, and the objectives to optimize (minimize cost and duration)
the fitness function that models the problem to be optimize and at the same time evaluates the
solutions generated by the optimizer, was developed. The optimization algorithm was used to obtain
the allocation of pavers to work fronts, while the fitness function would check the viability of those
solutions and output the final allocation of all the equipment and the objective values inherent to those
solutions.
Both a verification and repair process and a solution quality assessment were integrated in this
fitness function. The former is the process that models the problem and guarantees the viability of
solutions, containing the characteristics and rules that this kind of projects follow. The latter aims to
obtain the objective values for cost and duration, after finding the best distribution of the remaining
equipment to the work fronts.
The development of this thesis tried to achieve a broad and flexible optimization system that could
adapt to pavement rehabilitation projects with different characteristics. The system can consider as
many pavers to be allocated as needed. It has also shown the ability of the system of considering
different types of work fronts and therefore different types of allocation methods.
The capability of the system was tested with a real project of a pavement motorway rehabilitation
and it was fed the information given by the responsible entities behind the rehabilitation operations.
The obtained results were enough to back up the original decision made to allocate the pavers in the
real context of the construction. In spite of the fact that the original allocation was proven to be an
optimal solution, it was also shown that there were several other viable solutions corresponding to
optimal trade-offs, which could be chosen depending on the criteria adopted by the decision maker for
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each objective. It seems that in the situation studied, the objective that weighted more was the
duration over the cost, probably because the deadline was tighter than the budget.
In the results, several other what if scenarios were presented, such as considering the possibility of
paving one lane with two pavers simultaneously, or a scenario with an extra paver, or with not enough
trucks to serve the pavers allocated. These several scenarios, as expected, did not improve the
original solution, however their purpose was to show the flexibility of the system developed.
Nevertheless, the system is still useful to support the decision making in both design and construction
phases, by exploring scenarios and suggesting potential solutions that might not be so obvious at first
glance.
Lastly, it should be noted that some simplifications in the adaptation of the case study to the
optimization system were considered and should be taken into account in future works, as discussed
below in Section 5.2.

Future Works
Despite the work presented in this thesis, this is a fairly new area that still has a lot to be further
developed. Actually, this kind of optimization system focusing on process management applied to the
area of pavement rehabilitation and even to pavement construction is unique until now and is still in an
embryonic phase. The development of optimization systems in general shows an immense potential to
improve and aid the current construction methods that are very influenced by the experience of the
engineers and designers.
In this case, since it was a first approach to this kind of systems applied to a new area, a few
simplifications were considered. The system does not take into account the application of two distinct
layers nor the rehabilitation of the side shoulders. The productivities of the equipment of intermediate
tasks such as surface cleaning and the application of the track coat were not considered. Regarding
the equipment productivities, they were based on approximate values and were also considered
constant over time. Furthermore, it is also important to note that the general process of pavement
rehabilitation comprises several other tasks besides those directly related to the paving of new layers.
These other tasks are, to name a few, related with rehabilitation of the drainage system, replacement
of vertical and horizontal signaling, replacement of security elements, telecommunications. Besides all
this, this work focused mainly in the tasks related with paving the new layers and milling the old
pavement.
Besides the simplifications that need to be addressed in further studies there are still a few aspects
that are worth being further studied and were not approached in this thesis.
Some studies have already been focusing their attention on the use of GPS technology in
compaction rollers in order to keep track of the compaction levels and number of passes done by the
rollers in paving situations such as the ones modelled by this system. The integration of technologies
such as this could also improve the real time retrieval of information. In turn, the capability of gathering
construction data in real-time also enables the real-time optimization of processes, in which equipment
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allocation is constantly adjusted in the face of unforeseen occurrences (e.g., equipment malfunction,
unexpected material properties or atmospheric conditions), thus guaranteeing the optimal status of
resource management throughout the construction project.
Also, and maybe most importantly, this optimization system was developed in such a way that it
gives the ability to integrate traffic management and work zone planning processes. Applying a work
zone planning optimization with the allocation of the equipment within the work zones and with
multiple work zones working at the same time would be an interesting development, as it would allow
the user to add a set of different constraints to the system to have more control over which lanes could
be paved at certain times. In turn, the objectives considered could change or new ones could be
added to the ones already considered, such as the minimization of user costs, environmental impacts
(e.g. carbon emissions), or other objectives related with safety and mobility of the users.
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