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ABSTRACT

Aged  road  pavements  and  insufficient  maintenance  budgets,  along  with  increasing  concerns  over  the
environmental issues related to transportation have introduced additional challenges to highway agencies.
Multiobjective optimisation techniques can be used to account for those multiple aspects in the design of
maintenance  and  rehabilitation  (M&R)  strategies.  Contrary  to  the  single-objective  optimisation  problems
where  a  single  solution  is  optimal,  the  solution  of  multiobjective  optimisation  problems is  a  set  of  non-
dominated solutions,  often referred to as Pareto-optimal set.  This set of  optimal solutions represents the
trade-off between the different and often conflicting objectives, and in many cases is comprised by a vast
number of elements. This paper presents the development and application of a fuzzy logic expert system for
selecting a single solution from the Pareto set obtained from the multiobjective optimisation of sustainable
pavement  M&R  strategies.  It  provides  decision-makers  with  an  easy  and  intuitive  methodology  for  the
selection of the most preferred solution according to sustainability criteria. The proposed system is applied to
a case study from France. Posteriorly, different strategies reflecting the decision-maker’s preferences towards
economic  and  environmental  objectives  are  analysed.  Conclusions  and  recommendations  for  future
improvements are derived from this application.
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Introduction

Air pollution and climate change are some of the greatest environmental challenges faced by the world

currently. Global warming due to anthropogenic greenhouse gases (GHGs) emissions to the atmosphere

might have harsh environmental,  social  and economic effects around the world if  temperature levels

continue to rise. Parallelly, air pollution is acknowledged to be a cause of premature death as well as a

wide array of illnesses, including both respiratory and cardiovascular diseases. For instance, the World

Health  Organization  estimated  the  number  of  deaths  in  2012  attributable  to  diseases  caused  by
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carcinogens  and  other  poisons  in  outdoor  polluted  air  to  be  one  in  nine  (WHO 2016).  Analogous

outcomes were also recently published in a major new report in The Lancet medical journal (Watts et al.

2018).

In  order  to  tackle  these  issues,  international  public  positions,  treaties  and  initiatives  have  been

announced,  celebrated  and  held  to  constraint  the  impact  of  global  warming  by  mitigating  carbon

emissions, and thereby contributing to limiting resource depletion and reducing pollution as well. An

example of such events was the December 2015 United Nations Climate Change Conference (COP21),

from which resulted the Paris Agreement signed by more than 174 countries and the European Union

(EU) on 22 April 2016. The tone for countries to enhance their national climate commitments to many of

the core elements of the Paris rulebook and guidelines was recently strengthened in the December 2018

United Nations Climate Change Conference (COP24) held in Katowice, Poland. The latter initiative was

preceded  by  a  communication  from  the  European  Commission  (EC)  underlining  the  Europe's

commitment to lead in global climate action and to present a vision that can lead to achieving net-zero

GHGs emissions by 2050 through a socially-fair transition in a cost-efficient manner (European Union:

European Commission 2018).

The formal  recognition of  the  need to  stablish  a  sustainable  global  climate  policy is  a  first  step

towards reversing the negative effects of climate change. However, meeting the expectations of these

agreements in their full and effective extension is a challenging task that requires a serious, engaged and

global  commitment  from  all  sectors.  Within  this  context,  special  attention  has  been  paid  to  the

transportation sector, which, although providing our society with several benefits, such as the movement

of people and goods and the promotion of economic grow and employment, is also harmful to the human

health  and  the  environment  due  to  its  expressive  contribution  to  the  global  emission of  GHGs and

noxious air pollutants (EEA 2016, Watts et al. 2018). For instance, according to Pérez-Martínez (2012)

road transport accounts for up to 30% of the total energy consumption and CO2 emissions considering

the whole economic sector. In particular, the bituminous road pavement sector is a key player in driving

the environmental performance of the transportation sector. To a great extent, that is a consequence of the

considerable  quantity  of  environmental  impacts  generated  during  the  construction,  maintenance  and

rehabilitation (M&R) and usage of the road pavements (Santero and Horvath 2009). The negative effects

related to those activities are not expected to decrease, as the developed countries generally present an

aged road pavement network in need of urgent repair and improvement. Instead, they might even be

experienced more often and with much adverse consequences as a result  of  the higher frequency of

extreme weather events (i.e. flooding, heavy rainfall, etc.) and their impacts in leading to a clear early

road infrastructure deterioration. This deterioration, in turn, will bring more often M&R activities, having

as immediate consequence the reduction of the network availability and, clearly, a need for additional and

costly extra investment, which might not be met due to insufficient budgets, shortened during the last

years by the financial crisis.

To deal with this decision-making scenario characterised by the competitive needs of deteriorated

road  pavement  sections,  limited  budgets  allocated  for  M&R  and  the  need  of  accounting  for

environmental concerns, asset managers are looking for prioritisation techniques which given a pavement

network, allow them to define which sections should receive M&R treatments and which treatments

should be applied over a given analysis period.

Optimisation has been identified as an effective technique for infrastructure management problems

(Wu et al. 2012). It has promising characteristics that can help to tackle the challenges abovementioned

(Santos et al. 2018b). Different optimisation methods have been applied in the pavement management

field for the design of M&R strategies, including: linear and non-linear programming (de la Garza et al.
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2011, Gao et al. 2012), integer programming (Ferreira et al. 2002, Ng et al. 2011), dynamic programming

(Farhan and Fwa 2012, Fwa and Farhan 2012), local search heuristics (Yepes et al. 2016, Torres-Machi et

al. 2017), and evolutionary algorithms (Santos et al. 2018a, 2019), among others (Torres-Machi et al.

2014a).  Although these methods differ  on the mathematical  approach used to solve the optimisation

problem, they all  seek the best M&R strategies that should be applied over the analysis period. The

optimisation problem is therefore formulated in terms of one/a set of objective(s) function(s) (OFs) to be

maximized/minimized and a set of constraints that need to be satisfied.

Traditionally,  M&R  strategies  have  been  evaluated  considering  technical  and  economic  criteria

(Torres-Machi et al. 2014b). In the last years, environmental sustainability has become an emerging field

in the transportation industry (Tighe and Gransberg 2011, AzariJafari et al. 2016), where terms such as

green, sustainable development, environmental impact, energy efficiency, global warming, GHGs, and

eco-efficiency  are  becoming  more  widely  recognised  (Chehovits  and  Galehouse  2010,  Tighe  and

Gransberg 2011). Previous literature has focused on how to quantify environmental impacts derived from

pavement construction and M&R (Santero et al. 2011, Santos et al. 2014, 2015, AzariJafari et al. 2016,

Jiang and Wu 2019). However, when it comes to incorporate those efforts into the optimal planning of

M&R strategies, much remains to be done to demystify its complexity at the decision-makers’ (DMs’)

eyes (Gosse et  al. 2013,  Bryce et  al. 2014,  Torres-Machi  et  al.  2014b).  This  limitation  was  indeed

highlighted in a study developed by Tighe and Gransberg (2011), which included a survey about the

current  state  of  practice  in  sustainable  pavement  management.  This  study  found  that  transportation

agencies  in  the  USA  and  Canada  are  becoming  more  aware  of  the  significance  of  environmental

sustainability.  However,  this  does not  translate  to  direct  measures  within  their  management  process.

Indeed,  only  4%  of  respondent  agencies  reported  to  use  environmental  performance  to  select

maintenance practices (Tighe and Gransberg 2011). Given this gap in current state of practice, there is a

need  to  develop  a  methodology  for  the  practical  consideration  of  environmental  aspects  in  current

pavement management systems.

Environmental  aspects  can  be  taken  into  account  in  the  optimal  design  of  M&R  strategies  by

including new OFs accounting for the environmental impact of the M&R activities (Santos et al. 2017,

2018b).  When  considering  more  than  one  OF  the  optimisation  problem  becomes  a  multiobjective

optimisation problem (MOOP). Whereas MOOPs allow to reflect the various goals of the agency, they

increase the complexity of the mathematical formulation and the analysis of results (Wu et al. 2012). In

contrast to the single-objective optimisation, which involves finding a solely optimal solution, solutions

obtained in MOOPs are usually defined by a set of non-dominated solutions, often referred to as Pareto

optimal solutions. A solution is called Pareto optimal if there exist no another solution which would

decrease the value of some OF without causing a simultaneous increase in at least one other considered

OF (assuming a minimisation problem) (Chiandussi et al. 2012).

One of the challenges of considering multiple objectives in the design of M&R strategies resides in

the  selection  of  the  most  satisfactory  solution  from the  Pareto  set.  From the  classical  mathematical

conception of vector fields, all the solutions contained in the Pareto set are equally acceptable solutions,

as vector fields are not endowed with a natural ordering. In practical terms, it is desirable to define the

preferences of the DM towards the different objectives (Wu et al. 2012, Chen et al. 2015). This would

allow the DM to evaluate the global performance of the solutions contained in the Pareto set and select

the most preferred one based on his/her preferences.

Different  methods,  reviewed  in  detail  in  a  later  section,  can  be  used  to  articulate  the  DM’s

preferences.  Analytical  Hierarchy  Process  (AHP),  weighted  sum,  and  multi-attribute  utility  theory,

among  others,  have  previously  been  applied  in  the  pavement  management  field  to  select  the  most
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satisfactory solution from MOOPs (Giustozzi et  al. 2012, Meneses and Ferreira 2013, 2015, Torres-

Machi et al. 2015). Each method has demonstrated advantages and shortcomings, and thus no widely

accepted  method  has  been  adopted  by the  transportation  sector  (Bryce  et  al. 2014).  Whereas  these

traditional  methods allow to articulate the DM’s preferences,  they are not able to incorporate expert

specific,  qualitative and structured knowledge.  In this  regard,  fuzzy logic systems (FLS) present  the

advantage of being able to incorporate experts’ specific knowledge through the use of implication rules

capable of reflecting imprecise knowledge and qualitative data in the decision-making process. Fuzzy

systems are convenient to model expert reasoning because they handle linguistic rules efficiently and are

fault-tolerant regarding small changes in the input or system parameters (Flintsch and Chen 2004).

Aim and purpose of the study

The  study  presented  in  this  paper  aims  to  provide  pavement  managers  with  an  easy  and  intuitive

methodology for  the selection of  the  most  preferred solution from the Pareto  set  obtained from the

multiobjective optimisation (MOO) of pavement life cycle M&R strategies, considering sustainability

criteria. To achieve this goal, a fuzzy logic expert system (FLES) is developed to articulate the DMs’

preferences using linguistic rules.

The proposed FLES is applied to a French case study in which different optimal pavement M&R

strategies reflecting the DM’s preferences towards economic and environmental objectives are analysed.

The overall purpose of this study is to increase the DMs/stakeholders’ capacity to make strategic and

informed decisions regarding the selection of optimal pavement M&R that would ultimately enhance the

sustainability of transportation systems.

The research approach is organised as follows: Section 2 provides the theoretical background on the

use of MOO methods for the design of optimal pavement M&R strategies. Section 3 describes the main

features  of  the  proposed  FLES  for  the  sustainability-based  appraisal  of  optimal  pavement  M&R

strategies. Section 4 illustrates the capabilities of the proposed FLES through its application to a case

study analysing optimal M&R strategies in a French road pavement section. Section 5 explains how the

proposed FLES could be applied to tackle the optimisation of pavement maintenance management at the

network level. Finally, Section 6 provides conclusions and recommendations for further research work.

Background: multiobjective optimisation (MOO) for the design of optimal pavement

maintenance and rehabilitation strategies

MOO has drawn an increasing interest from transportation agencies as an operation research technique to

help advancing the sustainability of pavement management practices. However, one of the challenges

underlying to the use of MOO for the design of M&R strategies resides in the selection of a single

preferred solution from the Pareto set. Mathematically, all the solutions contained in the Pareto set are

equally optimal. However, in practical terms, only one solution will be applied. Under this situation, DMs

may find it hard to articulate their preferences in the selection of the most appropriate solution. To ease

up this process,  several methodologies exist  that  provide the DM with a reduced, and thereby more

manageable set of alternative solutions.

There  are  three  different  categories  of  methods  for  incorporating  the  DM’s  preferences  in  the

optimisation process (Syan and Ramsoobag 2019): (i) methods with a priori articulation of preferences,

(ii)  methods  with  a  posteriori  articulation  of  preferences,  and  (iii)  methods  with  a  progressive

(interactive) articulation of preferences (Cohon and Marks 1975, Wu et al. 2012, Purshouse et al. 2014,

Hosseininasab et al. 2018, Li and Li 2018, Augeri et al. 2019).  In the first  method, preferences are
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defined in terms of the relative importance of the objectives and then the optimisation algorithm is run. In

the  second  method,  the  set  of  Pareto  optimal  solutions  are  generated  first  and  then  the

satisfactory/acceptable solution is posteriorly selected. Finally, in the latter method the DM’s preference

is progressively integrated during the optimisation process.

A priori decision-making approach is effective and efficient when the DM is completely aware of

his/her preferences and is able to express them conveniently. However, this is not often the case. An

interactive decision-making approach enables the DM to learn about the problem and to adapt his/her

preferences if needed, thereby guiding the search towards regions of interest and away from exploring

non-interesting  solutions.  The  main  disadvantage  of  this  approach  is  that  the  DM may  need  to  be

involved intensively during the optimisation process. As far as the a posteriori decision-making approach

is concerned, it presents the advantage of providing the DM with the information of the Pareto set firstly,

after which his/her preferences are articulated and the most preferred solution is then chosen. This section

introduces some of the techniques that have been used in the pavement management field to evaluate the

global performance of a solution considering several criteria/objectives.

Analytic hierarchy process (AHP)

The AHP is  a  structured analytical  method developed in the  1970s by Saaty (Saaty 2008).  It  is  an

established prioritising tool used for solving the choosing problem, comparing alternatives, ranking best

practices,  and making multi-criteria decisions when both qualitative and quantitative factors must  be

considered. Because AHP assesses alternatives considering a pairwise comparison, all the alternatives

under evaluation need to be known. Therefore, AHP can be used to evaluate the goodness of the solutions

in the Pareto set under a posteriori articulation of preferences.

AHP is widely used in infrastructure management and especially in transportation. Kabir et al. (2014)

found AHP is widely applied in the management of transportation infrastructure, being used more than

50% of the times. In terms of its application, AHP is followed by ELECTRE, which is applied in less

than 10% of the reviewed papers (Kabir et al. 2014). Farhan and Fwa (2011) used AHP to prioritise

maintenance needs at the network level considering multiple pavement distresses. Similarly, Smith and

Tighe  (2006)  applied  AHP  to  compare  different  repair  products  and  maintenance  strategies.  More

recently,  Torres-Machi  et  al.  (2015)  applied  AHP  to  evaluate  maintenance  treatments  integrating

technical, economic, and environmental criteria.

AHP shows strengths (such as the calculation of consistency ratio to assure DMs and its ability to

incorporate both qualitative and quantitative criteria) and limitations (such as the complex and time-

consuming implementation and computation when increasing the number of criteria considered in the

evaluation) (Whitaker 2007, Saaty et al. 2009, Kabir et al. 2014). Among the limitations of AHP, several

authors have highlighted the complexity of the evaluation when more than eight alternatives or criteria

are considered (Cafiso et al. 2002, Torres-Machi et al. 2015). This is  a major limitation in MOOPs,

where it is common to have much more than eight solutions in the Pareto set.

Weighted sum

Weighted sum method combines the different objectives/goals considered in the optimisation problem

into a single indicator by assigning weights to each of the objectives under consideration. This method

can be used in MOOPs both considering a priori articulation of preferences (and therefore transforming

the different OFs into a single OF) and with a posteriori articulation of preferences.

The weighted sum method enjoys a wide popularity because of its simplicity in integrating different
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OFs (Wu et al. 2012). Examples of the application of this method in the pavement management field can

be found in  Wu and Flintsch (2009)  and Meneses  and Ferreira  (2013,  2015).  In  these  applications,

weighted  sum  is  applied  with  a  priori  articulation  of  preferences  where  the  weights  are  varied

consistently and continuously to obtain the Pareto optimal set.

Multi-attribute utility theory

Multi-attribute utility theory is based on a mathematical framework in which the OFs are combined into

an overall performance index that considers the relative importance of the objectives in terms of utility

functions.  Previous work published by Giustozzi  et  al.  (2012) and Torres-Machi et  al.  (2015)  show

examples of the application of this method for the sustainable evaluation of maintenance strategies.

Multi-attribute  utility  theory  presents  the  advantage  of  being  capable  of  quantifying  a  DM’s

preferences over the available alternatives to a decision. However, one of the major limitations is that it is

difficult to construct the individual’s utility function in a practical situation (Wu et al. 2012).

Fuzzy logic systems

FLS, introduced by Zadeh (Zadeh 1965), can be defined as the nonlinear mapping of an input data set to

a scalar output data (Mendel 1995). They are an extension of the traditional rule-based reasoning (expert

systems) incorporating imprecise, uncertain, and qualitative data in the decision-making process (Flintsch

and Chen 2004). Fuzzy logic extends the notions of logic beyond simple true and false values to allow

for partial continuous truths (Sundin and Braban-Ledoux 2001).

A FLS consists of three main parts (Figure 1): fuzzifier, rules and inference engine, and defuzzifier.

The process followed by a FLS is as follows (Mendel 1995). Firstly, a crisp set of input data are gathered

and converted to a fuzzy set using fuzzy linguistic variables, fuzzy linguistic terms and membership

functions. This step is known as fuzzification. Afterwards, an inference is made based on a set of rules.

Lastly, the resulting fuzzy output is mapped to a crisp output using the membership functions in the

defuzzification step.

Fuzzy  logic  has  successfully  been  applied  to  decision-making  in  different  fields  of  engineering

(Morillas et al. 2009, Morillas and Gregori 2011, Camarena et al. 2013).

In  the  pavement  management  field,  FLS  have  been  applied  to  determine  maintenance  needs,

deterioration and maintenance timing (Chen and Flintsch 2007, Moazami et al. 2011, Pragalath et al.

2018).  Moazami  et  al.  (2011)  applied  a  prioritisation  system  based  on  fuzzy  logic  to  determine

maintenance  needs  at  the  network  level.  A recent  application  developed  by Pragalath  et  al.  (2018)

combined fuzzy logic and image processing to assess infrastructure deterioration. Similarly, Chen and

Flintsch (2007) applied fuzzy logic in combination with probabilistic life-cycle cost analysis to determine

the timing of M&R.

Previous applications have demonstrated that fuzzy systems are convenient to model expert opinions

because they handle linguistic rules efficiently and are fault-tolerant regarding small changes in the input

parameters. The main advantage of this approach is the possibility of introducing and using rules from

Figure 1. Components and general architecture of a FLS.
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experience or intuition. In the light of these advantages, this study explores the application of FLES for

selecting a single solution from the Pareto set obtained from the MOO of sustainable pavement M&R

strategies.

Methodology

This section presents the proposed FLES for the sustainable evaluation of optimal M&R strategies based

on the general architecture of the FLES shown in Figure 1. At this point, it is important to remind that the

main goal of the proposed system is to assist pavement managers in the selection of the most preferred

solution  among  a  Pareto  set  of  solutions.  The  set  of  optimal  solutions  of  a  MOOP  belongs  to  a

multidimensional  space which is not  endowed with a natural  order as the unidimensional data does.

Therefore, to decide which of the solutions in the set is the most appropriate in a given context,  an

ordering scheme must be defined. In this study, each solution contained in the Pareto set represents an

optimal M&R strategy according to different objectives. Through the application of the proposed FLES,

the DM will be able to assess the global performance (GP) of each solution in the Pareto set and therefore

rank and select the one having a higher GP value. Unlike other FLS that are built through data-based

training,  the  proposed  FLES  is  defined  using  experts’  specific  knowledge.  The  knowledge  to  be

incorporated in the system may come from different  sources.  One possibility is  that  for  a particular

application,  general  accepted  criteria  are  available,  either  coming  from  regulations  or  institutions’

recommendations of different kind. Another option is to use expert specific knowledge. Although this

option has the disadvantage of having a subjective nature, and as such the knowledge in the system may

change from expert to expert, it is also true that the use of expert knowledge may suit better a particular

application since it is able to be designed ad-hoc for the case or context under study. In this case, the

authors’ expertise is used to decide the knowledge to be incorporated in the system presented in this

paper. Thus, the main contribution from experts is the definition of the fuzzy implication rules that in turn

define the different fuzzy sets needed for both fuzzyfication and defuzzyfication.

Crips inputs

The  crisp  inputs  correspond  to  the  values  of  the  OFs  considered  in  the  MOO of  pavement  M&R

strategies. The proposed FLES aims to account for sustainable M&R strategies. Therefore, the crisp input

variables represent the OFs values of the optimal pavement M&R strategies (e.g. life-cycle agency costs

and potential environmental impact, etc.).

Fuzzification

The fuzzification process transforms the crisp inputs  into  linguistic terms through the application of

membership functions. Membership functions are used in the fuzzification and defuzzification steps of a

FLES to map the crisp values to fuzzy linguistic terms and vice versa. In the proposed system, the crisp

values  are  fuzzified into  three levels:  Poor,  Medium,  and Good.  The degree to  which each input  is

considered Poor, Medium or High, is computed using the membership functions.

In the proposed FLES, the popular triangular fuzzy membership functions as those plotted in Figure 2

were adopted due to their simplicity and good performance in many other applications. In each fuzzy

membership function the peak is set to the maximum, median, and minimum value of each input OF in

the Pareto set, respectively. It should be noticed that this setting ensures the functionality of the system in

a non-linear context-dependent way.
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Inference process

By applying a set of rules, the inference process transforms the fuzzy input values to fuzzy output values.

A fuzzy rule is a simple IF–THEN rule with an antecedent and a consequent (Mendel 1995). Considering

the IF–THEN structure, the proposed FLES determines the GP of each solution through expert evaluation

rules  based  on  the  fuzzy  values  of  input  variables.  The  set  of  rules  is  defined  on  linguistic  terms

considering linguistic variables of both inputs and outputs.

Linguistically, the proposed FLES considers five levels of GP: Very Poor, Poor, Medium, Good, and

Very Good. For each of these levels, the proposed FLES uses one rule to define the membership degree

of the GP being in that level, also called certainty degree for the level.  The inference process is the

mathematical operation used to determine the certainty degree of the GP being in each of the five levels

considered. For each level it is used a fuzzy rule. That implies that in the proposed FLES five fuzzy rules

are considered. The inference process applied in each fuzzy rule assigns the certainty degree of the output

(GP being in the level corresponding to the rule) to the certainty degree of the antecedent of the rule,

which must be previously computed. More specifically, the following three steps are followed:

1. The certainty degree of each linguistic variable in the antecedent fuzzy rule is computed using

the corresponding membership function and the crisp data, as explained above.

2. Conjunction (AND) and disjunction (OR) operations are applied to compute the certainty of the

whole antecedent rule. For that purpose, an appropriate t-norm is used to represent the AND

operation and an s-norm for the OR operation. In the proposed FLES, the classical product

t-norm and probabilistic addition s-norm are used.

3. The certainty of the consequent rule is assigned to the certainty of the antecedent computed in

the previous step. This certainty represents the degree in which the GP can be considered to be

in the level corresponding to the rule.

In  the  proposed  FLES,  the  rules  define  the  DM’s  preferences  towards  the  different  objectives

considered in the optimal design of M&R strategies so that different set of rules may represent different

strategies towards the sustainability criteria considered in the optimisation. For example, a cost-centered

strategy could be simulated by giving higher values of GP to those solutions having lower costs.

Defuzzification

After the inference process, the overall result is a fuzzy certainty value measuring the GP in each of the

five levels (Very Poor, Poor, Medium, Good, and Very Good). This result must be defuzzied to obtain a

final crisp output. This is the purpose of the defuzzifier component of the FLES, which performs the

defuzzification according to the membership function of the output variable.

Figure 2. Triangular membership functions used to decide the extent to which the inputs can be considered
Poor, Medium, and Good.
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The membership functions used for the defuzzification in the proposed FLES are depicted in Figure 3.

As for the membership functions used for fuzzification (Figure 2), triangular functions are used. In this

case, the peak of each triangle measuring Very Poor, Poor, Medium, Good and Very Good GP is set to 0,

25, 50, 75 and 100, respectively. This implies that GP will be in the range [0, 100], being 100 the best

possible value and 0 the worst. Different methods can be used for defuzzification. In the proposed FLES,

the Centre of Gravity method is adopted (Kerre 1998).  To obtain a numerical value of GP from the

qualitative evaluation given by the fuzzy rules, an area is formed by the triangular function where each

triangle is bounded by the corresponding degree of certainty of the output level that it represents. The

centre of gravity of this area is then computed and its projection on the GP axis provides the quantitative

level of GP.

Case study

General description

The capabilities of the proposed approach are illustrated through a case study consisting of determining

the optimal M&R strategy for a flexible road pavement section of a typical French highway which yields

the best trade-off between two OFs. The pavement section is 1-km long and possesses two independent

roadways, each with two lanes with an individual width of 3.5 m. The project analysis period (PAP) is

equal to 30 years, starting in 2015, and covers the following phases of the pavement life cycle: (i) raw

material  extraction  and  mixtures  production;  (ii)  construction  and  M&R;  (iii)  work-zone  traffic

management (WZTM); and (iv) usage phase.

Based on the real values observed in a French road section in 2015, the initial  two-way average

annual daily traffic (AADT) was considered to be equal to 6500 vehicles/day, of which 33% are heavy

duty vehicles (HDV) (equality divided between rigid HDV and articulated HDV). The structure and

composition  of  the  French  fleet  of  vehicles,  expressed  in  terms  of  type  of  vehicles  and  European

emissions standards, was that defined by CITEPA (Centre Interprofessionnel Technique d’Études de la

Pollution Atmosphérique). The traffic growth rate was 1.5% per year (Jullien et al. 2015) and the future

M&R costs were discounted to present worth by adopting a discount rate of 4%.

A  pavement  structure  with  an  initial  structural  number  (SN0)  equal  to  5.13  and  the  geometric

characteristics presented in Figure 4 was adopted in each of  the independent roadways.  The ID and

features of the four M&R activities considered to be available for application over the PAP are presented

in Table 1. Table 2 presents the M&R strategy corresponding to the French practice (Laurent 2004).

Figure 3. Triangular membership functions used to decide the degree in which GP can be considered Very Poor,
Poor, Medium, Good and Very Good.
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Moreover,  in  this  case  study  three  bi-objective  optimisation  problems (b-OOP)  were  considered,

namely the minimisation of the net presented value (NPV) of the costs incurred by the highway agency

with the M&R of the road pavement section, hereafter abbreviated as LCHAC, and the minimisation of

three life cycle environmental impact category scores. They are as follows: (i) climate change (CC); (ii)

cumulative energy demand non-renewable resources (CED NRR), and (iii) human toxicity (HT). The

calculation of the environmental impact category scores was performed at midpoint level by applying the

Figure 4. Geometric characteristics of the flexible pavement structure. (Acronyms: BBGA – bituminous bound
graded aggregate; HMAC – hot mix asphalt concrete; STAC – super thin asphalt concrete).

Table 1. ID and features of the M&R activities considered to be available for application over the PAP. (Table
view)

M&R activity ID Task name Width (m) Thickness (cm)

1 Mill wearing course 1.75 1.5

Apply tack coat 7 –

Lay down AC 1.75 4

Lay down STAC 5.25 2.5

2 Mill wearing course 3.5 1.5

Apply tack coat 7 –

Lay down AC 3.5 4

Lay down STAC 3.5 2.5

3 Apply tack coat 7 –

Lay down AC 7 4

4 Mill wearing course 3.5 8

Apply tack coat 7 –

Lay down STAC 7 2.5

Acronyms: STAC – super thin asphalt concrete; AC – asphalt concrete.

Table 2. M&R strategy corresponding to the French practice. (Table view)

M&R activity ID Application year

1 9

2 17

3 25

4 30
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life cycle impact assessment (LCIA) method CML 2001 (Guinee et al. 2002).

The pavement life cycle phases and processes included within the system boundaries of the life cycle

assessment  (LCA)  study  performed  to  determine  the  potential  environmental  impacts  related  to  the

construction, M&R and usage of the road pavement section are the following: (i) extraction of materials

and mixtures production, consisting of the acquisition and processing of raw materials, and the mixing

process of asphalt mixtures in plant; (ii) construction and M&R, including the operations required to

construct, maintain and rehabilitate the pavement layers, namely those referring to the use of the required

construction equipment; (iii) transportation of materials, accounting for the transportation of materials to

and from the construction site and between intermediate facilities (e.g. transportation of aggregates from

the quarries to asphalt mixing plants, etc.); (iv) WZ traffic management phase, which consists of the

additional environmental impacts produced by the on-road vehicles when experiencing a disruption of the

normal traffic flow due to the perturbations associated with a WZ traffic management plan;  and (v)

usage, which models the interactions of the pavement with vehicles and environment throughout the PAP.

For further details on the features of the LCA study the reader is referred to Santos et al. (2018c).

To  ensure  the  practicality  of  the  b-OO model,  a  set  of  constraints  was  defined:  (i)  the  Present

Serviceability  Index  (PSI)  of  the  pavement  section,  which  was  adopted  to  model  the  pavement

performance over the PAP according to the AASHTO model (AASHTO 1993), cannot be lower than 2.0;

(ii) the macrotexture, modelled through the model proposed by Lorino et al. (2008), cannot be lower than

0.6 mm; and (iii) no more than one M&R activity can be applied within a time frame of 5 years.

The b-OOP described above are extremely difficult to solve to an exact optimum given their marked

combinatorial  nature  and  the  difficulties  in  verifying,  when  they  exist,  the  required  mathematical

properties of continuity, convexity and derivability. Therefore, they were solved with a Multi-Objective

Evolutionary Algorithm (MOEA), namely the NSGA-II (Deb et al. 2002), adapted and implemented in

the optimisation-based decision support system (DSS) for pavement management developed by Santos et

al.  (2018a).  Details on the parameter setting of the optimisation algorithm are given in the previous

reference.

Components of the fuzzy logic expert system (FLES)

Four crisp inputs variables were considered in the case study, each one corresponding to one of the OF

presented in the previous sub-sections.

The  next  step  in  the  FLES design  is  to  determine  the  knowledge  in  the  system that  should  be

structured in the form of implication rules. As mentioned before, in this case study the authors’ expertise

is used to decide the knowledge to be incorporated in the system. In particular, three different scenarios

are considered that lead to three different strategies reflecting the DM’s preference towards the OF: (i)

cost, (ii) environmental; and (iii) neutral strategy. The cost strategy represents a DM whose preference is

to minimise the M&R costs incurred by the highway agency over the PAP. In this strategy, cost is given

more importance over the environmental impact generated throughout the pavement life cycle. On the

other hand, the environmental strategy accounts for the interests of a DM who is much more aware of the

environmental impact. Hence, environmental indicators of performance provide the main GP evaluation

and cost is just used for refinement. Finally, the neutral strategy represents the DM’s view who possesses

an equidistant position in relation to economic and environmental aspects. It is defined by combining the

rules used for the cost and environmental strategies. These preferences are articulated in the following set

of rules:

• Cost strategy:

o C1: IF Cost is Poor THEN GP is Very Poor
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o C2: IF Cost is Medium AND 2 environmental inputs are Poor THEN GP is Poor

o C3: IF Cost is Medium THEN GP is Medium

o C4: IF Cost is Good and 2 environmental inputs are Medium THEN GP is Good

o C5: IF Cost is Good and 2 environmental inputs are Good THEN GP is Very Good

• Environmental strategy:

o E1: IF 2 environmental inputs are Poor and Cost is not Good THEN GP is Very Poor

o E2: IF 2 environmental inputs are Poor and Cost is Good OR 1 environmental input is Poor

OR 2 environmental inputs are Medium THEN GP is Poor

o E3: IF 2 environmental inputs are Medium AND Cost is High OR 2 environmental inputs are

Good THEN GP is Medium

oE4:  IF  2  environmental  inputs  are  Good  AND  1  environmental  input  is  Medium  OR

environmental inputs are Good AND Cost is Good THEN GP is Good

oE5: IF 3 environmental inputs are Good AND Cost is not Poor OR 2 environmental inputs are

Good AND 1 environmental input is Medium AND Cost is Good THEN GP is Very Good

• Neutral strategy:

o N1: IF Cost is Poor OR 2 environmental inputs are Poor and Cost is NOT Good THEN GP is

Very Poor

o N2: IF Cost is Medium AND 2 environmental inputs are Poor OR 2 environmental inputs are

Poor and Cost is Good OR 1 environmental input is Poor OR 2 environmental inputs are

Medium THEN GP is Poor

o N3: IF Cost is Medium OR 2 environmental inputs are Medium AND Cost is High OR 3

environmental  inputs  are  medium  OR  2  environmental  inputs  are  Good  THEN  GP  is

Medium

o N4: IF Cost is Good and 2 environmental inputs are Medium OR 2 environmental inputs are

Good AND 1 environmental input is Medium OR 2 environmental inputs are Good AND

Cost is Good THEN GP is Good

o N5: IF Cost is Good and 2 environmental inputs are Good OR 3 environmental inputs are

Good AND Cost is NOT Poor OR 2 environmental inputs are Good AND 1 environmental

input is Medium AND Cost is Good OR all inputs are Good THEN GP is Very Good

Results

Figure 5a–c displays the pareto optimal set of solutions in the objective space for each b-OOP, along with

the M&R corresponding to the French practice. In turn, Figure 5d displays the GP of each Pareto optimal

pavement M&R strategy, as well as the solution corresponding to the French M&R practice, for each

DM’s preference towards the OF. According to the FLES theory, the closer the GP to 100, the better the

solution is. Table 3 presents the M&R strategies corresponding to the best optimal solutions (BOSs) (i.e.

highest GP values) and the current French M&R practice, as well as the OF and GP scores.
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Similar to the Pareto fronts of the several b-OOP, also the ‘combined’ Pareto fronts expressed in

terms  of  GP  are  not  continuous.  Instead,  they  are  comprised  by  several  segments,  which  evolve

Figure 5.  Pareto  optimal  set  of  solutions  along with  the  M&R strategy  corresponding  to  the  French  M&R
practice: (a) Min. LCHAC vs. Min. CC; (b) Min. LCHAC vs. Min. HT; (c) Min. LCHAC vs. Min. CED NRR; (d) GP
of each Pareto optimal  pavement M&R strategy,  as well  as the solution corresponding to the French M&R
practice, for each DM’s preference towards the OF. (Acronyms: LCHAC – life cycle highway agency costs; CC –
climate change; HT – human toxicity; CED NRR – cumulative energy demand non-renewable resources).

Table 3. M&R strategies corresponding to the best optimal solutions and the current French M&R practice, as
well as the OF and GP scores. (Table view)

Sequence
of M&R
treatments

Decision Maker’s selection strategy Current French M&R practice

Cost Environmental Neutral Cost Environmental Neutral

1st 1(9) 3(9) 3(9) 1(9) 1(9) 1(9)

2nd 3(18) 3(18) 3(18) 2(17) 2(17) 2(17)

3rd 3(27) 3(27) 3(27) 3(25) 3(25) 3(25)

4th 4(30) 4(30) 4(30)

LCHAC
(€)

158,303.32 180,896.50 180,896.50 211,555.04 211,555.04 211,555.04

CC (Kg
CO2-eq)

304,400.56 251,482.93 251,482.93 581,628.86 581,628.86 581,628.86

HT (Kg
1.4 DBC-
eq)

164,479.36 122,375.68 122,375.68 299,082.44 299,082.44 299,082.44

CED NRR
(MJ-eq)

18,203,891.19 15,030,104.87 15,030,104.87 34,308,501.35 34,308,501.35 34,308,501.3

GP 59.46 59.50 52.72 8.67 21.16 21.16

KEY: X (Y) – M&R treatment (application year). Acronyms: M&R – maintenance and rehabilitation; LCHAC – life
cycle highway agency costs; CC – climate change; HT – human toxicity; CED NRR – cumulative energy demand
non-renewable resources; GP – global performance.

A fuzzy logic expert system for selecting optimal and sustainable life ... blob:https://www.tandfonline.com/5262039e-39bd-4973-98fa-14278...

13 of 19 8/5/2022, 3:34 PM



differently with the increase in the M&R expenditures, depending on the DM’s preference. Overall, for a

DM who privileges the environmental aspects, the money has a low marginal value, and then, he/she

should not expect great variations in the GP score when he/she increases the M&R expenditures in the

same relative proportion. That is because the ‘combined’ Pareto front is comprised by several roughly

flat  segments  that  can  be  interpreted  as  cluster  of  solutions,  which  for  a  given  range  of  M&R

expenditures (and M&R strategies) generate a similar GP score. On the contrary, when the DM’s choices

are primarily driven by monetary aspects, the GP of the solutions are more sensitive to variations in the

M&R expenditures, being this trend more pronounced for higher budgets. For instance, when the life

cycle costs incurred by the highway agency increase from €180,896.50 to €208,964.30, the GP of the

M&R  strategies  decreases  by  78%  if  the  DM  is  more  prone  to  economics  aspects.  This  value  is

considerably greater  than the  reduction  of  16% observed in  the  case  of  the  environmental  selection

strategy. Furthermore, the same optimal solution has a greater GP score when a cost-based selection

strategy is adopted. The exception to this general trend is observed for M&R expenditures greater than

€180,896.50, although this situation does not represent more than 25% of all optimal solutions.

As far as the neutral selection strategy is concerned, the GP values of the Pareto optimal pavement

M&R strategies centre between those corresponding to the DM’s selection strategy driven by economic

and environmental interests. An exception to this global trend is, however, observed in the case of the

solutions corresponding to a middle range of M&R expenditures, in which the GP score of the optimal

solutions corresponding to the environmental and neutral selection strategies are the same. This happens

because fuzzy certainty values equal (or very close) to 0 act as identity element for the OR connector. In

the  fuzzy rules  of  the  neutral  strategy there  are  many antecedent  connectors  with  OR operators.  In

general, all not-null antecedents make a contribution to the certainty of the consequent. But those which

are null do not affect the consequent. In those cases, it is the antecedents related to the cost strategy

which should be very close to 0. Therefore, the consequent of the neutral strategy is only determined by

the antecedents related to the environmental strategy, making both to coincide.

When comparing the BOSs of each DM’s selection strategy, it can be observed that the GP values

corresponding to the economic and environmental strategies are almost the same and equal to 59.5, while

that corresponding to the neutral strategy is slightly inferior and equal to 52.7. In relative terms, the

inexistent  difference in the GP values  of  the BOSs driven by environmental  and economic interests

contrasts with a difference of 14% in the costs corresponding to the respective M&R strategies.

Figure 6 displays in a parallel coordinates plot the BOS for each DM’s selection strategy and the

French M&R practice. In this figure, the x-axis represents the set of OFs and GP, while the left y-axis

corresponds  to  the  normalised  values  of  the  solutions  calculated  in  relation  to  the  maximum  and

minimum OF values attained by the solutions belonging to the Pareto front. Also represented in this

figure (right y-axis) is the relative variation of the OF and GP values corresponding to the BOS for each

DM’s selection strategy in relation to those of the current French M&R practice. These results are to be

understood as follows: positive numbers mean that the BOSs improve on current French practice, while

negative numbers represent a deterioration of the metrics considered.
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From the analysis of the parallel coordinates plot, it can be seen that the normalised values of the

environmental metrics associated with the BOS for a DM’s selection strategy driven by highway agency

costs are in the range of 0.34–0.55, while the normalised LCHAC is equal to 0.34. In turn, if the DM

favours environmental concerns or has a neutral position, the normalised values of the environmental

metrics associated with the BOS varies between approximately 0 (for CC and CED NRR) and 0.24,

whereas  the normalised LCHAC is  equal  to  0.63.  These results  show that  the for  an environmental

selection strategy the way the LCHAC are taken into account by the fuzzy rules does to prevent the

optimal solution from being the one with almost the lowest value of the environmental metrics. The same

cannot be said about the way the environmental-related OF are taken into account by the fuzzy rules

corresponding to a DM’s selection strategy driven by highway agency costs, as this OF value is found to

be far from the null value (0.34).

When comparing the BOS with the solution corresponding to the current French M&R practice, the

results  presented  in  the  right  y-axis  of  Figure  6  show that  the  best  optimal  M&R  strategy  always

improves  on  French  M&R  practice  regardless  of  the  OF  considered.  On  average,  a  reduction  of

approximately 47% is obtained in the environmental metrics for a cost selection strategy, while in the

case of the costs incurred by the highway agency with the M&R strategies, the reduction drops to 25%.

For a selection strategy which either privileges environmental aspects or has a neutral position the values

previously  presented  are  equal  to  57% and  14%,  respectively.  As  far  as  the  GP  is  concerned,  the

improvements in relation to the current French M&R practices are equal to 586%, 181% and 149%, for

costs, environmental and neutral selection strategies, respectively.

Extension of the proposed system for a network level analysis

The case study presented previously analyses the design of sustainable pavement M&R strategies at the

project level. This case study is adopted for demonstrating the capabilities of the proposed FLES using a

simplified problem. Nevertheless, the proposed FLES can be directly applied to analyse road segments

with different characteristics (e.g. length, M&R activities available for application, etc.).

One of the challenges faced by highway agencies relates to the complexities derived from the analysis

at the network level. One of those complexities is associated with the large number of possible solutions

presented in the optimal design of M&R strategies at the network level. This problem presents STxN

Figure 6. Parallel coordinates plot of the BOS and the current French M&R practice (left y-axis) and relative
variation of the OF and GP values associated with the BOS, in relation to the current French M&R practice.
(Acronyms: LCHAC – life cycle highway agency costs; CC – climate change; HT – human toxicity; CED NRR –
cumulative energy demand non-renewable resources).
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possible solutions in a network with N sections and S possible M&R activities over a planning horizon of

T years. Although some authors have tackled this problem with a holistic approach (i.e. exploring the

whole space of solutions) (Torres-Machi et al. 2017), a common methodology consists of simplifying the

problem by performing a sequential approach (Torres-Machi et al. 2014a). According to this approach,

the  problem is  divided  in  two  phases.  First,  the  problem is  solved  at  the  project  level  in  order  to

determine the optimal M&R strategy on a section-by-section basis. This is also often called bottom-up

approach (Guo et al. 2020) and once the optimal M&R strategies are defined for each section, the DM

selects the ‘candidate sections’ to be treated (i.e. network level analysis) based on existing constraints

such as available budget.

The  proposed  FLES  can  be  expanded  to  perform  network  level  analysis  by  using  a  sequential

approach.  The  optimal  M&R  strategy  at  the  project  level  will  be  designed  following  the  process

described in this manuscript and illustrated in the case study. In order to determine which ‘candidate

sections’ in the network will be selected to receive the M&R strategy, the proposed FLES can be applied

again to determine the normalised GP of each of the sections in the network. The advantage of applying

the proposed FLES at the network level is that it will provide a common metric (i.e. GP) that can be used

to compare the sections in the network. This indicator can then be used to solve the network problem

(also known as the knapsack-based portfolio optimisation problem). Figure 7 depicts the overall process

to follow to extend the application of the proposed FLES to perform network level analysis.

Summary and conclusions

This paper presents a methodology for selecting a single solution from the Pareto optimal set obtained

from the MOO of sustainable pavement M&R strategies, based on a FLES.

The capabilities of the proposed methodology were demonstrated by means of a case study consisting

of  determining the  optimal  M&R strategy for  a  flexible  road pavement  section  of  a  typical  French

highway,  as  a  result  of  considering  simultaneously  four  OFs,  among  which  three  correspond  to

environmental metrics, and three different DM’s perspective towards costs and environmental concerns.

The results of the analysis showed that reductions in the scores of all  metrics considered can be

achieved by moving from the  current  pavement  M&R practice  to  the  BOSs.  For  a  DM who either

privileges  the  environmental  aspects  or  has  no  preference  towards  economic  and  environmental

considerations, the BOS denotes environmental metrics scores quite close to the lowest scores observed

amongst all solutions laying on the Pareto front. In turn, if the DM strives for saving the expenditures

associated with the M&R strategies, the BOS presents a low LCHAC value but not as low as the one

corresponding to the Pareto optimal solution that performs best from this perspective.

Although the authors believe that the methodology presented in this paper can already be seen as a

useful approach for helping DMs striving for more sustainable transportation infrastructure, it can still

benefit from further improvements. Therefore, this research work will proceed in two main directions.

Figure 7. Proposed approach to extend the Fuzzy Logic Expert System (FLES) for a network level analysis.
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Initially, the decision level for which the current version is intended for will be upgraded from the project

level to the network level to ensure that the road pavement maintenance decisions taken at project level

end up in optimal sustainable solutions for the whole road pavement network, according to the specific

DM’s interests. This upgrade can be performed by implementing the procedure presented in the previous

section. Second, the optimisation problem will be formulated as a single-objective optimisation problem

in which the OF will consist of maximising the Global Performance.
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