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ABSTRACT: To address the multidimensional challenges involved in advancing the sustainability of pave-
ment systems, this study developed a multi-objective optimization framework that hosts a comprehensive and
integrated pavement life cycle costs- life cycle assessment model that covers the whole pavement’s life cycle,
from the extraction and production of materials to construction and maintenance, transportation of materials,
work-zone traffic management, usage and end-of-life. Specifically, the model was applied to investigate, from
a full life cycle perspective, the extent to which several pavement engineering solutions are efficient in im-
proving the environmental and economic dimensions of pavement sustainability, when applied in the man-
agement of a road pavement section. Multiple bi-objective optimization analysis considering accordingly
agency costs, user costs and greenhouse gas emissions were conducted based on a multi-objective genetic al-
gorithm. Pareto fronts were obtained for each analysis, originating a set of non-dominated maintenance and
rehabilitation solutions. Posteriorly, a multi criteria decision analysis method was used to find the best com-

promise solution for pavement management.

1 INTRODUCTION
Current asset management (AM) practices adopted
by transportation agencies consist of applying eco-
nomic analysis techniques, such as the life cycle
costs analysis (LCCA), to select from among various
infrastructures designs and/or maintenance and reha-
bilitations (M&R) intervention alternatives those
that are most economically appealing, according to
their interests and existing constraints. However, re-
cent recognition that transportation infrastructure
management decisions and practices also have sub-
stantial impacts on the environment (Santero &
Horvath 2009), along with the increasing awareness
of sustainability and climate change, have motivated
governmental agencies to promote a shift in focus in
the management of transportation infrastructures to-
wards achieving sustainable transportation systems.

In the particular case of the road pavement sector,
the implementation of effective sustainable pave-
ment management systems requires the development
of approaches that enable the prediction of (1) the
pavement performance, (2) the construction and
maintenance-related budget requirements, (3) the
costs incurred by road users and (4) the environmen-
tal impacts related to the pavement life cycle, using
appropriate performance measures.

While LCCA provides an effective evaluation to
pinpoint cost effective solutions for the design and
maintenance of pavement systems (Walls & Smith,

1998), the environmental impacts associated with
their life cycle are best characterized using a life cy-
cle assessment (LCA) approach (Santero et al.
2011).

Despite the recognized merits of LCCA and LCA
methods in evaluating the economic and environ-
mental dimensions of sustainability, these methods
applied individually are inefficient to optimally ad-
dress the common tradeoff of relationships and in-
teractions between life cycle sustainability indica-
tors. Rather, they are better employed when
integrated into an optimization-based pavement life
cycle management framework accounting for various
objectives and constraints, and allowing LCCA and
LCA to be carried out in parallel. However, the tra-
ditional practice in optimized decision-making in
pavement management has been based on the opti-
mization of a single objective, mostly the minimiza-
tion of LCC, which can be either the total highway
agency costs (HAC) or, less often, the summation of
the total HAC and road user costs (RUC). It is there-
fore evident that a steady and effective implementa-
tion of a sustainable pavement management system
(SPMS), through the addition of the environmental
dimension to the traditional cost-based optimization
framework, requires the mathematic formulation of
the decision problems to migrate from the single-
objective optimization (SSO) to the multi-objective
optimization (MOQO) domain, in which the decision



makers (DMs), are provided not with one single pre-
ferred solution, but with a set of potentially preferred
solutions.

Currently, the literature addressing the concomi-
tant consideration of (1) LCC incurred by highway
agencies and road users, (2) environmental metrics
covering the whole pavement life cycle phases and
(3) life cycle optimization models aiming to identify
optimal pavement designs and/or M&R strategies
based on specific objectives and constraint(s) is still
in its infancy.

Despite the important steps forward given by
Zhang et al. (2010), Lidicker et al. (2013) and Reger
et al. (2014, 2015), to name few, all of them suffer
from at least one or a combination of drawbacks
such as: (1) the inability to estimate the environmen-
tal and economic burdens associated with the usage
and/or work zone traffic management (WZTM)
phases; (2) the consideration of a reduced number of
M&R treatment alternatives, which in some studies
means that promising treatments for improving the
sustainability of pavement systems, such as preven-
tive and in-place recycling-based treatments, were
not considered; (3) the consideration of short project
analysis periods (PAPs), which do not allow for the
assessment of the long-term and cumulative eco-
nomic and environmental impacts resulting from the
decision-making process; and (4) the HAC, RUC are
environmental impacts are presented in an exces-
sively aggregated manner, making it difficult for the
DM to acquire insights into (i) the relative contribu-
tion of the subcomponents to the total figures, and
(ii) the economic and environmental implications re-
sulting from implementing new pavement manage-
ment policies and practices, due to the lack of under-
standing of the relationship between
parameters/processes and outcomes.

2 OBJECTIVES

The objective of this paper is to present a compre-
hensive and modular MOO-based pavement man-
agement decision support system (DSS) for enhanc-
ing pavement sustainability. The main novelty of the
DSS lies in the incorporation of a comprehensive
and integrated pavement LCC-LCA model, along
with a decision-support module, within a MOO
framework applicable to pavement management.
The aims of the DSS are twofold: (1) to enhance the
sustainability of the pavement management policies
and practices by identifying the most economically
and environmentally promising pavement M&R
strategies, given a set of constraints, and (2) to help
DMs to select a final optimum pavement M&R
strategy among the set of Pareto optimal pavement
M&R strategies.

3 DECISION SUPPORT SYSTEM
METHODOLOGY

The methodological framework of the DSS compris-
es three main modules: (1) a MOO module; (2) a
comprehensive and integrated pavement LCC-LCA
module; and (3) a decision-support module. The
MOO module is further divided into three subcom-
ponents: (i) the formulation of the MOO model,
which consists of defining the decision variables, the
objective functions and constraints; (ii) the solution
approach, which hosts the method to be employed to
solve the MOO model and find the Pareto optimal
set of solutions; and (iii) the optimization algorithm
developed to solve the MOO model. In addition to
the aforementioned main modules, the architecture
of the DSS includes (1) a data management module,
which is responsible for gathering data, storing it in
several libraries and ensuring the integrity and readi-
ness of the data required by the multiple models in-
corporated into the DSS, and (2) a results report
module, which provides a detailed description of the
optimization results. In the following sections, each
main component will be introduced in detail.

3.1 Multi-objective optimization model module
3.1.1 Multi-objective model formulation

The formulation of the MOO model encompasses
three main steps: (1) identification of the decision
variables of the problem to be tackled; (2) definition
of the objective functions; and (3) set the constraints.

The main set of decision variables of the pave-
ment M&R strategy selection problem, which are de-
fined by an integer figure, is designed to represent all
feasible M&R activities to be performed in each
pavement section and in each year of the PAP. Ex-
amples of other sets of variables include those de-
scribing the pavement performance in each year of
the PAP.

As far the definition of the objective functions is
concerned, the main goal underlying the develop-
ment of this DSS suggests the definition of objective
functions representing the commonly conflicting
perspectives and interests of the three main pave-
ment management stakeholders: highway agency,
road users, and environment. Given this, the follow-
ing objectives were inserted by default into the DSS:
(1) minimization of the present value (PV) of the to-
tal costs incurred by highway agencies with the con-
struction, M&R and end-of-life (EOL) of a road
pavement section throughout its life cycle; (2) max-
imization of the pavement performance over the
PAP; (3) the minimization of the PV of the total
LCRUC incurred during both the execution of a
M&R activity and the normal operation of the infra-
structure; and (4) the minimization of the life cycle



environmental burdens arising from all pavement
life cycle phases.

3.1.2 Solution approach

Several approaches have been developed to solve
MOO problems, which include, among others, ag-
gregation methods, weighted metric methods, goal
programming method, achievement functions meth-
od, goal attainment method, €-constrained method,
dominance-based approaches.

In the proposed DSS, a dominance-based ap-
proach is adopted to solve the MOO model.

3.1.3 Solution algorithm

The optimization model described in the previous
sections is extremely difficult to solve to an exact
optimum given its marked combinatorial nature and
the difficulties in verifying, when they exist, the re-
quired mathematical properties of continuity, con-
vexity and derivability. In fact, previous experience
with a segment-linked optimization model (Ferreira
et al. 2002), has shown that we cannot rely on exact
methods to find guaranteed optimal solutions within
an acceptable time period when applying this type of
models to a real-world road network. Even for small-
size instances, those algorithms may require imprac-
tically high computational times to solve them to the
exact optimum when the pavement performance in
the years following the application of a given treat-
ment is modelled through a non-linear equation,
which varies depending on the type of the last treat-
ment, and in some circumstances, on the type of
treatments preceding the last one, as in case study in-
troduced later on in this paper.

Therefore, the MOO model is solved with heuris-
tic algorithms. Among a few categories of heuristic
algorithms, multi-objective  genetic  algorithms
(MOGA) are the most popular solution algorithms
for solving multi-objective (bi-objective) optimiza-
tion problems. Specifically, the NSGA-II (Deb et al.
2002) is implemented in the proposed DSS. The
NSGA-II is an efficient and well-tested MOGA
(Konak et al. 2006), designed to search for a set of
well distributed non-dominated solutions that ap-
proximates the entire Pareto front, and has proved to
perform particularly very well on two-objective en-
gineering problems. Further details on the NSGA-II
are presented in Deb et al. (2002).

3.2 Integrated pavement life cycle costs-life cycle
assessment model module

The integrated pavement LCC-LCA model follows a
cradle-to-grave approach and covers six phases: (1)
materials extraction and production; (2) construction
and M&R; (3) transportation of materials; (4)
WZTM; (5) usage; and (6) EOL. These phases were

broken down into multiple components which con-
nect to each other by data flows computed through a
hybrid life cycle inventory (LCI) approach. Further
details on the integrated pavement LCC-LCA model
are given in Santos et al. (2015a), whereas Santos et
al. (2015b,c) describe the LCA sub-model and San-
tos et al. (2015d) the LCC sub-model.

3.3 Decision support module

Once a set of non-dominated solutions is generated
representing the optimums for the problem being
tackled, the DM faces a MCDM problem should he
desire to choose a single Pareto optimal solution out
of the Pareto optimal set. A natural idea would be to
choose the solution in the Pareto front furthest from
the most inferior solution, in which the most inferior
solution is the one with the maximum value for all
objectives, assuming that all the objective functions
are meant to be minimized. In order to assist the DM
with this task, a decision-support model is imple-
mented in the proposed DSS, where the calculation
of distances from the most inferior solution relies on
the membership function concept in the fuzzy set
theory (Zimmormann 1996).

According to the adopted methodology the ac-
complishment level of each non-dominated solution
j in satisfying the objective i is given by the mem-
bership function represented by Equation 1. The sum
of the accomplishment levels of each non-dominated
solution j is posteriorly rated with respect to all the
M non-dominated solutions by normalizing its ac-
complishment over the sum of the accomplishments
of the M non-dominated solutions (Equation 2). The
normalized membership function A; provides de
fuzzy cardinal priority ranking of each non-
dominated solution j. The solution with the maxi-
mum value of A;is considered as the best optimal
compromise solution (BOCS).
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where U} = membership function value for the j"
non-dominated solution with respect to the i objec-
tive; ™ and ™ = maximum and minimum values
of the i objective, respectively; f' = i objective
value for the j™ non-dominated solution; s, = nor-
malized membership function value for the j™ non-
dominated solution; Nobj = number of objectives for
the MOO problem; and M = number of non-
dominated solutions.



4 CASE STUDY
4.1 General description

In order to illustrate the capabilities of the proposed
DSS, it is applied to a case study consisting of de-
termining the optimal M&R strategy for a one-way
flexible pavement section of a typical Interstate
highway in Virginia, USA, that yields the best
tradeoff between two, often conflicting, objectives.
They are the following: (1) minimization of the PV
of the total LCHAC and minimization of the PV of
the LCRUC; (2) minimization of the PV of the total
LCHAC and minimization of the life cycle environ-
mental impacts (LCEI), which in this case study is
limited to one impact category for the sake of brevi-
ty; and (3) minimization of the PV of the total
LCHAC and maximization of the life cycle pave-
ment performance (LCPP). As far as the minimiza-
tion of the LCEI is concerned, the Climate Change
(CC) impact category, expressed in terms of CO2-eq,
is selected because it is increasingly regulated and
discussed by both governmental and non-
governmental institutions. The following greenhouse
gas (GHG) are considered to contribute to CC im-
pact category: CO2, CH4 and N2O.

To ensure practicality of the present model, a set
of constraints is defined: (i) the Critical Condition
Index (CCI) of a pavement section cannot be lower
than 40; (ii) due to technical limitations which im-
pose limits to the life of the initial pavement design
and RC treatment, the maximum time interval be-
tween the application of two consecutives M&R ac-
tivities of type RC is 30 years; and (iii) no more than
one M&R activity can be applied within a time
frame of 3 years.

Furthermore, two scenarios are considered de-
pending on whether or not the RC M&R activity in-
cludes recycling-based layers. The features of the
case study is shown in Table 1.

The road pavement section described in the above-
mentioned Table is assessed according to its eco-
nomic and environmental performances in all pave-
ment life cycle phases, excepting the EOL phase.
This phase is excluded from the system boundaries
because the road pavement section is expected to
remain in place after reaching the end of the PAP,
serving as a support for the new pavement structure.
In view of this scenario, the salvage values of the
pavement structure is given as the value of its re-
maining service life, which was proven to be negli-
gible when compared to the costs incurred during the
remaining pavement life cycle phases (Santos et al.
2015d). With regard to the environmental impacts
assigned to this phase, they are disregarded on the
basis of the ‘cut-off” allocation method, which is the
most widely used technique to handle the EOL phase
in pavements LCAs (Aurangzeb et al. 2014).

For a deep understanding on the methodologies
and formulations adopted to calculate the multiple

subcategories of HAC and RUC as well as the LCI
associated with the several pavement life cycle phas-
es, the reader is referred to Santos et al. (2015a,c,d).

Table 1. Features of the case study.

Name Parameter _
Value Unit
PAP 50 year
Beginning year 2011 year
Initial AADT 20000 vehicle
Percentage of PCs in the AADT 75 %
Percentage of HDVs in the AADT 25 %
Traffic growth rate 3 %/year
Initial CCI 87 -
Initial IRI 1.27 m/km
Age 5 year
Number of lanes 4 -
Lanes length 1 km
Lanes width 3.66 m
. 2.3 (OMB,
Discount rate 2013) %

PAP- project analysis period; AADT- annual average daily traf-
fic; PCs- passenger cars; HDVs- heavy duty vehicles; CClI- crit-
ical condition index; IRI- international roughness index; OMB-
Office Management Budget.

4.2 Maintenance and rehabilitation alternatives

The M&R activities considered for application over
the PAP are based on Chowdhury (2011), and de-
fined as: (1) Do Nothing (DN); (2) Preventative
Maintenance (PrM); (3) Corrective Maintenance
(CM); (4) Restorative Maintenance (RM); and (5)
Reconstruction (RC). In the case of the PrM treat-
ments, two types of treatments are considered: mi-
crosurfacing and thin hot mix asphalt overlay con-
crete (THMACO). As for the RC treatment, two
alternatives are also considered. They were named
conventional RC and recycling-based RC and differ
from each other in that the former comprises exclu-
sively conventional asphalt layers, whereas the latter
consists of a combination of conventional asphalt
layers with in-place recycling layers. The recycling-
based RC activity is designed in such a way that it
provides equivalent structural capacity to its non-
recycling-based counterpart and takes into account
the VDOT’s surface layer requirements for layers
placed over recycling-based layers (VDOT 2013).
Details on the M&R actions comprising each M&R
activity are presented in Santos et al. (2015a).

4.3 Pavement performance modelling

In order to determine the pavement performance
over time, the VDOT pavement performance predic-
tion models (PPPM) are used. VDOT developed a
set of PPPM in units of CCI as a function of time
and category of the last M&R activity applied. CCI
is an aggregated indicator ranging from 0 (complete
failure) to 100 (perfect pavement) that represents the



worst of either load-related or non-load-related dis-
tresses.

Using the base form corresponding to Equation 3,
VDOT defines PPPM for the last three categories
(Stantec Consulting Services and Lochner 2007).
The coefficients of VDOT’s load-related PPPM ex-
pressed through the Equation 3 for asphalt pave-
ments of Interstate highways are presented in Table
2 (Stantec Consulting Services and Lochner 2007).

In 1
CCI (t)=CCl , —e®*?*° () 3)
where cci(t) = critical condition index in year t since
the last M&R activity, i.e. CM, RM or RC; ccl, =
critical condition index immediately after treatment;
and a, b, and ¢ = load-related PPPM coefficients
(Table 2).

Table 2. Coefficients of VDOT’s load-related PPPM
expressed by Equation 3 for asphalt pavements of in-
terstate highways.

M&R activity

category Cccl, a b c

CM 100 9.176 9.18 1.27295
RM 100 9.176 9.18 1.25062
RC 100 9.176 9.18 1.22777

Unlike the previous M&R activity categories,
VDOT did not develop individual PPPM for PrM
treatments. Thus, in this case study the considered
PrM treatments, i.e. microsurfacing and THMACO,
are respectively modelled as an 8-point and 15-point
improvement in the CCI of the road segment. Once
the treatment is applied, it is assumed that the pave-
ment deteriorates according to the PPPM of a CM,
but without reduction of the effective age. On the
other hand, in the case of the application of CM, RM
and RC treatments, the CClI is brought to the condi-
tion of a brand new pavement (CCI equal to 100)
and the age is restored to O regardless of the CCI
value prior to the M&R activity application.

For the purpose of estimating the environmental
impacts and costs incurred by road users during the
pavement usage phase due to the vehicles travelling
over a rough pavement surface, a linear roughness
prediction model, expressed in terms of International
Roughness Index (IR1), is considered (Equation 4).
IRI(t) = IRI, +IRI , xt (4)

where IRI(t) = IRI value (m/km) in year t; ri, = IRI
immediately after the application of a given M&R
activity; and Iri,,, = IRI growth rate over time, which
is set at 0.08 m/km (Bryce et al. 2014). It is assumed
that the application of an M&R activity other than
PrM restores the IRI to the value of a brand new
pavement (IRI equal to 0.87 km/h). The IRI reduc-
tion due to the application of a PrM treatment is de-
termined based on the expected treatment life and
assuming that there is no change in the value after
the PrM application (the same assumption is also

made in the case of the remaining M&R activities).
Thus, by assuming treatment life periods of 3 and 5
years (Chowdhury 2011), respectively for microsur-
facing and THMACO treatments, reductions in the
IRI value of 0.24 and 0.40 m/km are obtained.

4.4 Results and discussion

The MOO model was written in MATLAB® pro-
gramming software (MATLAB 2015), and run on a
computational platform Intel Core i7-6700HQ 2.60
GHz processor with 16.00 GB of RAM, on the Win-
dows 10 Home operating system.

Figures la-1c display the Pareto optimal sets of
solutions in the objective space for both scenarios,
along with the M&R strategy defined by VDOT.
Each point in figures represents an optimal non-
dominated pavement M&R strategy. As it can be ob-
served in the abovementioned figures, an increase in
the expenditures incurred by the highway agency has
a triple benefit, in that it leads not only to a reduction
in the LCRUC and life cycle climate change score
(LCCCsc), but also to an increase in the pavement
performance, although with diminishing or null mar-
ginal returns at higher expenditures levels. Figures
la-1c also show the effects resulting from consider-
ing a maintenance scenario where the M&R activity
of type RC available for application combines con-
ventional asphalt layers with in-place recycling lay-
ers. In this case, the entire LCHAC-LCRUC and
LCHAC-LCCCsc Pareto fronts shifts down and to-
wards the axis intersection, whereas the LCHAC-
LCPP Pareto front shifts up and towards the LCPP
axis. In practical terms, these movements result in
costs and emissions savings and pavement perfor-
mance gains across the pavement life cycle, although
they are particular meaningful for low highway
agency budgets.
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Figure 1. Pareto optimal sets of solutions in the objective space
for both scenarios, along with the M&R strategy defined by
VDOT: (a) Min. LCHAC vs. Min. LCRUC; (b) Min. LCHAC
vs. LCCCsc; and (c) Min. LCHAC vs. Max. LCPP. Note: The
fuzzy cardinal priority ranking of each non-dominated solution
was normalized so that it falls into the range [0;1].

Figures 2al-2d present the variation of the
LCHAC, LCRUC, LCCCsc and LCPP for the non-
recycling-based best optimal compromise solutions
(NRbBOCS) and the recycling-based BOCS
(RbBOCS) when compared to the current VDOT
practice. These results are to be understood as fol-
lows: positive numbers mean that the BOCS im-
prove on VDOT practice, while negative numbers
represent a deterioration of the metrics considered.

For the conditions considered in this case study,
the results presented in these figures show that the
BOCS always increase the highway agency expendi-
tures if the RC M&R activity does not include recy-
cling-based layers. This increase is particularly
meaningful in the third MOO problem, where the
LCHAC are expected to rise by approximately 80%.
This is because highway agency is required to inten-
sify substantially the frequency of M&R activities
application.

From the road users and environment perspec-
tives, the NRbBOCS is always beneficial regardless
the MOO problem considered, although the life cy-
cle emissions directly related to the highway agen-
cies’ responsibilities (i.e., materials extraction and
production, M&R and transportation of materials)
are estimated to increase. However, they are offset
by the considerable savings occurring during the us-
age phase, as a consequence of the reduction of the
fuel consumed by the vehicles to overcome the roll-
ing resistance.

On the other hand, in a scenario where the recy-
cling-based RC is available for implementation, the
M&R strategy corresponding to the RoBOCS always
improve on VDOT practice with regard to the four
considered metrics for the first two MOO problems.
The only exception to the overall benefits resulting
from implementing the RbBOCS is observed in the
third MOO problem, which requires highway agency
to increase its expenditure with pavement M&R by
approx. 36%. Once again, this result is explained by
the remarkable increase in the maintenance frequen-
cy. While in the remaining MOO problems the gen-
eral number of M&R activities which comprise the
M&R strategies of the BOCS is in general equal to
ten, the consideration of the maximization of the
LCPP as an objective function rises this value to
twelve and thirteen, depending on the scenario con-
sidered, being the CM the most common M&R ac-
tivity applied.

The results presented in Figures 2al-2d also cor-
roborate the general assumption performed in the lit-
erature, which considers the maximization of the
pavement performance as a surrogate for the mini-
mization of the RUC.
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Figure 2. Variation, in absolute and relative values, of the
LCHAC, LCRUC, LCCCsc and LCPP associated with the
BOCS, in relation to the current VDOT practice: (al)-(a2) Min.
LCHAC vs. Min. LCRUC; (b1)-(b2) Min. LCHAC vs. Min.
LCCCsc; (c1)-(c2) Min. LCHAC vs. Max. LCPP; and (d) all
MOO problems.

5 CONCLUSIONS

This paper presents the development of a DSS
framework for pavement management that has the
ability to involve road users and environmental con-
cerns, in addition to the highway agencies, in the
road pavement maintenance decision-making pro-
cess, by comprehensively identifying and quantify-
ing from a cradle-to-grave perspective the HAC,
RUC and environmental impacts arisen throughout
the pavement life cycle. Moreover, beyond the tradi-
tional economic objective (i.e., minimization of
HAC), it enables environmental and road user-
related objectives to be jointly optimized by employ-
ing a bi-objective optimization procedure to generate
a set of potentially optimal pavement M&R strate-
gies for a road pavement section while satisfying
multiple constraints. Finally, the capabilities of the
presented framework are enhanced by including a
decision-support module that provides the DM with
the BOCS among those lying on the Pareto front.
The capabilities of the proposed DSS were
demonstrated by mean of a case study consisting of
determining the optimal M&R strategy for a high-
volume traffic road flexible pavement section of a



typical Interstate highway in Virginia, USA. The
MOO results revealed the existence of conflict be-
tween the LCHAC and LCRUC and between
LCHAC and LCCCsc, whereby an increase in one of
the objectives leads to a decrease in the other. In
turn, LCHAC and LCPP were found to follow the
same trend since an increase in one metric is accom-
panied by an increase in the other, to some extent.

Furthermore, in order to assess the extent to which
new pavement engineering solutions can potentially
enhance pavement sustainability, a complementary
analysis scenario was performed in which the most
structurally robust M&R activity initially considered
was replaced by an equivalent recycling-based M&R
activity. The results of this analysis showed that re-
ductions in all four considered metrics can be
achieved by moving from the current pavement
M&R practice to the RbBOCS.
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