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Abstract: The conventional methodologies for the design of flexible pavements are not adequate
in providing solutions that meet the diverse sustainability challenges. Therefore, developing new
methodologies and frameworks for the design of flexible pavement has become a priority for most
highway agencies. On the other hand, there is no sound sustainable flexible pavement framework at
the design phase that considers the key engineering performance, environmental impact, and eco-
nomic benefits of sustainability metrics. Hence, premature failure of flexible pavements has become a
common problem leading to a growing demand for sustainable pavement. Pavement engineers need
to have access to tools that permit them to design flexible pavements capable of providing sustainable
solutions under various complex scenarios and uncertainties. Hence, the objective of this study was
to develop a resilience analysis framework, probabilistic life cycle assessment (PLCA) framework,
and probabilistic life cycle cost analysis (LCCA) framework as the pillars of sustainability. These
frameworks were used to develop a single sustainable flexible pavement design framework. The
developed framework enables highway agencies to effectively quantify the lifetime sustainability
performance of flexible pavements during the design phase in terms of resilience, environmental
sustainability, and economic sustainability; and it allows to select the optimum design by compar-
ing alternative design options. The framework will enhance the durability of flexible pavement
projects by minimizing the cost, operational disturbance, environmental impact, and supporting the
design. Many countries, especially those that fully dependent on the road network as the primary
transportation route, may benefit from the sustainability-based road network design, which could
ensure dependable market accessibility. The resilience of such a road network may reduce the cost of
business activities by minimizing the interruption in surface transportation due to the functional and

structural failures resulting from extreme events.

Keywords: sustainability; resilience; life-cycle assessment; life-cycle cost analysis; flexible
pavement; uncertainties

1. Introduction

Flexible pavements are one of the vital gears of transportation systems [1] that sustain
socio-economic growth for a nation [2]. However, their construction and preservation
require large capital investment [3]. Thus, ensuring sustainable flexible pavements [4] has
become a primary focus of flexible pavement management systems and highway agen-
cies [5]. Fundamentally, pavement sustainability is a complex and broad concept [6] that can
be evaluated by analyzing three pillars: the environmental, performance, and economic sus-
tainability of the system [2]. Environmental sustainability evaluation tools were developed
to quantify the environmental impacts of pavement [7]; economic sustainability tools were
designed to evaluate the monetary influence of possible modifications in design, construc-
tion, and materials; and resilience evaluation approaches were developed to evaluate the
sustainability levels of engineering performance of the system holistically [8]. Application
of green technology [9], recycling and reuse of materials, and utilization of locally available
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materials contribute to sustainable pavement [8]. Generally, pavement sustainability is a
non-tradeoff balance between engineering performances, the least possible environmen-
tal impacts, and economic benefits aspect to pavement assets [10]. Sustainability-driven
systems need to be environmentally helpful as well as economical [11]. Sustainability of
flexible pavements throughout the design lifetime, under the rare but damaging severe
environmental events, needs to be addressed at the design stage based on resilience, LCA,
and LCCA.

The resilience triangle [12], a hybrid bottom-up/top-down adaptation [13], and
Bayesian network [14] approaches were used to assess the infrastructure performance
and quantify the resilience of the system during normal and extreme event conditions.
LCA framework has been established to calculate energy consumption and greenhouse
gases (GHG) emission during material production [15]. LCA and Mechanistic-Empirical
Pavement Design Guide (MEPDG) integrated framework has been developed to support an
inventory analysis [1]. The MEPDG helps in performing LCCA [1]. Uncertainties associated
with model parameters, measurement variabilities, traffic growth, and the changes in the
pavement IRI with time were evaluated using the probabilistic LCCA approach [16]. LCCA
model was established to quantify the impact of pavement preservation on the cost of
agency and vehicle operation [17]. Fundamentally, LCCA is a decision-support tool applied
by highway agencies to compare the overall cost of alternative projects [18-20].

The available sustainability technology is very limited to satisfactorily assess the
environmental and economic impacts and engineering performance of asphalt mixtures and
waste, recycled, and reused materials [10]. The resilience triangle approach is not properly
structured and complex to quantify the resilience metrics of the system [12]. Further,
there is significant variation from the available resilience prediction models in terms of
the magnitude of resilience metrics [21]. The LCA framework uses limited information in
the early design phase of roads to evaluate their environmental impacts [22] because it is
difficult to acquire the data necessary to carry out LCA leading to the final design. Lack
of transparency and homogeneity of the data used by several researchers for the design
and LCA features of pavement has also been the barrier for a harmonized application of
LCA [23]. In other words, the choice of LCA methodology varies with the type of study [24].
Thus, by adjusting these inconsistencies, an environmentally friendly asphalt technology
could be recognized [23]. Frequently, experts get challenged by substantial uncertainties in
estimating the short-term and long-term costs [25]. A framework needs to be developed to
quantify the sustainability of flexible pavements and their design alternatives by analyzing
the environmental and economic impacts of the pavements [7].

The term sustainability started to get due attention around 1972 [26] and applies to
every aspect of life. Sustainability is defined in terms of the system’s capacity to maintain
natural laws and human values in the long-term future. Sustainable criteria need to be
integrated into policies and strategies at every stage of the development process with the
entire life cycle of a system. Thus, it has become the main focus of modern infrastructure
design. Similarly, sustainable pavement can be defined as a pavement that pleased long-life
engineering reliability, with a minimum acceptable life cycle economics and environmental
impacts. The need to minimize the use of scarce primary resources is becoming more urgent
in the pavement industry [27]. Thus, sustainable pavement design is based on some criteria,
such as minimizing reliance on natural resources, reducing energy consumption and GHG
emissions, limiting air, water, and noise pollution, and improving health, safety, risk
prevention, and user comfort [28]. Applying sustainability definition to the construction
field could result in a set of processes by which a profitable and competitive industry
delivers buildings, structures, and roads that improve the quality of life while maximizing
the efficient use of natural resources and energy [29]. Several studies have been conducted
to evaluate the sustainability of pavements in terms of life cycle costs and /or environmental
impacts [30]. However, sustainable practices in civil infrastructure, especially in pavement
engineering, are emerging concepts but slow to be applied, likely due to (a) policy and
decision-makers have not been provided with the key pieces of the broad knowledge that
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need to make expert decisions, and (b) there is a deficit of definite sustainability assessment
metrics [31]. Sustainable pavement design procedure starts by defining the goals, benefits,
requirements, and methods and identifying the key sustainability performance indicators
and standard index of the pavement [32]. Though the practice of sustainable design in
pavement projects started before 2015, study reports indicate that the topic started to get
more attention in the years closer to 2015. Based on these observations, the authors believe
that, in addition to current developments in sustainable flexible pavement design, most
of the research findings reported before 2015 would likely be referenced in the recent
publications. Hence, this paper has relied on the reports of peer-reviewed research papers
on various aspects of pavement sustainability published between 2015 and 2020.

The concept of sustainability is a multi-disciplinary, broad, and complex topic that
touches almost every field of practice [6]. In the field of transportation infrastructure,
sustainability must be at the core of every activity from the initial planning to the final phase
of the construction of the structural system. To ensure a sustainable infrastructure system,
a well-designed and smart approach is imperative. The lack of a standard framework for
evaluating sustainability, particularly in highway structures [15], and globally acceptable
sustainability metrics [33] has been a hindrance. Thus, acceptable sustainability assessment
tools are needed to balance the performance, economic, and environmental sustainability
of pavement systems [7].

Inconsistencies in the source and quality of data and issues [34], lack of standardized
procedure of conducting LCAs on pavements, and failure to consider the time effect of
environmental impacts in pavement designs have delayed the adoption of LCA frameworks
by the decision-makers [35]. Lack of dynamic user traffic patterns, local and region-specific
data resources, assumed data (based on relevant literature) or calculated data is a serious
challenge in the application of LCA frameworks in both research and industry projects [34].
Furthermore, inconsistent and inappropriate LCA in terms of the functional unit, reference
service life, system boundary, lifecycle inventory, limited reporting of data sources, and
lack of sensitivity and uncertainty analyses pose serious challenges in identifying the most
environmentally friendly flexible pavement technology [35,36].

In this study, a framework for the design of sustainable flexible pavement was devel-
oped by combining probabilistic LCCA (PLCCA), probabilistic LCA (PLCA), and resilience
into one single framework. The resulting framework can be used by pavement engineers as
a guide to compare alternative design options by combining PLCCA, PLCA, and resilience
analysis (RA) and selecting the optimum design option based on the evaluation criteria.
The framework can be adopted to conduct regional and national planning of highway
transportation networks as a part of countrywide sustainability goals.

From the above statement, the following research question was developed: can a
framework for use at the design phase of a sustainable flexible pavement be developed? To
answer this research question, four objectives were outlined, namely:

1.  Develop a resilience analysis, probabilistic life cycle assessment, and life cycle cost
analysis frameworks,
2. Construct a sustainability framework using the results of the above objectives.

The study focused on developing a framework for a comprehensive sustainable
flexible pavement. To develop the framework, first RA, LCA, and LCCA concepts and
their quantification techniques in flexible pavement design were considered. The technique
could help in alleviating the problems due to resource scarcity and the challenges to road
authorities from the environmental impacts of pavements. It satisfies the engineering
constraints before and after extreme event occurrences. Then, the individual generic
frameworks for PLCA, PLCCA, and RA were developed. Finally, the comprehensive
sustainable framework for flexible pavements was developed by integrating the three
components of the sustainable performance assessment tools.
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2. Materials and Methods

Literature review articles are classified into nine categories based on their aims, namely
narrative, descriptive, scoping, critical, meta-analysis, qualitative systematic, umbrella,
theory development, and realist reviews [37]. Meta-analysis was selected as the best fit for
this research study. The PRISMA principles were used for the meta-analysis to develop a
sustainable framework for flexible pavement design by integrating resilience, PLCA, and
probabilistic PLCCA into a single comprehensive framework.

The search process was started by identifying articles relevant to the topic of interest
using keywords. The search was limited to reliable materials from the leading peer-
reviewed journals [37,38]. Sustainable flexible pavement, resilient pavement, pavement life
cycle assessment, and pavement life cycle cost analysis were the keywords used during the
search process to retrieve the pertinent articles for the literature review.

The articles considered in this research were limited to those published between 2015
and 2020. The search engines used included Google, Web of Science, Science Direct, and
Google Scholar [37].

The criteria used to select the most relevant articles to the research are shown in Table 1.
The included articles were reviewed with regards to sustainability definition, resilience defini-
tion, sustainability indicators, metric tools, environmental impacts, probabilistic LCA, LCA
methodological frameworks, probabilistic LCCA, and LCCA methodological frameworks.

Table 1. Inclusion and exclusion criteria.

Inclusion
and Criteria Details Justification
Exclusion
Search Rieid
Exclusion Engine & Has different characteristics and performance
results pavement
Less related Do not provide detailed information specific to
the study
Non-relevant Do not provide relevant information specific to
the study
Articles with sustainable, resilience, LCA and
Inclusion More related LCCA frameworks, probabilistic LCA, and

probabilistic LCCA

Articles with sustainability definition, resilience
definition, sustainability indicators, metric tools,
and pavement environmental impacts

Partially
related

The total number of articles identified at the outset was 1787, in which 981 on sus-
tainability and pavement, 472 on LCA and pavement, 278 on LCCA and pavement, and
146 on resilience and pavement keyword containing articles. After running a check for
duplication, title irrelevance, and unavailability of attached full text, 981 were excluded.
A total of 91 references were used to answer the research questions. The article selection
strategy followed to perform a systematic literature review is shown in Figure 1.

From the intensive literature review, no reports on the availability of comprehensive
tools for the implementation of the concepts of sustainability in pavement design were
found. Hence, the conventional pavement design methodologies are not adequate to pro-
vide solutions to the diverse pavement sustainability challenges. To address this challenge,
it is imperative to develop a comprehensive sustainable flexible pavement framework.
The first intensive literature review was carried out on the tools for the implementation
of sustainability concepts in pavement design. This helped to identify the gaps in the
conventional pavement design methodologies. To address the gaps, a generic framework
for resilience analysis, probabilistic life cycle assessment, and probabilistic life cycle cost
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analysis frameworks were developed independently. Finally, these individual frameworks
were assembled into a single framework to establish a comprehensive sustainable flexible
pavement framework capable of evaluating the sustainability of a flexible pavement at its
design phase.

Identified records Records excluded
= ﬁ
S (n=1787) (n=981)
S
=
g Expert recommended records
- (n=10) \
Records screened Records excluded
2 (n = 806) > (n=632)
: y
(9]
=
Records sought for retrieval 3 Records not retrieved
‘ (n=174) (n=57)
> v
= Records assessed for eligibility Records excluded due weak
= é
= (n=118) relation (n = 37)
w
. v
§ Total records included in review > j
E (n=91) -

(

Figure 1. Preferred reporting items for systematic reviews and meta-analyses process.

3. Results
3.1. Resilience Framework

The concept of resilience assessment of infrastructures was developed to understand
the performance behavior of infrastructure during and after it has been subjected to extreme
disturbance events [39]. Resilience focuses on the dynamic nature of systems and their
ability to function under a shock without undergoing an irreversible or unacceptable decline
in their structural integrity and functionality [40]. When a resilient system is subjected to
a rarely occurring extreme damaging event, it will either withstand the event or recover
from any damage it sustains from the less likely occurrence of extreme events. In the USA,
for example, the National Infrastructure Advisory Council defines infrastructure resilience
as the ability to reduce the magnitude and/or duration of disruptive events [41]. Further,
the Multi-disciplinary Center for Earthquake Engineering Research at Buffalo includes
robustness, redundancy, resourcefulness, and rapidity as characteristics of resilience [12].
The resilience of the infrastructure system is a crucial attribute that has gained much
attention within the engineering discipline [42]. Therefore, research on system resilience
for critical infrastructure has significantly increased, and quantification of resilience has
become the major factor to sustain infrastructure system functionality [43].

Resilience metrics are used to measure the sustainability and recovery potential of a
system [44]. Several attempts have been made to define and explain resilience metrics used
to judge the influence of investment and policy decision-makers in the selection of the best
resilience system [40]. Resilience can be characterized by the so-called four Rs of resilience
metrics. These are:

e Robustness: the capacity of a system and parts of the system to repel extreme event
impacts without sustaining significant performance damage,

e Redundancy: the degree of a system and parts of the system to sustain defined
functional requirements in the event of a disturbance,
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e  Resourcefulness: the facility to recognize and prioritize harms and mitigation reaction,
and monitoring economic, technical, and performance-related problems,

e  Rapidity: the ability of a system and parts of the system to recover losses and avoid
future disruptions [12].

RA is an advanced technique of modeling that predicts the pavement structural
conditions and acts proactively to maintain pavement infrastructure functionality [45]. RA
is a new, innovative, and flexible scientific-engineering procedure used to develop tailorable
validated methods that can conceptualize, design, assess, and generate metrics for improved
system resilience. This earned RA wide attention from academia as well as the industry [19].
Theoretically, RA is held in a mindset of reducing failure probabilities, consequences, and
recovery time during the occurrence of disturbances [42]. Thus, infrastructure investments
based on RA are used to reduce the impacts of current and future climate risks [46] through
situation assessment, rapid response, and effective recovery strategies [47]. Extreme and
prolonged moisture is the most common hydrological extreme phenomenon that causes
inconvenience and widespread damage to the pavement. Continuous high-temperature
variations can cause severe damage to the flexible pavement due to alternate softening
and hardening of the asphalt surface, which can result in rutting and thermal cracking [48].
Extreme weather events, such as heavy rainfall, flooding, and heatwaves can cause severe
deterioration of flexible pavement [49,50]. To ensure the sustainability of investments
over their entire lifetime, climate scientists and infrastructure engineers are engaged in
the study of climate change impacts and adaptations in transportation infrastructures [51].
Identifying and incorporating climate information into engineering design is the first step
in reducing climate change impact vulnerability of pavement [51,52]. To address these
effects at the design stage, resilience can be analyzed using different approaches such as
graph theory, optimization techniques, and simulation [14].

The resilience of flexible pavement under severe environmental events with a low
probability of occurrence but the high damaging influence is a major global concern. It is
difficult to accurately predict the impact of these extreme events on critical infrastructures.
Further, there is no clear methodology to quantify resilience both in terms of operational
and infrastructure integrity [53]. As a result, most flexible pavements were designed based
on historical climate data which does not reflect the anticipated future tendencies [51].
Flexible pavement design and management practices must be adapted in response to future
climate changes [54]. Existing non-resilient-engineered systems may gradually downgrade
toward a low-level performance and capacity due to extremely disruptive events. Resilience
engineering quantities can be used to formulate an overall resilience framework [19]. No
precisely known threshold for the level of resilience of flexible pavement could be found
in the literature, and it will remain a challenge to researchers unless resolved [40]. This
challenge reinforces the need for metrics to evaluate flexible pavement resilience. Thus,
resilience requires thinking about the potential burden on the stability of a system and could
develop countermeasures or safeguard the longstanding losses [42]. Enhancing system
resilience at a structure level could lead to massive savings through risk reduction and ex-
peditious recovery. Therefore, a resilience pavement framework that can serve as a lens for
sustainability has been developed to solve the existing gap. In the framework, the resilience
concept and quantification techniques were considered in flexible pavement design to over-
come resource insufficiency challenges for road authorities by satisfying the engineering
constraints before and after extreme event occurrences. Infrastructure design engineers
may apply status-quo, flexible, or robust design approaches to create a resilience system
for low, gradual, and worst-case projected climate change scenarios, respectively [48]. The
proposed flexible pavement resilience framework is shown in Figure 2.



Infrastructures 2022, 7, 6

7 of 23

Resilience
\ criteria

Define design alternatives

f_> Set performance criteria

Perform detail design

v

Determine performance
value of designs

§2

~Performance
- n > 4
criteria met~

-

S

Design

ulation

Sim

No

Probability of extreme Predict resilience
events (p > 0) value

v

_Resilience No )

criteria met
,,/
7
Yes

Resilient

\\designr 7

Figure 2. Flexible pavement resilience framework.

In this flexible pavement design procedure, resilience principles should be considered
in advance before the reality of risk issues. Thus, resilience criteria are significant and
robust for the sustainability of flexible pavement. The collective influence of climate
change, augmented traffic flow burden, economic force, and community demand have
impelled pavement design to take into consideration resilience criteria at the initial stage of
pavement design and appraisal process. This requires integrating resilience criteria into
policies, strategies, and designs at every stage of pavement development practice with the
all-inclusive life cycle of the system. The resilience criteria considered in the study include:

e Identify existing and anticipated future situations to withstand the likely traffic load
and environmental influence,
Recognize the local context of susceptibility and exposure to extreme events,
Reduce the probability of failure, consequence, and time to recover.

The number of alternative designs, design components, and design period should be
defined in line with the resilience criteria. For each defined design alternative, a detailed
design configuration (thickness of layers and arrangements and traffic demand) should
be determined. Design alternatives and performance criteria should be selected based on
mechanistic details. Pavement materials assumed to be elastic, and high resilience modulus
value will be selected to achieve resilient pavement. Performance simulation should be
carried out to predict the service life performance values of the design alternatives under
normal condition scenarios. If the lifetime performance of the design has achieved the
required design period, then the required performance is satisfied; otherwise, modify the
design configurations by considering the occurrence of extreme events and the resilience
level of the design using machine learning techniques (artificial neural networks). If the
design satisfied the resilience criteria, then the design will be considered as a resilience
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design; otherwise, use an alternative design configuration until the residence criteria are
satisfied. The level of resilience can be expressed as follows: due to the occurrence of
extreme events, the probability of pavement degradation (p) can be p > 0 or p = 0, where
p = 0 indicates that the resilience level of the pavement can be at a robust level, whereas
p > 0 indicates normal pavement functionality. The level of resilience can be considered
as a redundancy if p > 0 with a slight pavement functionality damage or rapid recovery.
Otherwise, p > 0 with a major pavement functionality damage that needs maintenance (M),
the resilience level is considered as resourceful and may require to be redesigned.

From Table 2, rest periods recovery, resilience properties and triangle, and agent-based
and scenario-based frameworks are used to demonstrate the resilience of systems. Bio
retention and anti-stripping materials can enhance the resilience properties of the system.
Recurrent neural models and moisture damage models are used to evaluate the resilience
performance of the systems.

Table 2. Resilience framework, performance model and metrics, stressors, and resilience
additive materials.

Performance Resilience Resilience
Framework Stressor . Additive References
Model Metrics .
Material
Rest Recurrent Freezo-thaw
periods Neural Recovery Bioretention [55]
cycles
recovery networks
. Robustness,
Resilience
. . redundancy, .
properties Moisture Anti-
- resourcefulness, .. [12]
and damage - 1 stripping
. and rapidity to
triangle
recovery
Asset- Recovery index
based and ) ) and lifetime ) [13]
scenario- climate
based sensitivity

Artificial neuronal networks (ANN) should be used to predict pavement performance
conditions. Because of its powerful computational tool to analyze complex multi-layered
structures and different evaluation parameters, the resilience level of the system could be
assessed using the artificial neuronal network simulation technique [56].

The resilience framework considers the effect of traffic loads, climate conditions, and
extreme weather events. The resilience and vulnerability of a pavement system should be
defined, in line with the framework, to get a better and more efficient decision tool that
could enable the highway agencies to accurately measure the comparative levels of pave-
ment resilience. Especially landlocked countries with a few navigable rivers could benefit
more from the resilience-based road network design. This approach could ensure secure
market accessibility and stable business interactions in the countries without interruption
of surface transportation caused by pavement failures from extreme events. Resilience is an
indispensable part of pavement design. Since climate will continue to change, it needs to in-
tegrate climate change into pavement design by considering a generic resilience pavement
framework. To achieve resilient infrastructural systems, time-dependent dynamic system
decisions should be considered. Thus, pavements must be designed in a way to withstand
and or recover quickly from damages sustained during extreme events. According to
Singhal et al. [57], the resilience value of a flexible pavement for each uncertainty of extreme
events is formulated as

Ro(f) = — / “ Qu(t)dt 1)

tg — tO tO
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Qu(t) = {1 — La[H(te — to) — H(to + Treg ;)] } freca )
L, = Z]m:() Pa,j * Da,j 3)
0 fo <t <Tre,,
_ z 4
freca { 1 b> Tre, (4)
m
Tre, = =0 Py j* Treg) (5)

According to Mills et al. [58] performance can be defined by International Roughness
Index (IRI)

IRI = IRl + 0.463 [SF (Age/e*® —1)] 4 0.00119(TCr) 1 + 0.1834(COVrp) 1 ©)
+0.0084(FC) 1 + 0.00736(BC) 1 + 0.00155(LCsnwp) ppy

where

R, (t) resilience of pavement configuration a at time ¢,

Q. (t) pavement configuration a functionality at time ¢,

freca pavement configuration a recovery function,

H Heaviside step function,

D,,; damage ratio of pavement configuration  in damage state j,

m number of damage states of pavement configuration 4,

P,,; probability of failure pavement configuration a in damage state j,
Tre, j recovery time of pavement configuration 4 in damage state j,
L, loss function,

Tre, recovery time for pavement configuration g,

to time before the occurrence of evente,

t, time at which extreme event occurs,

IR initial international roughness index after construction, m/km,
SF sight factor,

(TCL)7 total length of transverse cracks m/km,

(COVRp)y rut depth coefficient of variation, percent,

(FC)7 total area of fatigue cracking %,

(BC) total area of block cracking %,

(LCsnwp) gy medium and high severity sealed longitudinal cracks outside the wheel
path, m/km,

Age age after construction, years.

Pavement functionality or International Roughness Index (IRI) at the design phase
can be determined through the artificial neural network as indicated in Figure 2.

The functionality of a system as a variable range from 0% to 100%, where 0% indicates
that no service is available, while 100% indicates that there is no degradation in service. If
a disruption occurs, functionality drops below 100%. The service is assumed to be fully
recovered when functionality gets back to 100% after recovery. Thus, resilience is expressed
as an integral part of the functionality. A model for quantification of resilience against
extreme event occurrence is presented by adopting functionality and loss and recovery
functions from earthquake research. The recoveries from extreme disasters depend on
preparedness, mitigation, response, and recovery efforts. Probabilistic numbers for a
damaged structure, as a function of extreme events, called fragility curves, are incorporated
into the model formulation [59].

3.2. Life Cycle Assessment Framework

LCA is a globally used technique in pavement engineering and the main tool for the
analysis of the impact of pavements on the environment [60]. The application of LCA
to pavement design and management decisions [61] presents an opportunity to reduce
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the environmental impacts of pavement [2] and promote green pavements [61]. LCA
enhancement and environmental conservation awareness enforced sustainable approaches
to the design and management of pavement [62]. There have been universal warnings
on climate change, energy usage, environmental impacts, and financial limitation, which
affect pavement [26]. Furthermore, adaptation is a global challenge that needs scientific
knowledge of climate. This enhances the resilience and adaptive capacity of pavements and
reduces the vulnerability of the system to climate change through sustainable management
of natural resources intending to ensure sustainable development [63]. LCA is a suitable
tool that can support designers to deal with the environmental aspects of pavements and
realize sustainable pavements [64]. Thus, policy-makers in the transportation sector have
shown a growing interest in the application of LCA tools at the early stage of flexible
pavement design to reduce its impacts on the environment [65]. LCA tools should be
considered during pavement design, procurement, building, and maintenance routine to
assess the sustainability of various choices [15].

LCA tools are used to select various technologies which could reduce construction
and maintenance-related impacts of the pavements [62]. By adopting appropriate LCA
tools, pavement designers can achieve more sustainable pavement [1,64]. LCA is a project-
level tool for estimating the environmental burdens associated with materials extraction
and production, construction, maintenance and rehabilitation (M&R), transportation of
materials, work zone traffic management, usage, and end-of-life phases [66]. To implement
LCA in the pavement, there are different LCA tools, for example, GaBi, PALATE, OpenLCA,
and SimaPro [66,67]. According to Santos et al. [66] and Olagunju et al. [67], these LCA
tools are designed to evaluate and weigh the environmental impacts of materials and
production processes.

LCA allows a general methodology for recognizing procedures to reduce environmen-
tal impacts [8] of pavement by dividing its life cycle into several major phases, including
material production, construction, use, maintenance and rehabilitation (M&R), and end
of life [61] by computing the probable impact [36]. Various methodologies are available
for quantifying carbon emission of pavement construction worldwide, but adopting and
promoting the existing tools is found to be fairly challenging due to institutional con-
straints [68]. Furthermore, environmental analysis conducted using qualitative rather than
quantitative approaches has provided weak and unreliable results [69].

The probabilistic LCA framework takes design configuration details as input and
quantifies the energy, raw materials, and emissions for the construction, maintenance,
and end of life of the asphalt pavement [15]. Input data uncertainty due to experiential
deviation, measurement error, data obsoleting, excessive technical differences, and data
missing [60] needs to be propagated throughout the system using probability distribution
techniques [70]. To encourage environmentally friendly construction, the potential environ-
mental impact of construction works should be considered during the decision-making
process in the early design phase [36].

According to Table 3, Monte Carlo analysis, polynomial regression models, probabilis-
tic LCA, aggregated data quality indicator, and Bayesian analysis is the most common meth-
ods used in the design of pavement to consider different uncertainties in LCA. Different
methods can reduce the environmental impacts of a pavement system. Among permeable
pavements, warm-mix crumb rubber-modified asphalt, warm mixed asphalt-reclaimed
asphalt pavement (WMA-RAP) mixtures, warm mixed asphalt (WMA), reclaimed asphalt
pavement (RAP), and nano-modified bitumen can be used to enhance environmental se-
curity. The use of the existing LCA framework in the pavement is challenging because
it needs extensive time and resources to gather the essential data for the analysis [7,71].
Additional challenges of LCA include data uncertainty, model uncertainty [60], incom-
plete inventory assessments [1], uncertainties of the potential pavement environmental
impacts, prediction models, prediction of future pavement properties, current and future
traffic characteristics, the extent of maintenance, and material hauling distance [16]. Since
LCA outcome is extremely dependent on the steadiness of input parameters and model
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uncertainties [60], there is a need for a comprehensive approach applicable to various civil
engineering works [72]. Thus, the use of a probabilistic LCA framework to measure the
impact of pavement has been proposed.

Table 3. Pavement life cycle potential environmental impacts, uncertainty, and impact
reduction techniques.

Potential Environmental Impacts

Uncertainty

Consideration Impact Reduction References

CO, emissions, greenhouse gas emissions, lead emissions and zinc

emissions, depletion of minerals and fossil fuels, depletion of the

using permeable

ozone layer, global warming, acidification, photo-oxidant Monte Carlo analysis pavements [64]
formation, human toxicity, eco-toxicity, and eutrophication

Non-carcinogenic effect, aquat}c.ecotox1c1ty and terrestrial Polynormal WMA-RAP mixtures (73]

ecotoxicity regression models
CO and SO, Probabilistic LCA RAP [74]
Energy consumption in asphalt mixture production Aggregated data WMA, RAP [75]
8y P P P quality indicator !
CH, and N,O Bayesian analysis of Nang—modlfled [60]
parameter bitumen
warm-mix crumb
Abiotic Resource Depletion Human Toxicity - rubber-modified [36]

asphalt

In the proposed probabilistic life-cycle assessment framework, uncertainty quantifi-
cation is a critical step required in decision-making. The enhancement of uncertainty
quantification practice has introduced a scientific basis that contributed to better results in
the LCA [70]. Probabilistic LCA will be carried out using Monte Carlo simulation (MCS)
to assess scenario uncertainty, parameter uncertainty, variability in construction materials
and methods, and the uncertainty of different sources with consideration of relative uncer-
tainty [73]. The developed framework allows for comparing different design alternatives
in terms of ecological sustainability.

The awareness of forecasting the environmental impact of construction-related activi-
ties and the need to prevent it is growing [64]. Thus, a framework useful for quantifying
flexible pavement-related life cycle impacts at the design stage has been presented in this
paper. The developed life-cycle assessment framework encourages an environmentally
friendly construction activity by determining, at the early design phase, the potential
environmental impact of the activity. However, it is difficult to acquire the data necessary
to carry out the LCA before completing the design. Thus, LCA is not typically used in
the design phase [36]. To overcome this limitation, a probabilistic LCA framework has
been developed. The framework will be embedded in the design phase of the pavement
to quantify the environmental impacts and energy consumptions in the holistic life of the
pavement system. A framework for flexible pavement considers design inputs to quantify
the energy consumption, amount of raw materials required, and emissions from the con-
struction, maintenance, and end of life of the asphalt pavement [15]. The LCA framework
allows an all-inclusive approach for recognizing strategies to reduce environmental influ-
ence throughout the life cycle of the pavement [8,66]. The developed probabilistic LCA
framework is shown in Figure 3.
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Figure 3. Probabilistic life cycle assessment framework.

The choice and use of sustainable pavement materials play an important role in
environmentally-friendly pavement design. Environmentally sustainable pavement design
considers drastic reduction and shift in the use of raw materials, the reduction of wastage,
and replacing, renewing, and renovating of pavement materials and components. Sus-
tainable criteria are related to material resources, energy efficiency in the manufacturing
and processing of the materials, construction, and use phase of the pavement. The mate-
rials should have low environmental pollution and be less hazardous to human health.
Generally, environmental sustainability criteria consider

Resource efficiency,

Energy efficiency,

Reducing, eliminating, or recycling wastes and ecologically unfriendly by-products,
Designing pavements are safe and ecologically sound throughout their life cycle.

Once the environmental sustainability criteria are determined, the number of alterna-
tive designs, design components, and design period will be decided in line with environ-
mental criteria. The performance of the design will be evaluated by a simulation to check
that the criteria have been met. If the performance did not meet the defined target, the per-
formance redesign will be revised. Finally, probabilistic LCA will be carried out using MCS.
From material acquisition to pavement demolition, life cycle quantitative environmental
impact and energy consumption will be determined. If the value of environmental impact
and energy consumption is satisfied, it can be said that environmental sustainability is met
and the design will be environmentally sustainable; otherwise, a redesign will be required.

The life cycle impact of the pavement can be quantified by adopting LCA carbon
emission quantification from Huang et al. [68]

LCA; = Py(i) + P2 (i) + P3(i) + Py(i) + Ps(i) )
Py (i) :Zj(1+€01)*QMj X if, +2]-(1+<P2)*QM]- X if, ®)
Py(i) = 2]-( + ¢3) X Qk xif, )
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Py(i) = Zj(l + ¢4) ¥ AFCy % iy, (10)

Py(i) = Zj(l +@5) * Qrm * g + Zj(l + @6) * Qumm; * i, (11)
where

LCA; life cycle impact category i (impact/design in the life cycle) impact can be any
potential environmental impact as shown from Table 3,

Py (i) impact category i during material extraction and production phase,

P, (i) impact category i during the construction phase,

P5(i) impact category i during the use phase,

P4 (i) impact category i during the maintenance phase,

j type of materials,

@1 uncertainty during raw material extraction and production for initial construction,
Qm; quantity of material (tons),

iy, impact factors for the materials at the manufacturing stage,

@2 uncertainty during material transportation,

iy, impact factors during the materials transportation,

@3 uncertainty during construction,

Qj energy consumptions during construction,

k types of energy (e.g., electricity, diesel, petroleum, and gas),

i f factors during the construction stage,

@4 uncertainty extra fuel consumption,

AFC, extra fuel consumption,

i f impact factor for extra fuel consumption,

@5 uncertainty during raw material extraction and production for maintenance,
Qxu energy consumptions during the maintenance phase,

if, impact factors for energy consumptions during the maintenance phase,

@6 uncertainty during material transportation for maintenance work,

Owm M; quantity of material for maintenance work (tons),

if, impact factors during maintenance work.

Pavement has different impact categories during its life cycle phase, so each phase
(from Figure 3) impact will be computed during design phased using mote carol simulation
at the design phase of the pavement then the sum of individual phase impact will be over
all impact of the pavement during its life cycle.

3.3. Life Cycle Cost Analysis Framework

In LCCA, the agency cost and vehicle operating cost have been considered in the
determination of the optimal timing for maintenance treatments [76]. The research fo-
cused on optimizing agency expenses for pavement life cycle while maximizing pavement
quality [77]. Hence, pavement construction and asset management strategies need to be
assessed from design to service cost aspects to arrive at the best value choice [78]. The
result of LCCA is dependent on the deterioration procedure, so a consistent performance
forecasting model remains a key aspect in the effective execution of real-world LCCA [79].
Pavement performance indicators include rutting, roughness, longitudinal cracking, trans-
verse cracking, and alligator cracking [80,81].

Life cycle cost includes initial construction costs, maintenance and rehabilitation costs
(i.e., agency costs), and sometimes user costs associated with vehicle operations [82]. The
entire agency and user costs should be properly considered throughout the analysis pe-
riod [20]. LCCA explicitly accounts for the differences in material production cost, the
cost related to pavement life-cycle performance, maintenance triggers, and maintenance
effects, vehicle fuel consumption cost, and delay cost [80,83]. To evaluate long-term al-
ternative pavement design, comprehensive agency cost and user-related cost should be
considered [84].
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LCCA is an efficient method for determining the monetary influence of possible modi-
fications in design, construction, and materials [85]. Pavement engineers and managers
mainly use LCCA to make a decision [30]. LCCA is a framework to evaluate the most eco-
nomically practical investment from established options over their respective lifetimes [25].
To evaluate long-term alternative pavement design investment options, the inputs are very
robust [84]. Further, all the input factors in a highway project valuation modeling have
uncertainties and use the technical aspects of pavement engineering in the calculations to
achieve real value for the projects [86]. There are several approaches used in performing
LCCA including (i) probabilistic approach which addresses the variability and uncertainty
associated with the LCCA input parameters including activity cost and timing and discount
rate [18], (ii) probabilistic simulation-optimization LCCA approach [82], (iii) deterministic
and probabilistic approaches [87], and (iv) probabilistic and fuzzy approaches [88]. Since
the result of LCCA depends on the deterioration procedure, a consistent performance fore-
casting model remains a key parameter in the effective execution of real-world LCCA [79].
However, experts are frequently challenged with substantial uncertainties in estimating
the future costs, in both short and long terms. This uncertainty promotes a probabilistic
perspective of LCCA [25]. Therefore, a probabilistic LCCA framework has been developed
as shown in Figure 4.

Economic
criteria

—

Define design alternatives

(—> Set performance criteria 5 (—\

Perform detail design

v

Determine performance =
value of designs

v

y Performance
criteria mty
>

Yes

Simulc
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Agency costs Use costs
~"Economic > No /

criteria w/
Yes

/ Economical

Figure 4. Probabilistic life cycle cost analysis framework.

The LCCA explicitly accounts for the alterations in material production costs, pave-
ment life-cycle performance, maintenance triggers, maintenance effects, vehicle fuel con-
sumption costs, and work zone user delay costs [80,81]. Probabilistic addresses the vari-
ability and uncertainty associated with the LCCA input parameters, including activity cost,
activity timing, and discount rate [18]. According to Table 4, in LCCA both agency cost and
user cost can be determined by probabilistic MCS or fuzzy set theory technique.
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Table 4. Life cycle cost analysis techniques and cost categories.

Cost Considered Techniques References
Agency and user cost Probabilistic Monte Carlo simulations [89]
Agency and user cost Fuzzy set theory [90]

Agency cost Probabilistic Monte Carlo simulations [82]

The probabilistic LCCA framework will consider uncertainty in agency and user’s
costs to select the best available options in terms of cost-efficiency. To characterize uncertain-
ties from different sources, fuzzy set theory can be implemented in LCCA. This approach is
based on how humans think and operate by turning human thoughts into mathematical
functions. Fuzzy set theory has the capability of representing uncertain information [86].
It allows for the performance of mathematical operations and algorithmic applications in
fuzzy space and thereby presents results that are nearer to those derived from the way
the human mind operates. Bagdatli [90] provided algorithms to use the fuzzy logic-based
approach in LCCA modeling of road pavements.

LCCA compares the long-term economic impacts of pavements under the future
environment [81]. Economic sustainability indicators include maximizing reliability and
minimizing construction, maintenance, user, and operating costs. These economic criteria
could be achieved by innovations in design, construction, and material utilization. After
determining the economic criteria, the number of alternative designs, design components,
and design period will be decided in line with the economic criteria. At this stage, per-
formance criteria will also be set. For each defined design alternative, a detailed design
configuration (e.g., layers thickness and arrangement, and amount of traffic to support)
will be determined. Performance simulation will be carried out to predict the lifetime
performance value of the design alternatives. If the lifetime performance of the design has
met the required performance criteria, then the required performance is satisfied, if not
the design configuration is modified. Lastly, probabilistic LCCA will be carried out using
fuzzy set theory. Both agency and user costs related to the pavement will be quantified.
If the value of life cycle cost meets the economic criteria, then an economic design has
been achieved. Otherwise, another design alternative should be sought until the economic
criteria are satisfied.

Probabilistic life cycle cost can be calculated as follow

LCC,(t) = ICC(t) * (14 ¢7) + 2771{ [(1+ ¢8) * FC,(i)] + (le)y} (12)

where

LCC,(t) life cycle cost of pavement design alternative a at time  (in $),

ICC(t) initial construction cost in monetary units for alternative design a (in $),

@7 uncertainty for an initial construction cost of pavement design alternative a,

@s uncertainty future costing factor for alternative design config a,

N total category of future costing factor events for design alternative a,

n future costing factor event for design alternative a,

F future costing for costing factor event # (in $),

y year at which future costing factor event 1 will occur for design configuration a (years),
r discount rate (%).

Pavement lifecycle user and agency cost will be computed using fuzzy set theory at
the design phase as indicated from Figure 4.

3.4. Sustainability Framework

Sustainable pavement is durable and robust which can meet the technical requirements
for a sound road, preserves and restores ecosystem related to the road, makes effective
use of natural, financial, and human resources. Design can influence the sustainability of
the pavement in terms of life cycle costs, performance, and the materials used. Thus, the
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need to minimize the use of scarce primary resources is becoming urgent in the pavement
industry [27]. Considering sustainability into pavement design provides various criteria
for assessing pavement investment decisions, against environmental, social, and economic
impacts [34].

Constraints in budgets, rapid world population growth, and an increase in travel
demand have placed a significant burden on pavement systems. Hence, pavement engi-
neers are being forced to use sustainable criteria [31]. Several issues including augmented
traffic flow, risky situation events, scarcity of quality pavement materials, and inadequate
resources have triggered a declining trend in the quality of the pavement. Conventional
pavement designs are not adequate in providing solutions that meet the diverse sustainabil-
ity challenges. Furthermore, design variables and constraints are subject to uncertainties.
The absence of a comprehensive sustainable flexible pavement design framework that
considers the uncertainties of the design parameters, extreme events with high impacts,
and premature failure of road infrastructures is the main challenge [91].

Sustainable pavement design criteria is a step up aiming at maintaining a balance
between the natural and built environments [92]. It has become the focus of modern
infrastructure design [93] by promoting the main criteria for a sustainable pavement. The
criteria are the use of rapidly renewable resources, recycled materials, resource assurance for
the next generation, the efficient uses of resources over the life of the infrastructure, reducing
greenhouse gas emissions, ensuring a high level of user comfort and safety, material
conservation, and resource efficiency. By considering these criteria, the sustainability of
road construction contributes to the environmental wellbeing and economic and social
developments in a country [29]. Pavement engineers need access to tools that enable them
to design pavement systems that can produce reliable and sustainable solutions under a
set of complex scenarios and uncertainties. Hence, this paper presents a comprehensive
sustainable framework by integrating the calculus of a resilience framework, probabilistic
LCA framework, and probabilistic LCCA framework into one single framework. Multi-
objective optimization values of individual sustainability pillars are considered in the
fuzzy composite program to determine the sustainability index. The overall framework is
depicted in Figure 5.

The proposed pavement resilience framework, PLCA framework, and PLCCA frame-
work were developed based on resilience, environmental, and economic criteria as design
prerequisites at the initial stage of pavement design. The sustainability criteria, resilience,
environmental and economic criteria, have been set in advance to define the alternative
designs. For the defined design alternatives, performance criteria will be determined,
and detailed pavement design will be selected using pavement design questions. The
performance of the proposed design will be evaluated using MATLAB Simulink program-
ming simulation tools. In the simulation process, the conventional lifetime reliability of
the pavement will be evaluated based on the set performance criteria. The design that
meets the performance criteria will go for further evaluation of resilience, PLCCA, and
PLCCA using multi-objective fussy composite programming. To evaluate the sustainability
criteria, the design which meets all resilience, environmental and economic criteria will
be considered as sustainable design. Those that do not meet the sustainability criteria
will require a redesign until sustainability criteria are met. Simultaneous, consideration of
resilience, PLCA, and PLCCA within the single framework at the design stage to evaluate
pavement sustainability will make the proposed framework unique. Thus, the framework
could be considered in the design phase to ensure sustainable pavement. The proposed
framework will enable highway agencies to compare alternative pavement designs based
on sustainability criteria once individual sustainability pillars are quantified.
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According to Table 5, in LCA, LCCA, and PMS frameworks, decision-support tools,
rating and certification tools, calculators, guidelines, and decision-support tools are used
as sustainability tools. Concerning the pavement sustainability index framework, environ-
mental, social, and economic impacts of a system are used to measure sustainability. Green
Leadership In Transportation Environmental Sustainability (Green LITES), Green roads,
Illinois livability and sustainable transportation (I-LAST), INVEST, and STARS are used as
sustainability certification in a pavement.

Table 5. Sustainability framework, rating system, indicators, and uncertainty.

Rating Systems

Framework Sustainability Tool Uncertainty and References
Category/Indicators Consideration Certification
Tools
Scenario uncertainty,
Dec151on—§upport Var1a.b1hty in Green LITES,
LCA, tools, rating and construction materials Green roads
LCCA, certification tools, and methods, 4 [6]
. I-LAST, INVEST,
PMS calculators, and parameter uncertainty,
1 and STARS
guidelines and use Monte Carlo
analysis
Pavement Environmental impact
sustainabil- o P [26]
: Social impact
ity
index
Frame- Economic impact

work
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4. Discussion

There are no known resilience threshold values for flexible pavement, which remains
an ongoing challenge to researchers [40]; and no clear methodology was found to quan-
tify resilience both in terms of operational and infrastructure integrity [53]. Therefore,
a resilience pavement framework that can be used as a lens for sustainability has been
developed. RA is an advanced technique of modeling that predicts the pavement structural
conditions and acts proactively to maintain pavement functionality [45]. Thus, to counter
the effect at the design stage, resilience can be analyzed using different approaches such as
graph theory, optimization techniques, and simulation [14].

The use of LCA in the pavement is challenging because it needs extensive time and
resources to gather the essential data for the analysis [7,71]. Various methodologies for
quantifying carbon emission of pavement construction are available globally, but adopting
and promoting the existing tools is found to be fairly challenging due to institutional
constraints [68]. So there is a need for a comprehensive approach that could apply to all
pavement projects [72]. Thus, the proposed probabilistic life-cycle assessment framework
allows for comparing different design alternatives in terms of ecological sustainability.
The LCA framework allows an all-inclusive approach that recognizes strategies to reduce
environmental influence throughout the life cycle of pavements [8,66].

The result of LCCA is dependent on the deterioration procedure, so a consistent
performance forecasting model remains a key aspect in the effective execution of the
real-world LCCA [79]. To determine LCCA, probabilistic approach [18], probabilistic
simulation-optimization LCCA approach [82], deterministic and probabilistic approaches
LCCA approach [87], and probabilistic and fuzzy approaches [88] can be used.

Sustainable pavement design has become the focus of modern design [93]. Thus, this
paper presents a comprehensive sustainable framework by integrating the calculus of a
resilience framework, probabilistic LCA framework, and probabilistic LCCA framework
into one single framework.

5. Conclusions
5.1. Resilience, Life Cycle Assessment, and Life Cycle Cost Analysis

There is inconsistency in the sustainability framework for the design and analysis
of flexible pavement that involves a comprehensive assessment of sustainability in the
design phase. To address this gap, the resilience analysis framework, probabilistic life
cycle assessment framework, and probabilistic life cycle cost analysis framework were
independently developed as pillars of sustainability. Then, these individual frameworks
were integrated into a single framework to establish a comprehensive sustainable flexible
pavement framework that can evaluate the sustainability of the pavement at its design
phase. Therefore, the ultimate purpose of this research was to propose an integrated
framework that can be used for a combined assessment of sustainability in the design phase
of flexible pavement.

In the developed framework, the probabilities of extreme event occurrence and impact
will be used in defining the resilience criteria to be used at the initial stage of pavement
design. The design will be based on anticipated future traffic load situations and local
context of susceptibility and exposure to extreme events; thereby, the resilience level of the
design can be evaluated using machine learning techniques (artificial neural networks).
The design that meets the resilience criteria will be considered as resilient design; otherwise,
the preset resilience criteria will be redesigned. The resilient design, based on its functional
performance, will be expected to exhibit high robustness, redundancy, rapid recovery, and
resourcefulness. The final goal of this framework is to produce resilient designs that have
a low probability of failure and short recovery time. Since climate change is inevitable, a
resilience framework can be used as a lens for sustainability. Thus, resilience analysis is an
indispensable part of pavement design.

In regard to pavement design parameters and LCA features, lack of uncertainty
considerations, homogeneity, and transparency of parameters have been barriers for a
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harmonized application of LCA. So, in the developed PLCA framework, resource efficiency
and energy efficiency will be considered as environmental criteria at the onset of the
pavement design. The design will be evaluated based on the environmental criteria using
Monte Carlo analysis. The design that meets the environmental criteria will be considered
as environmentally friendly design; otherwise, the pavement will be redesigned until the
criteria are met. Pavement material selection plays an important role in the design of
environmentally friendly pavement. Thus, PLCA could be considered in the design phase
to ensure the construction of environmentally friendly pavement. The proposed PLCA
framework allows highway agencies to compare alternative pavement designs based on
the environmental design criteria.

In the developed PLCCA framework, maximizing reliability and minimizing agency
and user costs are used to define the economic criteria for the pavement design. Thus, in
this framework the design will be evaluated based on the economic criteria, using fuzzy
set theory. The design that meets the economic criteria will be considered as economical
design; otherwise, a redesign will be required until the criteria are met. Thus, PLCCA could
be considered in the design phase to ensure economically sound pavement construction.
The proposed PLCCA framework allows highway agencies to compare alternative designs
based on economic criteria.

5.2. Sustainable Framework

To quantify sustainability in flexible pavements, several tools were utilized. For in-
stance, LCA is extensively applied to evaluate the environmental impacts of pavement
options, resilience-based road network design, and analysis to have open accessibility
of surface transportation under all-weather conditions. LCCA is an efficient method for
determining the monetary influence of possible modifications in design, construction, and
materials. Thus, a framework for use at the design phase of a sustainable flexible pave-
ment was developed. The framework integrates resilience, economic and environmental
sustainability frameworks. It can be used by pavement engineers as a guide to compare
alternative design candidates by combining PLCCA, PLCA, and RA. The optimum design
configuration will be selected based on sustainability key performance evaluation criteria.
The fuzzy set theory for composite programming will be used to transform the concepts of
comprehensive sustainability into practical design criteria and put them into practice. This
is concluded by the selection of the optimum sustainable pavement alternatives.
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