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Abstract: This article addresses the limited understanding of the landscape regarding Life Cycle
Assessment (LCA) in Brazilian pavement infrastructure. It provides an overview of LCA’s application
in assessing the environmental effects of pavements while exploring the use of the International
Roughness Index (IRI) as a performance criterion to assess environmental consequences and pave-
ment performance. A comprehensive search for relevant quantitative LCA studies, published from
2013 to 2023, was conducted across several bibliographic databases, following ISO 14040 standards.
A total of fourteen case studies were analyzed, providing insight into frequently used software,
databases, Life Cycle Impact Assessment (LCIA) methods, and functional units. Furthermore, global
warming or greenhouse gases (GHG) were the most frequently used environmental indicators, while
materials, transportation, and construction were the most inventoried life cycle phases. However, the
search also highlighted limitations, including the availability of Brazilian data and scope definition.
Nevertheless, a quantitative comparison between conventional pavements showed a low standard de-
viation. The scenarios studied demonstrated that using recycled materials in pavement construction
and employing high-strength materials in layers and subgrade can reduce environmental impacts. In
conclusion, these findings contribute to the development of sustainable pavement practices in Brazil
and highlight the need for further research to validate current findings and address existing gaps.

Keywords: Life Cycle Assessment (LCA); environmental impacts; pavement performance; Interna-
tional Roughness Index (IRI); sustainability; limitations

1. Introduction

Driven by economic development and social connectivity, road transport has emerged
as the primary method of cargo transportation within Brazil. Having an extensive network
of roadways spanning 1,720,909 km [1], this vast man-made infrastructure unquestionably
carries a significant burden of environmental consequences. Notably, as of 2021, the
Brazilian transportation sector was responsible for an astonishing 204 million tons of
carbon dioxide equivalent (CO, eq) emissions [2].

As cities across the globe keep expanding, the need for efficient and sustainable
infrastructure increases. Among the critical components of urban development, pavement
systems play a fundamental role in ensuring smooth transportation networks. However,
the environmental impacts associated with pavement construction and maintenance cannot
be overlooked. Extraction of natural resources, usage of petroleum derivatives, fuel burning
to obtain energy, and land allocation are all examples of these impacts.

To address the urgent need to slow the pace of climate change and prevent biodiversity
loss, stakeholders are recognizing the importance of transformative measures in pursuit of
sustainability. Achieving sustainability requires not only technological innovations and
solutions from companies but also behavioral changes and social innovations. Companies
must adopt a comprehensive life cycle view to incorporate environmental, social, and
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economic considerations into their strategic and operational decisions. LCA is a primary
technique that supports such decision-making processes.

In the context of sustainable pavement design and construction practices, understand-
ing and quantifying the environmental impact associated with pavements throughout their
life cycle stages is crucial. This paper’s objective is to provide an overview of the LCA
methodology and its application in evaluating the environmental impacts of pavements
in Brazil. By doing so, it aims to equip the academic community and stakeholders with
current methods, knowledge, gaps, and limitations in this field. Additionally, the potential
integration of the International Roughness Index (IRI) as a performance criterion is explored
as a means to mitigate environmental impacts and enhance long-term resilience.

The bibliographic search was conducted using several platforms, including the Con-
ference on Transportation Research and Education (Congresso de Pesquisa e Ensino em
Transportes—ANPET in Portuguese), the National Road Conservation Meeting (Encontro
Nacional de Conservagao Rodoviaria—ENACOR in Portuguese), the National Meetings
of Production Engineering (Encontros Nacionais de Engenharia de Producao—ENEGEP
in Portuguese), and the Production Engineering Symposium (Simpésio de Engenharia de
Producao—SIMEP in Portuguese). Additionally, the search included repositories from
prominent institutions such as the University of Sao Paulo (USP), the Federal University of
Rio de Janeiro (UFR]J), the Federal University of Santa Catarina (UFSC), and the University
of the Sinos River Valley (UNISINOS). Brazilian journals such as Sustainable Mix (Mix Sus-
tentavel in Portuguese) and Transportation (Transportes in Portuguese) were also included
in the search. Furthermore, academic databases such as SciELO Brazil, Web of Science, and
Scopus were utilized for this comprehensive search.

Once the decision was made regarding the bibliographic research databases, the search
was carried out using pertinent keywords related to pavement LCA, both in Portuguese and
English. The selected keywords included: “Life cycle assessment”, “LCA”, “pavement”,
“road”, and “Brazil”. The time frame was limited to publications released between January
2013 and July 2023, exclusively within the geographical scope of Brazil. From the extensive
collection of search results, only documentation about quantitative pavement LCA studies
adhering to the ISO 14040 standards was considered for further evaluation and analysis [3].

This paper is organized into five sections, including an introduction. Section 2 provides
a comprehensive overview of the LCA methodology. In Section 3, a detailed exploration of
LCAs applied to pavements is presented, discussing the various stages and approaches as-
sociated with them. This section is further subdivided into two parts: firstly, an examination
of observed gaps and limitations; and secondly, an exploration of the Pavement—Vehicle
Interaction (PVI) effect and its correlation with the IRI (International Roughness Index),
as well as the potential application of this index. Moving on to Section 4, an analysis and
comparison of Brazilian quantitative pavement LCA studies resulting from the aforemen-
tioned bibliographic research is conducted. This section is divided into five subsections,
providing a detailed analysis of the applied LCA methods, specific pavement designs
under evaluation, and the findings of each study. Finally, Section 5 presents the study’s
conclusions and proposes future research.

2. Life Cycle Assessment Methodology

LCAs originated in the late 1960s as Resource Environmental Profile Analyses (REPAs).
Later in the 1970s, as oil became less abundant, the importance of researching alternative
sources of energy and their environmental implications grew. This resulted in the LCA’s
applicability being extended to a wider range of products. Eventually, the term “life cycle
assessment” was first used in the United States in 1990 [4].

In Brazil, LCA studies began in the 1990s, leading to the foundation of the Brazilian
Life Cycle Association (Associa¢ao Brasileira de Ciclo de Vida—ABCYV in Portuguese) in
2002. Since then, numerous articles have been published using the LCA technique for case
studies, evaluations of production processes, and comparisons of materials or processes [5].
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The LCA is a methodology used to assess the environmental performance of a product
or service throughout its life cycle, from the extraction of raw materials to its final disposal.
Environmental metrics are quantified to determine the potential impact of emissions on the
environment, humans, and resources [3,6].

The International Organization for Standardization (ISO) has developed standards
for LCA in its publications: ISO 14040 and ISO 14044. The first refers to the principles and
structure of an LCA, while the second refers to the requirements and guidelines for an
LCA. These specifications are published in Brazil by the Brazilian Association of Technical
Standards (Associagao Brasileira de Normas Técnicas—ABNT in Portuguese) as ABNT
NBR ISO 14040 [3] and ABNT NBR ISO 14044 [7].

The ABNT [3] defines the LCA as a “compilation and evaluation of the inputs, outputs,
and potential environmental impacts of a product system throughout its life cycle”. It is
subdivided into four parts: (1) goal and scope definition; (2) inventory analysis; (3) impact
assessment; and (4) interpretation. However, the structure is not fixed due to the iterative
nature of the LCA process. The outcomes of one phase are incorporated into subsequent
stages, and interpretation is continuous throughout the evaluation.

Overall, LCA is a valuable methodology for evaluating the environmental impacts of
products and services. However, while interpreting results and making decisions based on
them, it is essential to keep the methodology’s strengths and limitations in mind.

Some of the main strengths include: (a) comprehensive evaluation, LCA allows a
systematic assessment of environmental impacts across a product’s or service’s entire
life cycle, covering upstream and downstream activities from raw material extraction
to disposal [8]; (b) tool for decision-making, LCA adheres to established guidelines and
frameworks, ensuring transparency of results across different products and services, and
by taking an inclusive and holistic approach, LCA contributes to a more open-minded
perspective [9]; (c) identification of improvement opportunities, by identifying hotspots
and areas of high environmental impact, LCA can assist in identifying opportunities to
enhance a product’s or service’s environmental, economic, and social performance, and
thus contribute to establishing public policies [6].

The following are some of the frequently mentioned limitations: (a) data quality and
availability, LCA relies heavily on these parameters, if the data are unavailable or unreliable,
it may lead to inaccurate or incomplete results, and it is important to ensure that inventory
data are reliable and specific to the relevant regions being studied [10]; (b) compatibility, the
scope and system boundaries can be difficult to define, leading to variability in results and
making it challenging to compare results across different studies [11]; (c) complexity and
uncertainty, the methodology requires specialized expertise and software which can make
it challenging for non-experts to understand and apply, additionally, subjective judgment
is involved in the selection of impact categories and weighting factors which can affect the
reliability of the results [12].

Despite its limitations, the application of LCA has been helpful in assisting stakehold-
ers worldwide to achieve their sustainability goals. LCA has become a valuable tool in
developing public policies and promoting the sustainable development of products and
services. In Brazil, while the LCA methodology is still relatively new, studies have mainly
focused on the agro-industry [13], energy [14], and construction sectors [15]. There is also a
growing trend toward applying LCA in the transport infrastructure sector.

3. LCA of Pavements

The environmental impacts of pavements can be significant and wide-ranging. Clear-
ing and grading land for construction can cause habitat destruction and wildlife displace-
ment. The extraction of natural resources such as crude oil, sand, and gravel is required
to produce paving materials such as asphalt and concrete. This extraction procedure may
have consequences for the environment, such as habitat destruction, soil erosion, and water
pollution. Furthermore, the transportation of pavement materials produces large GHG
emissions, contributing to global warming [16].
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The use of heavy equipment during construction results in the emission of carbon
dioxide (COy), nitrous oxide (N;O), and other pollutants; it also contributes to noise
pollution, which can have negative impacts on the health of both wildlife and humans. Once
built, the runoff from the pavement can contain pollutants such as oil, grease, and heavy
metals, which can be harmful to aquatic ecosystems and water quality [17]. Furthermore,
the pavement’s tendency to absorb and retain heat contributes to the urban heat island
(UHI) effect. This phenomenon increases energy consumption for cooling buildings and
intensifies the impacts of heatwaves on human health [18].

A life cycle assessment can be used to identify specific impacts associated with different
stages of the pavement’s life cycle and propose strategies for reducing those impacts.
According to the ABNT [3], there is no standardized definition of the stages to be considered
in a product’s system. However, several authors have agreed that the phases of the
pavement’s life cycle are: (1) material extraction and production; (2) construction; (3) use;
(4) maintenance; and (5) end-of-life [10]. This boundary approach is referred to as cradle-to-
grave, which provides a comprehensive evaluation of the environmental impacts associated
with this infrastructure from start to finish [19].

There are different boundary approaches that can be taken in a pavement LCA study.
A cradle-to-gate or cradle-to-site LCA includes all activities from raw material production
to road construction [20], whereas a gate-to-gate LCA focuses on a single process within the
production chain [21]. However, the definition of the activities in an LCA is a procedure
that lacks consensus among the pavement LCA community. Therefore, the availability
of relevant data and the intended scope and objective define the approach to LCA to
be applied.

3.1. Gaps and Limitations of LCA Studies of Pavements

The life cycle approach is a methodology that considers all stages of a product’s life,
understanding that a large number of factors can have an effect on the product system
under analysis. However, the complexity of this study often leads to the omission of
certain areas, disregarding their potential influence and leaving quantitative gaps in the
assessment methodology, thus compromising the accuracy of the findings and the validity
of the conclusions. In that matter, Santero et al. [22] and Azarijafari et al. [11] identified
some areas that need further research.

One of these areas is the earthworks. Barandica et al. [23] argue that this construc-
tion activity has the most GHG emissions, accounting for 60-85% of the emissions in
construction. However, its incidence is relative to the project’s work site orography.

Another gap is the consideration of traffic delays. When a road or highway is under
construction or repair, these operations can cause traffic delays in the working zone (WZ).
This increases GHG emissions and air pollutants from idling vehicles. Currently, there are
few studies that have taken this particular factor into account. Nevertheless, the importance
and growing interest led the authors to consider WZ traffic management as a separate
life cycle stage to highlight its influence. Research has shown that the influence of WZ
traffic management can vary significantly depending on the project’s traffic volume and
management strategies [24].

The use phase also presents several gaps in LCA studies. Concrete carbonation,
pavement lighting, and leachate are some factors that can affect environmental impacts.
Likewise, the Massachusetts Institute of Technology Concrete Sustainability Hub has found
that the two main contributors to the use-phase environmental impacts come from the
albedo and the PVI [25]. Albedo, or the reflectivity of the pavement surface, can affect the
absorption of solar radiation and contribute to the UHI effect, whereas the PVI describes
the effect of pavement structural and surface properties on vehicle fuel consumption. As a
result, given the traffic demand and life span of pavements, several authors have claimed
that the use phase contributes significantly to the environmental impacts throughout a
pavement’s life cycle [26].
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Finally, the disposal or end-of-life phase of pavement is also critical, as it determines
the final impact on the environment. During this phase, there are three possible courses
of action for the pavement: it can either be demolished and disposed of in a landfill,
demolished and recycled, or left in place as a foundation for a future pavement structure.
It is important to account for recycling in order to prevent double-counting of both the
impacts and benefits between producers and users. Unfortunately, this stage is often
overlooked [22].

In addition, restricting the analysis of pavement options to only their environmental
impact, without taking economic and social factors into account, can limit the scope of
the analysis. This narrow focus can result in the selection of pavement options that are
environmentally friendly but are not cost-effective or do not meet societal needs [27].
Therefore, pavement LCAs must be complemented with other studies to ensure that
decision-makers can make more informed decisions that consider all relevant aspects of
the pavement options being evaluated [3].

3.2. Incorporating Pavement Performance Indicators in LCA Studies

Pavement performance refers to the ability of a pavement structure to fulfill its
intended functions over its life span, considering factors such as durability, serviceabil-
ity, safety, and user satisfaction. Several aspects can influence pavement performance,
including material properties, design characteristics, construction quality, traffic loads,
environmental conditions, and maintenance practices [28]. Similar to LCAs, the evalua-
tion of pavement performance serves as an invaluable tool for informed planning and
decision-making processes.

Various tools and indicators have been adopted to measure and quantify pavement
performance, such as cracking, rutting, the Present Serviceability Rating (PSR), and the
Pavement Condition Index (PCI) [29]. However, the most commonly used indicator is the
International Roughness Index (IRI). It quantifies the smoothness of a pavement surface
and is typically measured in m/km, mm/m, or in/mile. A higher IRI value indicates a
rougher road surface, while a lower IRI value signifies a smoother road surface [30].

During the use phase, the IRI assumes a critical role in assessing pavement perfor-
mance. It has been demonstrated that there is a correlation between increased IRI values
and higher fuel consumption [31]. In other words, increased vehicle bouncing is caused by
increased pavement roughness, resulting in increased fuel usage. It should be mentioned
that, as Santos et al. [32] claim, the use phase carries the greatest percentage of environmen-
tal impacts in a pavement’s life cycle. Therefore, even a small increase in roughness can
have a significant effect.

Furthermore, the PVI effect, with the IRI as a key component, emerges as the primary
contributor during the use phase. The PVI effect encompasses various factors, including
pavement surface texture, changes in roughness (characterized by the IRI), and deflections
in the pavement structure. Among these factors, the latter two have the most significant
impact on PVI [33]. However, determining the relative influence of these two factors within
an LCA is challenging. The PVI effect strongly depends on variables such as traffic level,
truck volume, and speed limits [34], making it difficult to ascertain which factor holds
greater influence on the LCA outcomes.

In recent years, there has been a focus on developing models to analyze the struc-
tural response under dynamic loading aiming to determine excess fuel consumption for
pavements with asphalt surfaces. Various modeling methods, including mechanistic, deep-
learning, and finite-element modeling, have been employed [35-37]. Research has indicated
that load, temperature, and speed are the most influential factors in the dissipation of vehi-
cle kinetic energy in the pavement structure or rolling resistance. These models can evaluate
the LCA’s use phase and provide decision-making tools for pavement maintenance and
rehabilitation (M&R).

Moreover, the IRI can serve as a valuable performance criterion in LCA studies, com-
plementing existing categories such as GHG emissions, energy consumption, and costs.
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This manner of utilization aims to determine whether the use of alternative materials,
maintenance techniques, and variations in the structural design of pavements can achieve
a comparable level of functionality and structural integrity when compared to a conven-
tional new pavement. It is important to note that using different materials or making
changes might introduce physical and engineering differences, which may impact pave-
ment performance even if construction processes are carried out correctly. Therefore, this
IRI approach serves to evaluate the potential environmental benefits and performance
trade-offs associated with these variations.

Some case studies have successfully incorporated IRI as a performance criterion, going
beyond its use solely for calculating extra fuel consumption during the use phase. For
instance, Chong et al. [19] have used the concept of IRI trigger value as an independent vari-
able. This value represents the maximum IRI threshold before maintenance, rehabilitation,
or reconstruction is required, aiming to maintain favorable rolling conditions throughout
the project’s life span.

A lower or more stringent IRI trigger value implies the need for more resurfacing
during the life cycle, resulting in an increase in environmental burdens associated with
materials, construction, and congestion. Conversely, a higher IRI trigger value may alleviate
the aforementioned burdens but could lead to increased vehicle operation-related burdens.
This is because vehicles traveling on rough pavement consume more energy compared to
those on smoother surfaces.

Their study revealed that certain pavements exhibit optimal thickness and IRI trigger
values, which are influenced by traffic levels. These pavements generally offer a more envi-
ronmentally friendly solution without requiring reconstruction during the analysis period,
compared to pavements that do require reconstruction. However, excessively conservative
designs were found to have higher energy consumption and GHG emissions [19].

The previous statement is consistent with the findings of Yang et al. [38]. They
observed that traffic volume had a major effect on the breakeven point, which is the point
at which the additional fuel consumption caused by accelerated pavement deterioration
offsets the initial savings gained from utilizing recycled materials. At high traffic volumes,
the energy demands during the use phase could surpass the energy savings from the
material production phase, even with a slight reduction in the pavement’s life span. This
determination was made by comparing the environmental impacts across the life cycle
while considering the varying IRI rates associated with each scenario.

Overall, the integration of IRI progression with LCA analysis could provide a more
holistic view and enhance understanding of the environmental impacts of transportation
engineering. However, a significant challenge comes from using the IRI, as predicting it
with maximum precision remains a major research focus due to its complex sensitivity to nu-
merous factors impacting pavement performance during both construction and usage [39].
Several IRI evolution models have limitations, including complex equations, plenty of
variables, difficulties in data collection for variables, and a short prediction period [40].
Ongoing research and further improvement are essential to enhancing the precision and
practicality of this approach.

4. Case Studies of Quantitative LCA Studies of Pavements in Brazil

In Brazil, some studies have examined the environmental impacts associated with
pavement construction. However, the lack of consensus in the phases, impact categories
considered, software utilized, databases employed, functional units adopted, and the
scope of the inventory have made it challenging to evolve this methodology in the road
infrastructure area. To address this, an extensive review of existing literature was conducted.
This review identified a total of 14 quantitative pavement LCA studies: 8 sourced from
the Web of Science, 2 from Scopus, 2 from USP, 1 from the Sustainable Mix journal, and 1
from the ANPET. To gain a comprehensive understanding of the variations and similarities
among these studies, an in-depth analysis was performed on the applied LCA methods,
the specific pavement designs evaluated, and the results of each research study.
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4.1. Scope Definition for LCA Development

The primary focus of an LCA is to encompass the entire life cycle of a product or
service. As mentioned earlier, this concept applies to pavements as well, typically involving
five phases: material extraction and production, construction, use, maintenance, and end-
of-life. To provide a more comprehensive analysis, a sixth phase has been introduced: the
transportation of materials.

Furthermore, in LCAs, a range of environmental indicators are available to evaluate
the environmental impact of a product or process. The selection of relevant indicators
depends on the study’s objective and scope. The most commonly used indicators include
acidification, global warming, resource depletion, ozone depletion, human toxicity, res-
piratory inorganics, ionizing radiation, photochemical ozone formation, eutrophication,
ecotoxicity, and land use [41]. In line with these considerations, Table 1 summarizes the life
cycle phases and environmental indicators examined in each study.

The initial review of Table 1 reveals a pattern in which either global warming or GHG
appears as a regular environmental indicator throughout all the studies. Among the most
commonly used indicators, energy use, acidification, and eutrophication stand out. Land
use and ionizing radiation are two environmental indicators that have not been considered
in any of the studies conducted. This is intriguing, given that land use is a central topic
of discussion during the construction of new roadways, mainly due to its potential for
ecosystem degradation, resulting in the loss of vegetation cover and decreased biomass
productivity.

Additionally, it has been observed that there are two different tendencies regarding
the environmental indicators analyzed in Table 1. Firstly, half of the studies opted for
a simplified quantitative analysis, focusing on up to three environmental indicators. In
this group, the presence of energy use and either global warming or GHG as primary
indicators is consistent. In contrast, the remaining studies pursued a more comprehensive
approach, carrying out detailed quantitative analyses covering up to eight environmental
indicators. While these studies exhibited diverse combinations of environmental indicators,
a noteworthy consistency appears in the inclusion of acidification, global warming, and
eutrophication in their research.

In terms of pavement life cycle phases, none of the examined studies included the
entirety of all five phases. However, the inclusion of the transportation of materials was
a common input throughout all references, either as a separate phase or as a component
within other phases. The majority, nine of the studies (64%), focused on the phases involving
the extraction and production of materials, as well as the subsequent construction phase.
In contrast, only three studies addressed the maintenance phase exclusively.

Despite the significance of the use phase according to previous research (e.g., Aradjo
et al. [26]), merely one study examined this phase, although in a superficial way, similarly
to how the end-of-life phase was addressed. Interestingly, no clear temporal trend emerged
over the years across the analyzed studies, whether in relation to life cycle phases or
environmental indicators.
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Table 1. Life cycle phases and environmental indicators examined in recent Brazilian studies.

Pavement Life Cycle Phases Environmental Indicators
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[42] 2017 x 2 X X X X X X X
[43] 2017 X X x 2 X X X X X
[44] 2017 X X X X x 2 X X X
[45] 2020 X X X X X X X X
[46] 2020 X X X X X
[47] 2021 X X X X X X X X
[48] 2021 X X X X X
[49] 2021 X X X X X
[50] 2022 X X X X X
[51] 2022 X X X X X X X X X X X
[52] 2023 x3 X X X
[53] 2023 X X X X X X X X X X X
[54] 2023 x 2 X X X X X X
[55] 2023 X X X X X
Total 11 11 9 1 5 1 8 4 8 10 2 4 5 1 0 5 8 6 0

1 Material extraction and production. 2 Involves materials extraction, production, transportation, and construction of maintenance activities. 3 Comprises only materials extraction,
production, and transportation of maintenance activities.
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4.2. Tools and Data Required for LCA Development

Other aspects worthy of comparison include the software, databases, and LCIA meth-
ods used to conduct these studies. These aspects are presented briefly in Table 2. Notably,
the software that appears most frequently is SimaPro 9.5, which is mentioned in seven
different cases, or 50% of the studies. Developed by the Dutch company Pré Sustainability,
this software is among the most frequently used LCA software in the world. It was intro-
duced in 1990 and is now in its ninth version. It includes more than twenty LCIA methods
and more than nine inventory libraries (databases).

Table 2. Software, database, and LCIA method used in recent Brazilian studies.

Ref. Software Database LCIA Method
[42] GaBi; Pavement LCA GaBi; USLCI; Pavement LCA EDIP; TRACI
[43] n/s Ecoinvent 3.3; Votorantim Cimientos (2016) [56] EN 15978 [57] EN 15804 [58]
[44] SimaPro 8.0 Ecoinvent 3 IPCC
[45] Umberto NXT LCA Ecoinvent 3.4 CML
. Ecoinvent; Stripple (2001) [59]; Farina et al. (2017) [60];

[46] SimaPro Edwards et al. (2017) [61] n/s
[47] openLCA 1.10 Ecoinvent 3; Fehrenbach et al. (2018) [62] ReCiPe; H:JCSC];(C)Z)ZVIL; EDIP;
[48] Microsoft Office Excel Ecoinvent 3.6; Eurobitume (2012) [63]; primary sources n/s

. Ecoinvent 3.5; Gschosser (2011) [64]; Gschosser et al. . )
[49] SimaPro 9.0 (2012) [65]; Siverio Lima et al. (2020) [66] Ecoinvent; EN 15804
[50] SimaPro Ecoinvent CML
[51] SimaPro Ecoinvent 3.4 CML

. . IPCC; Frischknecht et al.
[52] SimaPro 9.3 Ecoinvent 3.8 (2015) [67]; ReCiPe
[53] openLCA Federal LCA Commons TRACI
[54] openLCA 1.10 Ecoinvent 3 CML
[55] SimaPro Ecoinvent; Stripple (2001) [59]; Edwards et al. (2019) [61] CML

The second most used software in Brazilian pavement LCA research is openLCA 2.0,
cited in three studies. It is an open-source alternative equally suitable for professional LCA
modeling. GreenDelta, an independent sustainability consulting firm in Germany, initiated
this project in 2006, which focused on developing software for product LCA, identifying
environmental consequences, and analyzing production costs. A notable observation is that
all of the software listed in Table 2 originates from foreign sources, highlighting the urgent
need for developing trusted Brazilian software and databases for future research projects.

The Ecoinvent 3.9 database was the primary database utilized in the examined stud-
ies, accounting for most of the references (86%, or 12 studies). Moreover, as illustrated
in Table 2, a wide range of datasets utilized in this study were obtained from the aca-
demic literature, mostly because commercial databases lack complete and current Brazilian
inventory libraries.

Regarding LCIA methods, the primary method utilized (in six of the studies) was
developed by the Center of Environmental Science, Leiden University (Centrum voor
Milieukunde Leiden—CML in Dutch). The method established by the Intergovernmental
Panel on Climate Change (IPCC) claimed the second position. This method includes GHG
metrics, making it suitable for calculating various impact assessment categories.

Furthermore, seven of the total analyzed studies exclusively considered a single
method, five opted for using multiple LCIA methods, and the remaining two studies did
not specify the applied LCIA method. In the multiple LCIA method scenario, authors
arbitrarily assign particular LCIA methods to different environmental indicators to make
the calculations. Moreover, there was no apparent association observed between the
quantity of environmental indicators selected and the LCIA method chosen. Both choices
were dependent on the subjective judgment of the authors. This highlights the LCA’s
inherent limitations and the persisting absence of consensus across studies.
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4.3. Objects of Study in LCA Development

The specific pavement designs evaluated in each study were also analyzed to have a
clear view of the gaps in this topic. Table 3 summarizes the functional units utilized, the
different scenarios studied, and the construction activities considered in the inventory of
the LCA.

Most studies (64%, which corresponds to 9 studies) employed length as their chosen
functional unit, specifically 1 km of pavement. However, very few, if any, of these studies
agree on the width of the pavement. In addition, two other studies opted for the area as
their functional unit, specifically 1 m? of pavement, while a few considered volume or mass
as their relevant metric.

Table 3. Functional units, scenarios studied, and construction activities considered in the inventory

of recent Brazilian studies.

Construction Activities Considered

Ref. Functional Unit Scenarios Studied * .
in the Inventory
[42] 1 km pavement and (1) HMA Structural Reinforcement ?:Eéﬁlilst’]}](?sk'c(ll')n/:vin d milling:
8.00 m wide (2) HMA Structural Reinforcement w/RAP . $ %) paviiig and i ings
(2) hot in-place recycling and milling
1m? concrete; 13m3 (1) PCC Pavement
[43] concrete/1 m n/s
) (2) PC Pavement
drained water
(1) Paving, spraying, base rolling, and
subgrade reinforcement rolling
(1) HMA Pavement (2) Paving, spraying, base rolling,
[44] 10 kﬂ Eg ‘:Eaeigzand (2) HMA Pavement w/CTSB cemented sub-base, and subgrade
’ (3) PCC Pavement reinforcement rolling
(3) Paving, concrete base rolling, and
sub-base rolling
[45] 1 km pavementand (1) HMA Pavement (projected) (1-2) Paving, spraying, base rolling,
10.70 m wide (2) HMA Pavement (executed) and sub-base rolling
(1) HMA Pavement w/SG base
(2) HMA Pavement w/GGTC base
[46] 1 m? pavement (3) HMA Pavement w/RC base n/s
(4) HMA Pavement w/RMB base
(5) HMA Pavement w/PMB base
[47] 1 km pavementand (1) HMA Pavement (diesel) (1-2) Paving, spraying, base rolling,
7.20 m wide (2) HMA Pavement (biodiesel) and sub-base rolling
(1) AC Range B dosage w/Limestone filler
1 km pavementand  (2) AC Range B dosage w/Portland cement filler . .
[48] 23.50 m wide (8) AC Range C dosage w/Limestone filler (1-4) Paving and spraying
(4) AC Range C dosage w/Portland cement filler
. _ (1) AC w/Limestone filler
[49] 1 kglai};};aelstigzzture, (2) AC w/Dolomite filler n/a
deposited in landfill (3) AC w/Red Mud filler
(4) AC w/Fly Ash filler
1 km pavement and (1) HMA Pavement w/LA subgrade
[50] 3.60 m wide (2) HMA Pavement w/LG’ subgrade n/s
’ (3) HMA Pavement w/NA’ subgrade
(1) SMA Pavement w/G base . . .
[51] 1 krr; ggveme.gt and (2) SMA Pavement w/FA—CL base (1—;) ng;ng, splrléymg, base rolling,
LUmwide (3) SMA Pavement w/FA-CL-Salt base and sub-base roling
(1) BR: HMA Rehabilitation
152] 1 km pavement and  (2) BR: HMA Rehabilitation w/RAP n/a
7.00 m wide (3) CH: HMA Rehabilitation
(4) CH: HMA Rehabilitation w/RAP
(53] 1 t asphalt mixture; 8; II:IIl\l\//iﬁ 113232222: w/RPET and w/o sub-base (1-3) Paving, base rolling, sub-base

1 m? pavement

(3) HMA Pavement w/RPET

rolling, and subgrade grading
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Table 3. Cont.

Construction Activities Considered

Ref. Functional Unit Scenarios Studied * .
in the Inventory
(1) Highway 1: HMA Structural Reinforcement
(2) Highway 1: DR w/cement and HMA rubber .
(3) Highway 2: HMA Structural Reinforcement 8’ Z’ %) ﬁ:“;illr:g and deep recveling with
1 km pavementand  (4) Highway 2: DR w/cement and HMA rubber - & p recycing
[54] . . . e . cement
varying widths (5) Highway 2: Milling and HIMA (5) Paving and millin
(6) Highway 3: HMA Structural Reinforcement (8) PCC Pgavin &
(7) Highway 3: DR w/cement and HMA rubber &
(8) Highway 3: Whitetopping
(1) HMA Pavement w/LA subgrade
(2) HMA Pavement w/LG’ subgrade (1-4) Paving, spraying, base rolling,
[55] 1 km pavement (8) HMA Pavement w/NA’ subgrade sub-base rolling, and subgrade grading

(4) HMA Pavement w/NG’ subgrade

* The identification numbers of the Scenarios Studied column are interconnected with the identification numbers
of the Construction Activities considered in the Inventory column. Legend: Asphalt Concrete (AC); Brazil (BR);
Switzerland (CH); Cement-Treated Sub-base (CTSB); Deep recycling (DR); Fly ash—Carbide Lime (FA-CL); Fly
ash—Carbide Lime-Salt (FA-CL-Salt); Gravel (G); Graded Gravel Treated with Cement (GGTC); Highly Modified
Asphalt Mixture (HiIMA); Hot Mix Asphalt (HMA); Lateritic Sand Soil (LA); Lateritic Clay Soil (LG’); Non-lateritic
Sandy Soil (NA'); Non-lateritic Clay Soil (NG’); Pervious Concrete (PC); Portland Cement Concrete (PCC); Asphalt
Stabilized with a Polymer-modified Binder (PMB); Reclaimed Asphalt Pavement (RAP); Rolled Concrete (RC);
Asphalt Stabilized with a Rubber-modified Binder (PMB); Recycled Post-consumer Polyethylene Terephthalate
(RPET); Soil-gravel (SG); Stone Mastic Asphalt (SMA).

The type of pavement that gained the most attention in research was flexible pave-
ments, which was examined in 93% of the studies. The fact that 99% of the pavements built
in Brazil fall under this classification justifies this emphasis on using flexible pavements [68].
They typically consist of an asphalt surface course, a granular base course, and a granular
sub-base course.

Within these studies of flexible pavement, two of them also compared semirigid
and rigid pavement, and only one study conducted a comparative analysis only between
semirigid and flexible pavement types. The use of semirigid pavements in Brazil has
gained value over the years. These pavements maintain their flexible characteristics while
increasing their stiffness. Semirigid pavements generally consist of a combination of an
asphalt surface layer and a layer treated with hydraulic or bituminous binder to improve
their stiffness. Out of all the 14 studies examined, only one exclusively focused on rigid
pavements. They typically consist of a Portland cemented surface layer followed by a
granular base. Their reputation comes from their superior endurance.

While most of the studies (9 out of 14) fell under this category, not all researchers
focused solely on quantifying the impacts of new roadway construction. Some studies also
directed their attention towards M&R, as well as the production and construction of only
the asphalt surface course.

Figure 1 shows a comparison of the different types of surface, base, sub-base, and
subgrade reinforcement layers that were studied in the chosen papers. This illustrates the
frequency of occurrence of the different types of pavement materials utilized in each layer
across various studies, offering insights into the existing gaps in the literature. There are
instances in which multiple treatment types were evaluated within a single study; conse-
quently, the total number of studies for each layer group may not necessarily equal fourteen.

There is a concentration of HMA research within the surface layer. This is unsur-
prising considering that HMA is the predominant technique used for asphalt paving in
Brazil. Warm Mix Asphalt (WMA) was not focused on in the studies, indicative of its
limited utilization in practical applications. Although ongoing research points toward a
rising trend in adopting it for paving, this is primarily attributed to its requirement for
lower manufacturing temperatures, resulting in reduced energy consumption and reduced
emissions at the plant and project site.
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14
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Figure 1. Frequency of appearance of surface course, base course, sub-base course, and subgrade
reinforcement materials among the studies.

Surface treatments function as the interface between the existing pavement and the
new structural reinforcement, preventing cracks in the underlying layers. Although these
treatments did not receive special attention in the papers analyzed, they were occasionally
covered in studies that centered on rehabilitation techniques.

One study from the collection examined two commonly employed rehabilitation
interventions in Brazil. The first method is structural reinforcement, which requires milling
a part of the existing surface course, applying a double bituminous surface treatment
(DBST), and finishing with a new HMA layer with RAP. The second method, known as
deep recycling, encompasses the milling of the entire existing surface course along with
a portion of the base layer. This milled material is then treated with Portland cement
and compacted before undergoing a similar process involving DBST and a fresh layer of
HMA. The comprehensive comparison of these M&R techniques, along with other ones,
is an interesting contribution by Luvizo et al. [54]. Their findings indicate that structural
reinforcement has the most significant impact over a 30-year period, whereas deep recycling
results in a notable 40-48% reduction in emissions.

Granular base courses have been the subject of most research; however, a number of
studies have investigated base treatments involving hydraulic and bituminous binders.
This is a usual technique in Brazilian base construction, in which Portland cement is the
most popular binder option.

When it comes to subgrade treatments, the practice may not be very necessary due to
the fact that Brazilian subgrades typically consist of high-strength capacity and California
Bearing Ratio (CBR) values. They often comprise lateritic soil, typical of subtropical regions.
In cases where the subgrade does exhibit lower resistance values, one approach that is
employed in Brazil involves adding a subgrade reinforcement layer on top of the subgrade.
When inserted, this layer usually comprises soil-gravel materials, and as seen in Figure 1,
few studies have explored its incorporation and its materials” variations.

Table 3 also includes the construction activities considered in the inventory. The
practice of road construction involves numerous kinds of activities that, when combined,
result in the construction of pavements we use daily. In order to simplify these activities,
they have been arranged into several groupings: paving, milling, spraying, recycling, base
rolling, sub-base rolling, subgrade reinforcement rolling, and subgrade grading. Among
these processes, paving emerged as the most frequent activity, appearing in 64% of the
studies (9 instances). The frequency of this occurrence was greater than the occurrences of
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base and sub-base rolling, which were each reported in six studies. The variation is mainly
attributed to the fact that not all case studies covered all the pavement layers of construction;
some focused solely on the surface course, whereas others emphasized M&R techniques.
The resulting emissions from these activities were primarily quantified in terms of
energy consumption or fuel consumption in liters. By considering the hours or kilometers
involved, researchers were able to estimate the volume of emissions generated through the
utilization of the equipment required to execute these processes. A significant proportion
of the analyzed studies (35%) did not include specifications for any construction activities.
This is a considerable fraction that should be addressed in subsequent investigations.

4.4. Inventory Analysis in LCA Development

The implementation of a database suitable for the geographical region stated within
the study’s scope is another essential aspect that contributes to the accuracy of the LCA
results. In this regard, the materials used and the regions where the processes related to
these materials were carried out have been identified for the inventory of the studies under
analysis. These data, coupled with a more detailed examination of material transportation,
are summarized in Table 4.

Table 4. Materials and segments of transportation considered in the inventory of recent Brazilian
studies.

Transportation Segments 2

Pavement Materials Considered

2 g =
= 2 3
o n c
Ref. . . 1 - 8 =) (5]
in the Inventory (Region) 5 ” = —
= = =1 o
S R
5 & ~ =
»n a n
GaBi: asphalt (BR) and gravel (DE)
[42] USLCI: asphalt (US) and limestone (US) X X
Pavement LCA: HMA
[43] Portland cement (BR), sand, gravel, and plasticizer additive X

Fuel oil, PAC 50/70, PAC 65/90 SBS polymer-modified, CM 30 priming, RR 1C
[44] bond coat, Portland cement CP II-32, sand, filler, polyethylene limiter strip, X X X X
polymerized asphalt sealant, steel CA-25, steel CA-50, and gravel

[45] Basalt aggregate (RoW) and asphalt (RoW) X X X X
[46] PAC 30/45, PAC 65/90 polymer-modified, Portland cement CP II-32, sand, « « «
limestone, gravel, and PAC 50/70 15% rubber-modified
[47] Sand (BR), gravel (BR), and asphalt (GLO) X X X
48] Gravel (BR), sand (BR), crushed stone powder (BR), cement (BR), limestone powder « «
(CA), SBS polymer-modified PAC, CM 30 priming, and RR 1C bond coat
[49] Sand (GLO), gravel (RoW), asphalt (GLO), limestone (RoW), dolomite (RoW), red «
mud (GLO), and fly ash (RoW) fillers
[50] Fuel oil, PAC 30/45, sand, limestone, and gravel X X X
[51] Asphalt, gravel, fly ash, carbide lime, and salt X X
[52] BR: gravel (BR), asphalt (BR), and polymer modifier «
CH: gravel (CH), asphalt (CH), and polymer modifier

[53] Gravel (BR), rock filler, RPET-micronized (US), RPET flakes (US), and asphalt (RNA) X X X
[54] Asphalt, asphalt emulsion, Portland cement, gravel, macadam, soil, and limestone X X X
[55] Fuel oil, PAC 30/45, sand, limestone, and gravel X X X

! Only the regions referenced in the studies have been incorporated. ? Segments of Materials” Transportation
considered in the Inventory. Legend: Germany (DE); Global (GLO); Petroleum Asphalt Cement (PAC); Northern
America (RNA); Rest of the World (RoW); United States (US).

Despite the fact that every study focuses on Brazil, the regions where material pro-
cessing was conducted differ from the study’s geography. Utilizing global data is also
acceptable given the limitations associated with data accessibility. Within six studies, at
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least one material process was located within the geographical boundaries of Brazil; two
studies relied on global data; and six studies did not specify the geographical locations of
the materials” processes.

LCA research conducted in Brazil does not adequately support the claim that the use
of recycled materials, such as post-consumer plastic and tire rubber, and WMA techniques
in the construction of pavements is environmentally sustainable. The only existing study
in this specific area was conducted by Osorto et al. [53]. A comparative analysis was
performed between a traditional HMA pavement and one that integrated RPET via the
dry process. The findings revealed a significant 38% reduction in overall environmental
impacts, favoring the environmentally sustainable pavement alternative.

The last column in Table 4 presents an in-depth examination of the transportation
phase of the raw materials. Around 43% of the studies, specifically 6 out of 14, examined
three segments: supplier to site, supplier to plant, and plant to site. Within the 14 studies
examined, the transportation segment “plant to site” received the most interest, closely
followed by the “supplier to plant” segment. The latter refers to the transportation of
materials from the primary supplier of raw materials to the asphalt plant, where subsequent
processing takes place to manufacture the surface course mix.

Attempts were made to evaluate and contrast the transportation distances applied to
different materials within each study. First, only 7 of the 14 papers made reference to the
distance assumptions, leaving half of the studies without this information. Furthermore,
after careful analysis of the given distances, no apparent correlations or patterns were
observed regarding the magnitude of these distance assumptions. They demonstrated sig-
nificant variations from one study to another. Asphalt, a material known for its significant
contribution to energy consumption in asphalt mixture construction [49], demonstrated
varying transportation distances in the range of 98 km [44] and 750 km [53], as reported
in separate studies. The broad distances can be attributed largely to the vast territorial
expanse of the country.

When studying sustainable production and manufacturing processes, especially those
reliant on power, feedstock energy needs to be considered. Feedstock is defined as any
renewable, biological material that can be used directly as a fuel or converted into another
form of fuel or energy product [69]. In the LCA of pavements, this consideration is of
great importance due to the reliance on bitumen and fuel. Half of the examined studies
considered or adapted their energy supply to align with Brazil’s energy matrix. This has a
substantial effect on the final results due to Brazil’s vast use of renewable energy sources.
As of 2022, the country’s energy matrix comprised 61.9% hydraulic, 11.8% wind, 8.0%
biomass, 6.1% natural gas, 4.4% solar, and 7.8% from other sources [70].

Not every paper provided detailed information regarding the source or methodology
used to measure energy consumption. However, in several research projects, the quantity
of fuel consumed served as a metric to establish a relationship between energy consump-
tion and the environmental impacts resulting from the burning of fossil fuels. This was
particularly common in cases involving machinery and equipment during the construction
and transportation phases, as observed in 9 out of the 14 studies evaluated.

It was noted that diesel was the most frequently used fuel in the inventories. For
instance, Grael et al. [47] investigated an alternative scenario in which biodiesel replaced
diesel for the transportation of raw materials. Surprisingly, this substitution did not prove to
be beneficial, as the use of biodiesel resulted in a 29% increase in global warming compared
to the diesel scenario. This could be attributed to the production of soybean oil, which
serves as a raw material in biodiesel production in Brazil. It appears that emissions from
diesel fuel use in machinery during land conversion and transformation for soy plantations
played a significant role in this outcome. As a result, it is also essential to consider the
sustainability of feedstock energy sources.
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4.5. Results after LCA Development

In addition to the qualitative examination discussed previously, it was considered
necessary to make a quantitative comparison between the results of the studied scenarios
in each investigation (see Figure 2). Given the inherent limitations of comparing LCA case
studies, specific papers with similar scopes were chosen. The selection criteria were estab-
lished based on the earlier evaluation of the frequency of the addressed topics. Papers were
filtered based on their coverage of new road construction and on the material extraction
and production, material transportation, and construction phases. In addition, the filtered
papers adhered to a minimum performance criterion of 30% cracked area at the end of the
pavement’s life span (applied to [46,50,55]). Then, as numerous papers utilized a functional
unit of 1 km of pavement, though with varying road widths, a unit normalization process
was carried out. Through mathematical operations, all results were expressed in terms of
1 m? of pavement. The environmental indicator used for this comparison is global warming
in kilograms of CO; equivalent. This choice was made due to its prominence as the most
examined factor among the research studies.

Ref.

Pilger et al. (2020)

Nascimento et al. (2020)

Grael et al. (2021)

Donato et al. (2022)

Rochaet al. (2022)

Donato et al. (2023)

SMA Pavement w/FA-CL-Salt base

Osortoet al. (2023) HMA Pavement w/RPET and w/o sub-base

Scenarios Studied

HMA Pavement (projected)
HMA Pavement (executed)
HMA Pavement w/SG base
HMA Pavement w/GGTC base
HMA Pavement w/RCbase ——
HMA Pavement w/RMB base
HMA Pavement w/PMB base
HMA Pavement (diesel)

HMA Pavement (biodiesel)
HMA Pavement w/LA subgrade
HMA Pavement w/LG' subgrade
HMA Pavement w/NA' subgrade
SMA Pavement w/G base

SMA Pavement w/FA-CL base

HMA Pavement

HMA Pavement w/RPET

HMA Pavement w/LA subgrade
HMA Pavement w/LG' subgrade
HMA Pavement w/NA'subgrade

HMA Pavement w/NG' subgrade

o
[
o
-
o

60 80 100
kg COz eq.

Figure 2. Quantitative comparison of kg CO, eq per m? of pavement in recent Brazilian studies [45—
47,50-52,54].

The scenarios showing the lowest emissions were those using SMA pavement [51].
These indicated 10.91 kg of CO, eq per square meter for the scenario with a gravel base and
5.79 kg of CO, eq per square meter for the scenarios with an FA-CL base and an FA-CL-Salt
base. The two scenarios with the highest emissions were HMA Pavement with GGTC base
and HMA Pavement with RC base, with reported emissions of 63.90 kg of CO; equivalent
per square meter and 63.00 kg of CO, equivalent per square meter, respectively [46].
This emission difference can be attributed to variations in the design criteria of the road
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surfaces. Specifically, scenarios using SMA utilized a 5.0 cm thick surface course. In
contrast, scenarios with the highest emissions had asphalt thicknesses of 20.5 cm and
18.0 cm, respectively, and incorporated Portland cement in the base construction. Notably,
Portland cement’s energy-intensive manufacturing process contributes significantly to
negative environmental impacts in road construction.

When analyzing only conventional HMA pavements with granular bases and sub-
bases, interestingly, there was a notable proximity in the results. The average global
warming emissions were found to be 50.59 kg of CO, eq per square meter of pavement,
with a standard deviation of 6.86 kg of CO; eq. What was also intriguing was that, in
the quantitative comparison, every study analyzed, except Osorto et al. [53], had used
the Ecoinvent database to some extent. Furthermore, five out of the seven case studies
commonly employed the CML method for LCIA, and four out of the seven utilized the
SimaPro software. This could suggest the existence of a certain level of reproducibility, but
given the short list of papers, more research is needed to reach a solid verdict.

One of the significant findings from pavement LCA studies in Brazil is that the use
of recycled materials, such as reclaimed asphalt pavement and asphalt, can significantly
reduce the environmental impacts of pavement construction and maintenance [42,52]. The
analysis further reveals that the material production and extraction phases are the most
significant sources of environmental impacts [42,44,47]. This phase is characterized by
substantial emissions of GHG as a result of fuel consumption, specifically gases and heavy
oils [51,52]. Nonetheless, some inconsistencies exist in the material transportation phase.
Some studies suggest that this stage has little environmental impact [43], while others argue
that it is one of the most polluting [47].

The location where pavement is constructed presents another important aspect of
pavement LCAs. Regional differences in factors such as materials, machinery, climate,
topography, and traffic conditions can all affect the environmental impact of a pavement
system. Pavement systems built in different regions of Brazil, such as the Amazon region
and the south, may have varying environmental impacts, for example, because of the
extraction process of sand and pebbles [48]. However, recent research has shown that
construction practices and technologies employed during the building phase have a greater
influence on the LCA results than the region itself [52].

In cases where pavement infrastructure is constructed on top of lateritic soil, a common
occurrence in subtropical regions such as Brazil, LCA indicates reduced environmental im-
pacts compared to when it is built on non-lateritic soils [50,55]. This is primarily attributed
to the inherited characteristics of lateritic soils, which typically feature higher CBR values
and lower expansion rates [71]. As a result, the required thickness of the upper layers
decreases, leading to a reduction in material quantity and, consequently, lower emissions.

Overall, LCA studies on pavements in Brazil contribute to developing sustainable
pavement design and construction practices. These studies have focused on reducing
environmental impacts while maintaining good pavement performance; even integrating
social [50] and cost considerations [50].

5. Conclusions

This paper provides a comprehensive overview of the application of LCA in evaluating
the sustainability implications of transportation infrastructure in Brazil. It summarizes
key findings and gaps identified in case studies related to pavement LCA. The paper
also emphasizes the potential of integrating the IRI as a performance criterion to enhance
pavement sustainability. Research indicates that the IRI can complement LCA results,
achieving a balance between durability and sustainability. Smoother pavements offer
advantages such as reduced vehicle wear and tear, decreased maintenance needs, and lower
fuel consumption, contributing to long-term economic savings. However, developing a
prediction model that considers factors such as pavement structure, location, climate, and
traffic conditions is essential when working with the IRI.
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References

The study examines fourteen quantitative LCA studies conducted in Brazil, collected
through extensive bibliographic research across various platforms, including their scopes,
tools, databases, inventories, results, and discussions. The findings highlight the inherent
limitations of the LCA methodology, particularly its reliance on secondary data. Ecoinvent,
SimaPro, and CML were the most commonly used databases, software, and LCIA methods,
respectively. Even when adopting secondary databases and foreign software, maintaining
regional relevance by using processes specific to Brazil and matching the country’s energy
matrix is imperative. LCAs often require assumptions and adjustments to align inputs
with selected databases. Future studies should focus more on obtaining representative
Brazilian data.

Despite variability and incompleteness in the studied life cycle phases and environ-
mental indicators, the paper makes a quantitative comparison by filtering studies with
similar scopes and analyzing the ones with matching life cycle phases and the global warm-
ing indicator. Notably, most of these studies shared the same database and LCIA method.
HMA pavements with granular bases and sub-bases emitted an average of 50.59 kg of CO,
eq per square meter of pavement. Regarding the most environmentally impactful life cycle
phase, no conclusion can be drawn as none of the studies encompassed all phases of the
pavement life cycle.

While it may be premature to provide best practice policies or recommendations on
materials and maintenance strategies due to the limited number of available papers, the
research suggests that future sustainability-focused projects could consider integrating
recycled materials into the surface course mixture and employing high-strength capacity
materials in subgrade and pavement layers. However, the most important approach for
a sustainable life span with less frequent maintenance is ensuring good-quality materials
and construction finishes to ensure superior performance.

To provide a comprehensive view of environmental impact quantification and ac-
tionable guidance, standardizing functional units, expanding system boundaries, and
improving data quality and reliability are essential. LCA studies have played a crucial role
in promoting the sustainable development of pavements. Continued research in Brazil
is vital to enhance its effectiveness and contribute to sustainability goals. To address the
gaps identified in this paper, future research should incorporate inputs and models from
various scientific fields, summarized in a literature overview, to establish a comprehensive
conceptual framework. Additionally, conducting a case study in Brazil covering materials,
construction, and use phases while integrating the IRI as a performance indicator and
considering variations in construction materials and thickness layers would provide a more
comprehensive understanding of sustainability implications in pavement construction
and usage.
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