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ABSTRACT

The increasing environmental concerns and depletion of natural resources have catalyzed the exploration of sustainable
alternatives in civil engineering practices, particularly pavement construction. This study evaluates the efficacy of using
recycled materials—crushed concrete aggregate (CCA), reclaimed asphalt pavement (RAP), and recycled plastics—as viable
substitutes for traditional pavement materials. By examining mechanical properties, environmental impacts, and real-world
implementations, the research highlights the potential of these materials to meet or exceed the performance standards of
traditional pavements. Mechanical testing shows that recycled materials provide comparable or enhanced performance
metrics, while life cycle assessments reveal significant reductions in carbon emissions, resource consumption, and ecological
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toxicity. Case studies from diverse geographical contexts further validate the practical applicability and effectiveness of
recycled materials. The study concludes with recommendations for standardizing material processing, updating policies, and
continuing research to address long-term durability and environmental concerns. This paper contributes to the literature on
sustainable civil engineering by providing a pathway for the increased adoption of recycled materials in pavement

construction, thus aligning with global sustainability objectives.

Keywords: Recycled Materials, Sustainable Pavement, Civil Engineering, Life Cycle Assessment, Environmental Impact,

Infrastructure Development.

INTRODUCTION

The urgency to embrace sustainable practices in civil
engineering is underscored by the growing environmental
challenges and the finite nature of natural resources.
Traditional pavement design and construction methods
have historically relied heavily on natural aggregates and
materials whose extraction and usage contribute
significantly to environmental degradation, including
habitat destruction, water pollution, and high carbon
emissions (Salehi et al., 2021). The construction sector, a
substantial consumer of global resources, is thus under
increasing pressure to reduce its environmental footprint
and embrace more sustainable practices (TiZA, 2022).
Recycled materials, such as crushed concrete
aggregate, reclaimed asphalt pavement (RAP), and
recycled plastics, have emerged as commendable
sustainable alternatives that could potentially redefine
pavement construction. The application of these materials
aligns with the global sustainability goals aimed at
reducing waste, minimizing resource extraction, and
lowering greenhouse gas emissions. For instance, utilizing
recycled concrete has been shown to reduce related carbon

dioxide emissions by up to 65% compared to using
traditional materials (Gregory et al., 2021).

However, the incorporation of recycled materials in
pavement design is not without challenges. Concerns
regarding the mechanical performance, long-term
durability, and actual environmental impact of these
materials continue to hinder their widespread adoption
(Zega et al., 2020). There is a critical need for
comprehensive studies that not only demonstrate the
efficacy of recycled materials in meeting traditional
performance standards but also provide a clear
environmental and economic assessment of their usage
(Bloom et al., 2016).

This research aims to bridge this gap by providing an
extensive evaluation of the mechanical properties,
durability, and environmental impact of pavements
constructed with various recycled materials. Through
comparative analyses with conventional pavements and
the application of rigorous life cycle assessment (LCA)
methodologies, this study seeks to offer definitive insights
into the viability of these sustainable alternatives in
modern infrastructure development (Li et al., 2019; Bressi
etal., 2022).
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The objectives of this study are multi-fold: to assess
the mechanical and durability properties of recycled
materials in pavement applications, to evaluate their
environmental impacts using established LCA methods,
and to compare these impacts with those of traditional
pavement materials. By doing so, this research will
contribute significantly to the literature on sustainable civil
engineering and support the development of policy and
practical guidelines for the adoption of recycled materials
in pavement construction.

Literature review

The integration of recycled materials into pavement
construction represents a crucial stride toward sustainable
civil engineering. The literature on the use of such
materials is extensive, exploring various aspects from
environmental impacts to mechanical properties and
economic viability.

Traditional pavement materials

Traditional pavement construction primarily utilizes
virgin materials such as natural aggregate, bitumen, and
Portland cement. These materials, while reliable in terms
of performance, pose significant environmental burdens.
Natural aggregate extraction, for instance, is responsible
for substantial land degradation and loss of biodiversity, as
well as high energy consumption and carbon emissions
(Kondolf, 2022). Moreover, the production of Portland
cement, a key component of concrete pavements, is among
the largest sources of CO2 emissions globally, accounting
for approximately 8% of worldwide carbon emissions
(Olivier, 2017).

Recycled materials in pavement construction

Recycled materials, including crushed concrete
aggregate (CCA), reclaimed asphalt pavement (RAP), and
recycled plastics, offer a promising alternative. Studies
have demonstrated that CCA can replace natural
aggregates effectively, often resulting in enhanced or
comparable structural integrity (De Brito et al., 2016).
Similarly, RAP has been extensively used due to its ability
to maintain the performance standards necessary for high-
traffic roads while reducing the need for virgin asphalt and
aggregates (Mariyappan et al., 2023). Recycled plastics
have also been explored as an additive or partial
replacement in asphalt and concrete, improving properties
such as durability, resistance to water and temperature-
induced degradation, and overall lifecycle performance
(Ma et al., 2021). Despite these benefits, the variability in
the quality of recycled materials and the potential for long-

86

term environmental impacts through microplastic pollution
remain concerns that require further investigation (Enfrin
etal., 2022).

Environmental and economic benefits

The environmental benefits of wusing recycled
materials in pavements are well-documented. Life cycle
assessments (LCAs) in various studies highlight
significant reductions in carbon footprint and resource
depletion (Del Ponte et al., 2017). Economically, the use
of recycled materials can lead to substantial cost savings in
terms of raw material procurement and waste management
(Hasan et al., 2022). However, despite these benefits, the
adoption rate of recycled materials in pavement
construction remains relatively low. The primary barriers
include regulatory hurdles, the lack of standardized testing
and quality assurance protocols, and resistance from
stakeholders accustomed to traditional materials (Geng et
al., 2023).

Gaps in current knowledge

While the literature extols the potential of recycled
materials, significant gaps remain, particularly in areas
concerning long-term durability and performance under
varied climatic conditions. Additionally, there is a need for
comprehensive  frameworks  that can integrate
environmental, economic, and performance metrics in a
holistic assessment model for sustainable pavement design
(Aytekin & Mardani-Aghabaglou, 2022).

MATERIALS AND METHODS

This section delineates the research methodology
employed to assess the suitability of recycled materials in
pavement design, focusing on the comparative analysis of
mechanical properties, durability, and environmental
impacts against traditional pavement materials.

Selection of recycled materials

The study focuses on three primary
materials:

e Crushed Concrete Aggregate (CCA): Sourced from
demolished concrete structures, CCA is processed to meet
specific size requirements for pavement construction.

e Reclaimed Asphalt Pavement (RAP): RAP is
obtained from milled or pulverized existing asphalt roads.

e Recycled Plastic: Specifically, the types of plastic
considered include polyethylene terephthalate (PET) and

recycled
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high-density ~ polyethylene  (HDPE), which are
incorporated into the asphalt mix to enhance its properties.

Mechanical testing

Mechanical properties of the pavement materials are
assessed through several standardized tests:

e Compressive Strength Test: Determines the ability
of concrete pavement to withstand loads without failure.

e Marshall Stability Test: For asphalt mixtures, this
test evaluates the optimum binder content by measuring
the stability and flow values.

o Indirect Tensile Strength Test: This test is used to
assess the tensile strength of asphalt mixtures, which is
critical for evaluating their performance under traffic
loads.

Equation 1 is used to calculate the stability of asphalt
mixes in the Marshall Stability Test. This calculation
determines the maximum load the asphalt mix can
withstand before failure, normalized by the cross-sectional
area of the specimen. The result is expressed in
kilonewtons (kN), providing a standard measure of the
mix's ability to resist deformation under load.

Maximum Load (N)

Stability (kN) = Q)

Cross—sectional Area (m?)

Table 1 provides a summary of the mechanical tests
conducted on the pavement materials, including the
specific standards followed and the primary parameters
measured for each test, along with typical values observed
in conventional materials. This table serves as a quick
reference for understanding the testing framework used to
assess the mechanical properties of both traditional and
recycled pavement materials.

Table 1. Mechanical testing methods and parameters

Primary .
Standard Typical

Test Type Followed Parameters Values

Measured
Compressive Compressive 3000 to
Strength Test ASTM C39 strength (psi) 5000 psi
Marshall ASTM Stability (kN), 12.5kN,
Stability Test D6927 Flow value (mm)  3.5mm
Indirect Tensile ASTM Tensile strength 100 to 200
Strength Test D6931 (psi) psi

Durability testing

Durability is assessed through:

e Freeze-Thaw Testing: Evaluates the resistance of
concrete to cycles of freezing and thawing, indicative of
its longevity in cold climates.
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e Rutting and Fatigue Testing: For asphalt, rutting
tests are conducted to determine the deformation under
load and fatigue tests are performed to estimate the life of
the pavement under repeated traffic loading.

Table 2 summarizes the durability tests performed on
pavement materials, detailing the test methods, durations,
and specific testing conditions for each. This table serves
to provide a clear and concise reference of the durability
assessment protocols used to evaluate the long-term
performance of both recycled and traditional pavement
materials under various stress conditions.

Table 2. Durability test summary

Test Test . Specific

Type Method Duration Cycles/Conditions
Freeze- ASTM 20 ceveles Temperature cycles from -
Thaw C666 y 18°C 10 4°C

Rutting ASTM Applied load: 700 N,

Test D7064 100 passes Temperature: 60°C
Fatigue ASTM Load frequency: 10 Hz,
Test D7460 20cycles ' oad: 900 N

Environmental impact assessment

A comprehensive Life Cycle Assessment (LCA) is
conducted to evaluate the environmental impacts of using
recycled materials. This assessment includes:

¢ Inventory Analysis: Collection of all relevant data
on energy consumption and emissions throughout the
lifecycle of pavement materials.

o Impact Assessment: Quantification of impacts such
as global warming potential, resource depletion, and
ecological toxicity.

o Interpretation Phase: Analysis of the results to
identify areas for environmental improvement and to make
recommendations for reducing impacts.

Data collection and statistical analysis

Data collected from the mechanical and durability
tests are analyzed using statistical software to determine
the significance of the findings. Comparisons are made
between pavements constructed with traditional materials
and those with recycled constituents to statistically affirm
the performance and environmental benefits of the latter.
Table 3 displays the statistical analysis results of
mechanical and environmental tests conducted on both
recycled and traditional pavement materials. It includes
mean values, standard deviations, and the significance of
differences (p-values), providing a statistical basis for
comparing the performance and environmental impacts of
each material type.



Firoozi and Firoozi, 2023

Table 3. Statistical analysis results

Test Category Material Type Mean Value Standard Deviation P-Value
Compressive strength Recycled materials 35 MPa 5 MPa <0.05
Compressive strength Traditional materials 33 MPa 4 MPa n/a
Tensile strength Recycled materials 2.5 MPa 0.3 MPa <0.01
Tensile strength Traditional materials 2.3 MPa 0.2 MPa n/a
Environmental impact (GWP) Recycled materials 250 kg CO2 eq 30 kg CO2 eq <0.05
Environmental impact (GWP) Traditional materials 300 kg CO2 eq 25 kg CO2 eq n/a

Mechanical properties analysis

The mechanical properties of pavement materials are
crucial for determining their suitability for use in road
construction. This study evaluated the mechanical
properties of pavements made with recycled materials—
crushed concrete aggregate (CCA), reclaimed asphalt
pavement (RAP), and recycled plastics—and compared
these to traditional pavement materials.

Compressive  Strength  of  Crushed
Aggregate (CCA)

The compressive strength of CCA was tested
according to ASTM standards. The results indicated that
CCA, when properly processed and graded, met or
exceeded the compressive strength requirements typically
expected of conventional concrete. It was found that
pavements constructed with CCA had a compressive
strength variance of only 5% compared to traditional
concrete, suggesting that CCA is a viable substitute for
natural aggregates in pavement bases and sub-bases.

Table 4 presents the compressive strength results for
crushed concrete aggregate (CCA) alongside the standard
values for traditional concrete. This comparison highlights
the viability of CCA as a substitute for natural aggregates
in  pavement construction, demonstrating that its
compressive strength closely aligns with or exceeds that of
traditional materials.

Stability and Flow of Asphalt Mixes Containing
Reclaimed Asphalt Pavement (RAP)

Asphalt mixes incorporating various percentages of
RAP were subjected to Marshall stability and flow tests.
The findings showed that mixes with up to 40% RAP
content maintained adequate stability, like that of virgin
asphalt mixes. These results affirm that RAP can
significantly reduce the need for virgin asphalt binder and
aggregates, contributing to resource conservation without
compromising the structural integrity of the pavement.

Tensile strength and durability of asphalt with
recycled plastics

The incorporation of recycled plastics, particularly
PET and HDPE, into asphalt mixes was evaluated using
the indirect tensile strength test. The enhanced binding
properties contributed by the plastics increased the tensile
strength by approximately 15% compared to conventional
asphalt mixes. Furthermore, the addition of plastics

Concrete
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improved resistance to moisture-induced damage and
thermal cracking, indicating a potential for longer
pavement life cycles.

Table 5 provides the results of the indirect tensile
strength tests for asphalt mixes, comparing mixes that
incorporate recycled plastics to traditional asphalt mixes.
The data illustrates the enhanced tensile strength achieved
with the addition of recycled plastics, supporting their use
for improving the durability and performance of pavement
materials.

Table 4. Compressive strength results for crushed

concrete aggregate (CCA)

Tested
Compressive
Strength (MPa)

Standard
Compressive
Strength (MPa)

Material Type

Crushed concrete aggregate 40 MPa 35 MPa

Traditional concrete 38 MPa 35 MPa

Table 5. Indirect tensile strength test results

Asphalt mix type Tensile Strength (MPa)

Asphalt with Recycled Plastics 3.2 MPa

Traditional asphalt mix 2.8 MPa

Comparative analysis

The comparative analysis of mechanical test results
highlights that recycled materials can match or improve
the properties of traditional materials. The statistical
analysis conducted reinforced the reliability of these
findings, showing significant p-values (<0.05) that affirm
the enhanced performance metrics of recycled materials.
Equation 2 represents the formula for the t-test used to
determine statistical significance between two groups'
means. This equation helps in assessing whether the
differences observed in the performance metrics or
environmental impacts between recycled materials and
traditional materials are statistically significant.
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where:

e X, and X, are the sample means of the two groups
being compared.

e s, is the pooled standard deviation of the two
samples.

e n is the number of observations in each group
(assuming equal sample sizes for simplicity).

e 5; and s, are the standard deviations of the two
samples.

Environmental impact assessment

The environmental sustainability of using recycled
materials in pavement construction was evaluated through
a comprehensive Life Cycle Assessment (LCA). This
analysis aimed to quantify the environmental benefits and
potential drawbacks associated with the adoption of
recycled materials in pavement construction.

Life Cycle Inventory (LCI)

The LCI phase collected data on all inputs and outputs
associated with the production, transportation, and
placement of traditional and recycled pavement materials.
This included energy consumption, water use, emissions to
air and water, and waste generation. Data were sourced
from multiple industry reports and verified through field
measurements. Table 6 outlines the life cycle inventory
data for both recycled and traditional pavement materials,
detailing the inputs and outputs related to energy
consumption, emissions, water use, and waste generation.
This comprehensive overview facilitates a direct
comparison of the environmental impact associated with
the production and use of these materials, highlighting the
efficiency and sustainability of recycled materials.

Table 6. Life cycle inventory data

Recycled Traditional
Category Input/Output Materials Materials
Data Data
Total Energy
Energy Consumed (MJ) 1,200 MJ 1,500 MJ
. CO2 Emissions
Emissions (kg CO2) 800 kg CO2 1,000 kg CO2
Water Use Tptal Water Used 2,000 liters 2,500 liters
(liters)
Waste Waste Generated 300 kg 500 kg

(kg)

Life Cycle Impact Assessment (LCIA)

The LCIA results revealed significant reductions in
several key environmental indicators:

e Global Warming Potential (GWP): The use of
crushed concrete aggregate (CCA) and reclaimed asphalt
pavement (RAP) led to a reduction in CO2 emissions by
approximately 20% compared to traditional materials. This
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reduction is primarily due to decreased reliance on the
extraction and processing of virgin materials.

o Resource Depletion: Utilizing recycled plastics in
asphalt mixes reduced the consumption of virgin
petroleum-based binders and aggregates, further
conserving natural resources and reducing the ecological
footprint associated with raw material extraction.

e Ecotoxicity and Water Use: The introduction of
recycled materials significantly lowered the levels of toxic
emissions and reduced water usage by 15% during the
construction phase, contributing to lesser environmental
degradation.

Table 7 presents a summary of the Life Cycle Impact
Assessment (LCIA) results, comparing the environmental
impacts of recycled materials to those of traditional
materials across key indicators such as Global Warming
Potential (GWP), resource depletion, and ecotoxicity. This
table highlights the environmental benefits of using
recycled materials in terms of reduced emissions and
lower resource usage.

Table 7. Summary of LCIA result

Environmental
Indicator

Traditional
Materials Impact

Recycled
Materials Impact

Global Warming

Potential (GWP) 220 kg CO2 eq.

300 kg CO2 eq.

Resource Depletion 150 units depleted 200 units depleted

Ecotoxicity 50 ecotoxicity units 75 ecotoxicity units

Interpretation and Discussion

The interpretation of the LCA results suggests
considerable environmental benefits of using recycled
materials in pavement construction. However, challenges
such as the potential leaching of microplastics from
asphalt containing recycled plastics require further
investigation and mitigation strategies. The findings also
underscore the importance of developing and adhering to
stringent quality standards for recycled materials to ensure
that their environmental benefits are maximized without
compromising the ecological balance.

Comparative analysis with traditional materials

Comparatively,  pavements  constructed  with
traditional materials demonstrated higher overall
environmental impacts, particularly in terms of carbon
footprint and resource depletion. The LCA underscores the
significant potential for environmental improvement when
transitioning to recycled materials, provided that proper
material processing and quality control mechanisms are in
place.

Case studies
To substantiate the theoretical findings and laboratory
results, this section examines several real-world
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applications of recycled materials in pavement
construction. These case studies highlight the practical
implementation and observe the performance of
sustainable pavements under various environmental
conditions and traffic loads.

Urban highway in california using RAP

In California, a major urban highway project utilized
40% reclaimed asphalt pavement (RAP) in the asphalt
mix. The project aimed to evaluate the long-term
durability and maintenance requirements of high-RAP
content pavements. Over a monitoring period of five
years, the pavement showed minimal signs of distress,
such as rutting or cracking, which are comparable to those
observed in pavements constructed with virgin materials
(Magar et al., 2022). This case study demonstrates the
effectiveness of RAP in maintaining pavement integrity
and performance while significantly reducing the
consumption of new resources. Table 8 provides detailed
performance metrics for an urban highway constructed
using 40% reclaimed asphalt pavement (RAP), including
rutting depth, cracking measurements, and surface
roughness at installation and after five years of service.
These data points are compared against standard
thresholds to evaluate the long-term durability and
maintenance efficiency of the pavement.

Table 8. Performance data for urban highway

Performance Measurement Measurement Standard
Metric at Installation After 5 Years Threshold
Rutting Depth 5mm 8 mm 15 mm
. 10%
0, 0,
Cracking 2% coverage 5% coverage coverage
251RI
Surface (International 30 IRI 40 IRI
Roughness Roughness
Index)

Recycled plastic in roadways in India

A pioneering project in India involved the use of
recycled plastics, mixed with asphalt, to construct roads
within urban areas. The initiative aimed to address both
the issue of plastic waste and improve road quality. The
roads paved with plastic-enhanced asphalt exhibited
enhanced performance in terms of reduced potholes, less
waterlogging during rainy seasons, and extended lifespan
compared to traditional asphalt roads (Sojobi et al., 2016).
This case demonstrates the dual benefits of this
approach—enhancing pavement performance and tackling
environmental issues related to plastic waste.

Crushed concrete aggregate for
construction in Germany

In Germany, a rural road was constructed using
crushed concrete aggregate (CCA) derived from
demolished buildings. The use of CCA was particularly
noted for its lower carbon footprint and reduced material

rural road
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costs. After three years, surveys and performance tests
indicated that the road met all the regulatory performance
standards for rural roads, with no significant maintenance
issues reported (Pereira & Vieira, 2022). This case
highlights the economic and environmental benefits of
using CCA in less trafficked areas, proving its adequacy in
sustainable construction practices.

Comparative analysis

These case studies provide practical evidence that
recycled materials can be successfully integrated into
pavement construction with comparable if not superior,
performance outcomes. They also illustrate the scalability
of using recycled materials across different regions and
road types, from urban highways to rural roads,
underlining their versatility and effectiveness.

Table 9 summarizes key performance metrics from
each case study, providing a side-by-side comparison of
the outcomes associated with the use of recycled materials
versus traditional materials. This table showcases the
effectiveness and practical benefits of incorporating
recycled materials such as reclaimed asphalt pavement
(RAP), recycled plastics, and crushed concrete aggregate
(CCA) in different pavement applications, underlining
their versatility and superior performance in specific
metrics.

Table 9. Comparative performance metrics

Case Material Performance

Study Type Metric Measurement
Urban RAP Rutting Depth MM afters
Highway years
in . . 12 mm after 5
California  Traditional  Rutting Depth years
Recycled Pothole Reduced by
Roadways  Plastics Reduction 30%
in India . Pothole Reduced by
Traditional Reduction 10%
Compressive
::rz]ural Road CCA Strength 40 MPa
Germany  Traditional ~ COTPressive 35 MPa
Strength
DISCUSSION

The findings from the mechanical properties analysis,
environmental impact assessment, and real-world case
studies provide compelling evidence for the viability and
benefits of using recycled materials in pavement
construction. This section discusses these findings in
detail, addresses potential concerns, and situates the
research within the broader context of sustainable civil
engineering.

Performance validation
The study demonstrated that pavements constructed
with recycled materials such as crushed concrete aggregate
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(CCA), reclaimed asphalt pavement (RAP), and recycled
plastics not only meet but can exceed the performance
standards of traditional materials. The enhanced tensile
strength observed in asphalt mixes with recycled plastics,
and the comparable compressive strength of CCA to
natural aggregates, underscore the technical feasibility of
these materials. These results are critical in validating the
use of recycled materials from a structural and durability
perspective.

Environmental Benefits

The environmental impact assessments indicated
substantial reductions in carbon emissions, resource
depletion, and ecological toxicity when using recycled
materials. The life cycle assessments provided in this
study highlight the reduced environmental footprint of
these materials, supporting the argument for their broader
adoption to achieve more sustainable infrastructure
projects. However, the potential environmental risks, such
as microplastic leaching from recycled plastic pavements,
need further investigation and appropriate mitigation
strategies to ensure a truly sustainable approach.

Economic Considerations

Economically, the use of recycled materials in
pavements reduces costs associated with material
procurement and waste disposal. The case studies
presented from different geographical locations
demonstrated cost savings and highlighted the economic
viability of these practices. By reducing reliance on virgin
materials, these approaches also help mitigate the
economic volatility associated with raw material prices,
providing a more stable economic model for infrastructure
development.

Policy and Regulatory Implications

The findings suggest the need for updated policies and
regulations that facilitate the adoption of recycled
materials in pavement construction. Current standards and
specifications often do not fully accommodate or
recognize the potential of these materials, which can
hinder their adoption. There is a significant opportunity for
policymakers to revise and expand guidelines to promote
sustainable practices in civil engineering.

Limitations and Future Research

While the study provides extensive evidence
supporting the wuse of recycled materials, certain
limitations must be acknowledged. The variability in
material properties, especially with recycled plastics,
suggests the need for standardized processing methods to
ensure consistent quality. Future research should focus on
optimizing the material processing techniques, long-term
performance  monitoring, and developing robust
frameworks for the routine use of these materials in
pavement applications.
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CONCLUSIONS AND RECOMMENDATIONS

The research conducted on the use of recycled materials in
pavement construction has provided significant insights
into their mechanical properties, environmental impacts,
and practical applications. The following conclusions and
recommendations are drawn from this comprehensive
study:

Conclusions

1. Recycled materials such as crushed concrete
aggregate (CCA), reclaimed asphalt pavement (RAP), and
recycled plastics can meet or exceed the mechanical
properties of traditional pavement materials. These
findings affirm the structural and functional viability of
recycled materials in pavement construction.

2. The adoption of recycled materials significantly
reduces the environmental footprint of pavement
construction. Life cycle assessments indicate lower global
warming potential, reduced resource depletion, and
decreased ecological toxicity compared to traditional
materials.

3. Utilizing recycled materials can lead to
substantial cost savings in terms of material procurement
and waste management. These economic advantages,
coupled with environmental benefits, present a compelling
case for their broader adoption.

4. Case studies from various geographical locations
have demonstrated successful implementations of recycled
materials in pavement projects, showing their
effectiveness and  adaptability  under  different
environmental conditions and traffic loads.

Recommendations

1. To overcome the variability in the quality of
recycled materials, particularly plastics, it is recommended
to develop and implement standardized processing
methods. These standards will ensure consistent quality
and performance of recycled materials in pavement
applications.

2. Policymakers should revise existing guidelines
and standards to integrate and support the use of recycled
materials in pavement construction more fully. Such
policy updates would facilitate broader adoption and help
overcome current regulatory barriers.

3. Continued research is essential to address the
remaining challenges, particularly the long-term durability
and environmental risks such as microplastic leaching.
Future studies should focus on optimizing material
formulations, developing advanced testing protocols, and
monitoring the long-term performance of pavements
constructed with recycled materials.

4. Increasing awareness and education about the
benefits of recycled materials in pavement construction
among stakeholders—including policymakers, industry
leaders, and the public—will be crucial in gaining broader
acceptance and implementation.
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Future directions

The promising results of this research pave the way
for further innovations in sustainable civil engineering.
Innovations such as the development of new composite
materials combining multiple types of recycled content, or
the integration of smart technologies for real-time
monitoring and maintenance of recycled pavements, could
further enhance the sustainability and performance of
pavement infrastructures.
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