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The integration of recycled materials into pavement construction is a vital strategy for
promoting sustainable urban infrastructure. Recycled concrete aggregate, reclaimed

Associate Senior Engineer Yuanxin Li, CE asphalt pavement, and crumb rubber have demonstrated significant potential to reduce
Gansu HATG Road Industry Co. Ltd, China environmental impacts by minimising resource consumption and construction waste
liyuanxianhatg(@gmail.com generation. Technical evaluations revealed that these materials can deliver performance
Corresponding author comparable to or exceeding that of conventional pavements. Although issues related to

quality variability and lack of standardisation persist, economic analyses have identified
significant cost savings. This review underscores the need for continued technological
innovation and regulatory interventions to facilitate broader adoption, support circular
economy objectives in pavement construction, and contribute to long-term sustainability
targets.
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Sveobuhvatan pregled primjene recikliranih materijala u ekoloski prihvatljivoj
gradnji kolnika

Integracija recikliranih materijala pri izgradnji kolnickih konstrukcija klju¢ni je segment
strategije promicanja odrzive cestogradnje. Reciklirani betonski agregat, reciklirani
asfaltirani kolnik i gumeni granulat mogu znatno doprinijeti smanjenju negativnog
utjecaja cestogradnje na okolis tako da se potrosnja neobnovljivih prirodnih resursa i
nastajanje gradevnog otpada svedu na najmanju mogucu mjeru. Tehnicka vrednovanja
pokazala su da ti materijali mogu osigurati svojstva usporediva s tradicionalnima ili ih
¢ak nadmasiti. lako i dalje postoje problemi povezani s heterogenosti u svojstvima i
nedostatkom standardizacije, ekonomske analize upucuju na mogucnost znatne ustede.
Ovo istrazivanje istice potrebu za kontinuiranim tehnoloskim inovacijama i uvodenjem
regulatornih mjera kako bi se omogucila Sira primjena recikliranih materijala, ostvarili
ciljevi kruznoga gospodarstva u izgradnji kolnika te doprinijelo dugorocnoj odrzivosti
cestogradnje.

Klju¢ne rijeci:

kolnicka konstrukcija, odrzivi kolnici, reciklirani materijali, kruzno gospodarstvo
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1. Introduction

The construction industry, particularly the pavement engineering
sector, encounters a critical challenge in balancing the demand for
durable and high-performance infrastructure with the imperative
of ecological sustainability [1, 2]. Conventional pavement materials
such as concrete and asphalt are well-established in terms of
performanceand cost-effectiveness; however, they exhibit significant
environmental detriments, including substantial greenhouse
gas emissions and the depletion of finite natural resources [3,
4]. Concurrently, the escalating global waste accumulation crisis,
characterised by an increasing volume of non-biodegradable waste
streams, such as plastics, rubber, and construction debris, presents
a formidable environmental challenge [5].

The intersection of these pressing issues has catalysed an emergent
paradigm shift towards the development of sustainable alternatives
for pavement material compositions. Among these alternatives,
the incorporation of recycled materials has emerged as a promising
solution, offering the dual advantage of mitigating the environmental
footprint of pavement construction and contributing to effective
waste management [6]. This transition towards the utilisation of
recycled materials in pavement construction represents a broader
movement toward the adoption of circular economy principles within
the construction sector [7-11]. By repurposing waste materials as
functional components of new pavement structures, this approach
facilitates the closed-loop cycling of materials and fosters a more
sustainable model for infrastructure development.

The objective of this review is to provide a comprehensive
examination of recycled material integration in pavement
construction. It evaluates their potential environmental benefits,
technical performance characteristics, associated challenges, and
implementation opportunities, thereby providing a comprehensive
overview of their prospective roles in fostering a more
environmentally conscious and resilient paradigm for pavement
engineering practices.

2. Bibliometric analysis materials in pavement
construction

The increasing commitment to sustainability has driven
substantial academic interest in the application of recycled
materials in pavement engineering over the past quarter-century.
This trend is evident in the publication and citation data presented
in Figure 1. The number of publications has increased steadily from
approximately 10in 2000 to over 400 in 2024, indicating growing
research interest and focus on this sustainability-oriented topic.
Notably, the number of citations has increased exponentially,
from a few hundred in the early 2000s to over 14,000 by 2024.
This trend suggests that research in this domain has achieved a
significantimpact and recognition within the scientific community.
The rapid acceleration in citations beginning around 2015 further
underscores the increasing relevance of this field, coinciding
with a broader shift toward sustainable pavement solutions in
response to environmental concerns and resource constraints.
Overall, the data trends reflect the substantial progress and
rapidly expanding knowledge base centred on the utilisation of
recycled materials, such as crumb rubber, in the construction and
maintenance of environmentally sustainable pavement systems.
The co-occurrence network map generated from the Web of
Science (WoS) database analysis, shown in Figure 2, provides a
comprehensive visualisation of the key topics, relationships, and
interconnections within the research domain of recycled materials
in pavement applications. The central and dominant cluster revolves
around the term “asphalt mixture’, which is closely associated with

"o

various sub-topics such as “hot mix asphalt’, “recycled asphalt
mixture’, “binder grade’, “blending agent’, and “complex modulus”.
Therefore, the primary focus of this research area is the composition,
properties, and performance of asphalt mixtures, particularly those
thatincorporate recycled materials. Several other prominent clusters
surrounding the asphalt-centric cluster highlighted the diverse

aspects of this research field. One such cluster is the “concrete”
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Figure 2. Co-occurrence map of keywords based on total link strength (Search criteria:
Topic= “recycled”, “materials”, and “pavement”; all keywords; minimum number of
occurrence of a keyword = 30; 446 keywords met the threshold)
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group, which includes terms such as “compressive strength’; “flexural
strength’, “recycled concrete aggregate’, “subgrade stabilization’, and
“concrete waste” This indicates a parallel focus of the utilisation of
recycled concrete and other concrete-related materials in pavement
construction. Additional clusters address broader environmental and
sustainability considerations. Terms such as “environmental impact’,
"waste plastic’; “fly ash’, and “life cycle assessment” reflect the
growing emphasis on incorporating recycled and environmentally
friendly materials into pavement construction, driven by the need
for more sustainable infrastructure solutions. Other notable clusters
include those related to material properties and performance,
such as “rheological properties’, “moisture content’, “curing time”,
and “permanent strain’, as well as terms associated with various
testing and evaluation methods, such as “trial section’, “monitoring’,
and “influence factor” Collectively, these clusters highlight the
multifaceted nature of this study, encompassing both material
characteristics and assessment techniques.

non

3. Types of recycled materials in pavement
construction

The co-occurrence network map provides a comprehensive
overview of key topics, interconnections, and areas of
focus within the broader field of recycled materials for
pavement applications, underscoring the interdisciplinary and
sustainability-driven nature of this research domain. To ensure
a comprehensive and analytically robust review, the literature
included in this section was selected based on the following
criteria: (a) publication year from 2005 to the present to reflect
contemporary research developments; (b) citation frequency
exceeding 10, indicating scholarly impact; (c) direct relevance to
the application of recycled materials in pavement construction;
and (d) methodological rigor, including experimental validation
and publication in peer-reviewed journals. This section reviews
different types of recycled materials successfully incorporated
into pavement construction. Each material originates from
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distinct waste streams and exhibits
unique characteristics; however,
they all contribute to the overarching
objective of promoting sustainable
and  environmentally  responsible
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: 3.1 Recycled concrete aggregate
(RCA)

Recycled concrete aggregate (RCA) is a
granular material produced by processing
hardened concrete recovered from
construction and demolition wastes. It
typically comprises natural aggregate
particles coated with remnants of cement
paste and mortar from the original
concrete matrix. RCA has gained traction
as a sustainable alternative to natural aggregates (NA) in pavement
engineering owing to its environmental and economic advantages,
including the conservation of virgin resources, reduction of
construction waste, and lower embodied energy associated
with aggregate production [12-15]. RCA is characterised by the
presence of adhered mortar from the original concrete, which
imparts distinctive physical and mechanical properties compared
to conventional natural aggregates (NCA). Specifically, RCA typically
exhibits a higher porosity, increased water absorption, and reduced
density and strength, predominantly owing to the porous and
microcracked nature of the residual mortar [16, 17]. These intrinsic
characteristics can adversely impact the durability and long-term
mechanical performance of concrete and the stabilised layers in
which RCA is incorporated.

Despite these limitations, RCA has been successfully utilised in
various pavement applications, particularly in unbound base and
subbase layers, as well as in cement-treated and lean concrete
mixtures. In structural concrete pavements, their applications
remain limited and are often restricted to partial replacement
levels owing to concerns regarding variability and performance
(Figure 3). To address these challenges, significant research
has focused on improving RCA quality employing pretreatment
methods that either remove or reinforce the adhered mortar
[18-20].
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Figure 3. Schematic comparison of physical properties between:
a) NCA; b) RCA [19]
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quality, albeit at higher processing costs NAC1
and environmental concerns [24, 25].
Reinforcing the mortar attached to the
RCA involves either sealing the pores or
coating the RCA to repel water. Owing to
their sticky nature, polymers can coat the RCA, thereby reducing
its water absorption capacity [26]. The use of pozzolanic
substances, such as silica fume, can also benefit RCA by filling
the gaps in the mortar and refining the microstructure at the
transition zones where the aggregate interfaces with the
concrete [27].

Shaban et al. demonstrated that treating RCA with pozzolan
slurries, comprising 40 % fly ash and cement in conjunction with
3 % nano-silica, 4 h resulted in over 50-55 % reduction in water
absorptionand 10-11 % increase in particle density. Additionally,
these treatments have improved abrasion resistance by 31-35
% and yielded a more uniform microstructure with a lower
calcium-to-silicon ratio, correlating with enhanced mechanical
strength and durability of the aggregates [28]. Furthermore,
approaches such as the biological deposition of calcium
carbonate and application of a sodium silicate solution have
been explored for their effectiveness in plugging microvoids
and promoting in situ formation of cementitious compounds via
reactions with residual calcium hydroxide in the RCA [29].
Researchers have also shown considerable interest in the
durability of RCA-based concrete, particularly the ability of
concrete to resist various types of damage and to maintain
its structural integrity during its service life under diverse
environmental conditions. This aspect is a critical determinant
for the practical implementation of RCA in construction
applications [30, 31]. A comprehensive review by Zhang et al.
emphasized the durability of RCA concrete, particularly its
resistance to aggressive environmental conditions such as
chloride penetration, carbonation, sulphate attack, and freeze-
thaw cycles [32]. This body of work indicates that RCA concrete
can achieve durability comparable to that of conventional
concrete when the water-cement ratio is controlled properly
and adequate curing conditions are ensured.

Group No. with water-to-cement of 0,50 in Cas 1

Figure 4. Life cycle carbon emissions across different recycled fine aggregate replacement
ratios, with constant water-to-cement ratio [35]

Poon et al. revealed that using carbonated RCAs in recycled
aggregate concrete reduces water absorption and improves
impermeability, achieving over 42.4 % reductions in bulk
electrical conductivity, chloride ion penetration, and gas
permeability. Moreover, the carbonation of RCAs exerts a
more pronounced positive effect on the durability than on the
mechanical characteristics of recycled aggregate concrete
(RAC), suggesting that the water absorption rates could serve
as reliable indicators of RAC's overall durability [33].

In addition to its mechanical and durability properties, the
structural behaviour and performance of RCA concrete
have been explored across various applications. Tabsh et al.
examined the influence of varying the RCA replacement levels
on the shear behaviour and strength of reinforced concrete
beams[34]. They observed that beams made with 50 % recycled
coarse aggregate exhibited 27 % lower shear strength than
natural aggregate beams at a lower shear span-to-depth ratio,
while performing comparably at higher ratios. Beams with 100
% recycled aggregate consistently exhibited a 5 % lower shear
strength than their natural aggregate counterparts, irrespective
of the shear span-to-depth ratio. Existing theoretical models,
such as the ACl 318 code and strut-and-tie method remained
effective in predicting the shear strength of RAC beams.

As shown in Figure 4, Li et al. [35] evaluated the environmental
impact of different RAC mixes with a water-to-cement ratio
of 0.50, emphasising the carbon emissions and carbonation
potential across five RAC configurations and natural aggregate
concrete (NAC) control. As illustrated in Figure 4, although total
carbon emissions for RAC mixtures remained comparable to
NAC, the embedded CO, contributions from various life cycle
stages (C,—Ce) exhibited notable variations. In particular, RAC-
5 exhibited the highest carbonation uptake (6.22 kg-C0O.eq/t),
indicating enhanced CO, sequestration potential in more
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porous recycled concretes. These findings underscore the dual
environmental benefits of RCA use, not only in reducing the
demand for virgin materials but also in contributing to carbon
neutrality via higher carbonation capacity.

Recognising the potential for further performance enhancement,
recent studies have investigated the synergistic effects of
combining RCA with other recycled materials. Raza et al.
investigated the incorporation of microcarbon fibres into RCA-
based concrete and demonstrated significant improvements
in the mechanical strength, microstructural integrity, and
overall durability of the composite material [36]. This approach
provides a solution for managing concrete waste and valorises
recycled carbon fibre, highlighting the potential for innovative
multi-recycled material systems in sustainable construction.
Such research underscores the ongoing efforts to optimise
RCA performance via advanced material engineering strategies,
thereby broadening the applicability of recycled aggregates in
high-performance infrastructure [37].

In summary, RCA presents both opportunities and challenges
in pavement engineering, offering environmental and structural
benefits when properly treated and incorporated, while ongoing
innovations in pretreatment and mix design continue to enhance
its performance and sustainability.

3.2. Reclaimed asphalt pavement (RAP)

Reclaimed asphalt pavement (RAP) is a recycled material
generated via milling or by removing existing asphalt pavement
layers during road maintenance or resurfacing. It primarily
comprises aged asphalt binder and aggregates recovered
from previously used pavements, which are subsequently
processed via crushing and screening to meet specific gradation
requirements for reuse. RAP has gained significant attention
as a valuable and sustainable component in asphalt mixtures
owing to its environmental and economic advantages, including
the conservation of virgin aggregates, reduction of greenhouse
gas emissions, and substantial cost savings in pavement
construction and rehabilitation projects [38-42].

Numerous studies have highlighted the benefits of RAP
incorporation across the environmental, economic, and
mechanical performance domains. For instance, Zaumanis et
al. reported that substituting 50 % of virgin aggregate with
RAP in hot-mix asphalt (HMA) mixtures can reduce the overall
carbon footprint by over 38 % [43]. This significant reduction
in emissions stems is primarily attributed to the decreased
energy consumption and material processing associated with
virgin aggregate and binder production. Peng et al. developed
a life cycle carbon emission model for asphalt pavement
construction and observed that adopting energy-saving
strategies such as warm mix technologies and optimised
RAP use can reduce greenhouse gas emissions by 35.93
% and construction costs by 18.58 % [44, 45]. These studies
collectively demonstrate that RAP utilisation aligns with
global sustainability targets by mitigating climate impacts and
promoting resource conservation.

From an economic perspective, Copeland reported that RAP
incorporation can yield up to 34 % cost savings compared with
conventional HMA mixtures [46]. These savings result from
reductions in virgin aggregate and binder consumption, lower
transportation requirements, and decreased landfill disposal
fees. The economic advantages are particularly pronounced in
large-scale paving and rehabilitation projects, where material
volumes and associated costs are substantial.

Mechanically, the integration of RAP into asphalt mixtures
significantly influences the structural behaviour of the resulting
pavement. As shown in Figure 5, recent research by Ma et al.
demonstrated that incorporating RAP in the range of 20 %—60 %,
particularly when combined with high-modulus agents, leads to
a substantial enhancement in the dynamic modulus and rutting
resistance, which are critical parameters for performance under
traffic loading [47]. However, the presence of aged binder in RAP
can increase its stiffness, potentially reducing its resistance to
thermal and fatigue cracking. These adverse effects can be
mitigated via the use of a higher binder content and appropriate
additives in these high-modulus mixes by improving moisture
resistance and extending service life.

EIRAP content 0%
EIRAP content 20%
BEIRAP content 30%
MRAP content 40%
EIRAP content 50%
EIRAP content 60%
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Figure 5. Test results for thermal cracking resistance evaluation [47]

Furthermore, Issmael et al. investigated cold recycled mixtures
with RAP contents as high as 90 %, revealing minimal negative
impacts on mechanical properties, such as strength and
durability, while maintaining substantial environmental and
economic gains [48]. This finding underscores the flexibility
and robustness of RAP as a material that can be effectively
tailored to suit various recycling technologies and performance
requirements.

Collectively, these findings validates that RAP not only
contributes to the reduction of environmental burden and
construction costs but also offers considerable potential for
engineering applications when its mechanical behaviour is
properly incorporated in the mix design.

3.3. Crumb rubber

Crumb rubber, a recycled material obtained from ground scrap
tires, has garnered increasing attention in pavement engineering
owing to its potential to improve asphalt mixture performance
while addressing the environmental challenges posed by end-
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of-life tires [49]. Typically, crumb rubber is incorporated into
asphalt binders via either wet or dry processes and is primarily
applied to the surface and base course layers of flexible
pavements. Itis particularly effective in HMA, where it enhances
mechanical properties, prolongs service life, and reduces noise
emissions, making it particularly suitable for urban roadways
and high-traffic pavements.

From an environmental perspective, the utilisation of crumb
rubber contributes to waste tire management by diverting a
substantial volume of nonbiodegradable material from landfills
and incineration. Moreover, rubberised asphalt mixtures exhibit
longer service lives and reduced maintenance requirements,
leading to indirect reductions in the life-cycle energy
consumption and greenhouse gas emissions [50, 51]. This
approach aligns with circular economy principles and provides
a means to reduce dependence on virgin polymer modifiers.
Economic advantages have also been reported; extended
pavement longevity and lower maintenance frequencies can
yield long-term cost savings despite the higher initial production
costs associated with rubber modification [52].

Numerous studies have investigated the mechanical behaviour
of crumb rubber-modified asphalt (CRMA). Liang et al. [53]
examined the effects of various activation treatments (high
temperature, pre-swelling, and microwave irradiation) on the
CRMA performance. Their results demonstrated significant
improvements in viscosity, high-temperature stability, and
rutting resistance. The treated rubber enhanced the dynamic
stability of the asphalt mixtures and improved the compatibility
between the rubber and asphalt binder, as validated by the
more homogeneous microstructures observed via microscopic
analysis. These enhancements are critical for resisting
deformation under heavy traffic and elevated temperatures.

& 5 -
14-10 [ ]125mmHMA
- [ ]125 mm Rubber-HMA
1. [ J19mmHmA
12-10° | iy [ 119 mm Rubber-HMA
- 5
10-10 e
8010 +

6,0-10*

- ’{’_“g‘ I I
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Rutting parameter, | G*|sind [MPa]

Figure 6. Rutting parameter (|G*|/sin3) at 10 Hz of various types of
HMA [54]

Further investigation by You et al. [54] revealed that dry-
processed rubberised mixtures significantly outperformed
conventional HMA. As shown in Figure 6, the rubberised

mixtures exhibited 29-50 % higher fracture energy and up
to 19 % improvement in the dynamic modulus, resulting in
superior resistance to cracking and rutting across a range
of temperatures. In addition to mechanical performance,
rubberised mixtures demonstrated a 2—3 dB reduction in noise
levels under vehicular traffic, suggesting ancillary benefits in
urban environments. Mechanistic-empirical pavement design
simulations indicated improved long-term performance
indicators, including a reduced international roughness index
(IRI), rutting, and fatigue cracking.

Life-cycle assessments have further validated the sustainability
potential of CRMA. Riekstins et al. [55] concluded that for
crumb rubber pavements to achieve superior environmental
outcomes over traditional asphalt types, they must offer a
service life extension of 2—4 years per cycle. Similarly, Xiao et
al. [56] highlighted the long-term energy savings and emissions
benefits of using crumb rubber, particularly when combined
with warm mix asphalt technology. Although rubberised asphalt
production may initially require higher mixing temperatures,
the reduction in fuel consumption and emissions during
maintenance compensates for this energy input [57-60].
Overall, the incorporation of crumb rubber in asphalt
mixtures presents a viable strategy for improving mechanical
performance, reducing environmental burden, and enhancing
economic efficiency. Nevertheless, further research is
warranted to optimise rubber-asphalt interactions, mitigate
high processing costs, and validate long-term field performance
under diverse climatic and traffic conditions.

3.4. Recycled plastics

Recycled plastics are polymeric materials recovered from post-
consumer or post-industrial waste streams and repurposed for
pavement construction. The incorporation of recycled plastics
into asphalt mixtures represents a promising advancement
toward sustainable infrastructure, addressing both the surging
global plastic waste crisis and the increasing demand for
performance-enhancing materials in road construction. The
ESEM micrographs in Figure 7 illustrate the morphological
differences between the asphalt mixtures modified with various
plastics, such as polypropylene (PP), PS, HDPE, and LDPE,
highlighting their influence on the homogeneity and texture
of the asphalt matrix [61]. These materials are primarily used
in the surface and base courses of flexible pavements and are
introduced either as asphalt binder modifiers or aggregate
substitutes [62-64].

Recycled plastic integration can be achieved via two primary
processes [65]. The wet process involves melting plastics and
blending them with bitumen at high temperatures to create a
modified binder before mixing with the aggregate. This requires
specific equipment to handle and mix the materials properly.
By contrast, the dry process directly adds recycled plastics to
the asphalt mix as modifiers or substitutes for aggregates. This
approach is particularly energy efficient and can be employed
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with various types of plastics to enhance the physical properties
of the final product. Although the wet process is suitable for
plastics with lower melting points, such as polyethylene, the dry
process can accommodate materials with higher melting points,
such as polyethylene terephthalate (PET) and polystyrene (PS).
These processes not only reflect a commitment to sustainability
but also indicate an innovative step in the materials engineering
domain, highlighting the versatility and adaptability of recycled
plastics when applied in pavement construction.

Figure 7. ESEM picture of the four plastic modified asphalts: a) 5 % PP;
b) 5% PS; c) 5 % HDPE; d) 5 % LDPE [61]

In terms of mechanical performance, numerous studies have
demonstrated that plastic-modified asphalt exhibits enhanced
durability, flexibility, and resistance to deformation [66]. For
example, Sabina et al. conducted a comparative evaluation of
bituminous concrete mixes modified with 8 % and 15 % waste
PP by weight of bitumen and reported significant improvements
in the Marshall stability, indirect tensile strength, and rutting
resistance relative to conventional mixes. These enhancements
were primarily attributed to enhanced adhesion between the
PP-coated aggregates and bitumen, which improved the overall
strength, durability, and moisture resistance [67]. More broadly,
the inclusion of plastics in asphalt mixtures increases flexibility,
thereby mitigating cracking and rutting under repeated traffic
loading [68].

Shin et al. [69] evaluated the performance of asphalt mixtures
reinforced with different plastic-derived fibres, including PP,
polyester (PE), carbon, and nylon. Nylon at a 1.0 % volume
fraction was identified as the optimal additive, delivering
superior improvements in the tensile strength, moisture
resistance, and fatigue life across multiple test conditions. Silva
et al. [24] also noted that specific plastics significantly improved
the viscosity and stiffness of the binder, particularly at elevated
temperatures, contributing to enhanced rutting resistance

and structural performance under climatic variations. These
improvements are vital for high-performance pavements that
are subjected to extreme environmental and traffic conditions.
From environmental and economic perspectives, the use of
recycled plastics in pavements offers significant advantages.
This practice reduces environmental pollution and promotes
resource circulation by diverting plastic waste from landfills
for incineration. Furthermore, it enables material savings by
partially replacing virgin bitumen or aggregates, resulting in
lower production costs and extended pavement service life.
Leng et al. [70] conducted a life cycle analysis combining PET-
modified asphalt and reclaimed asphalt pavement (RAP) and
reported a 26.2 % reduction in the life cycle cost and 29.0 %
reduction in greenhouse gas emissions in road rehabilitation
projects. These benefits are particularly pronounced in urban
areas with limited material supply, underscoring the potential
for recycled plastic use in resource-constrained regions.
Despite these promising results, several challenges hinder
large-scale implementation. These include the heterogeneity of
plastic waste sources, compatibility issues with asphalt binders,
and concerns over long-term durability and environmental
safety such as potential microplastic release. The absence
of standardised testing protocols and design guidelines
complicates consistent performance evaluation.

To address these limitations, ongoing research efforts are
focused on optimising the plastic type and dosage, enhancing
the binder compatibility via pretreatment or chemical additives,
and performing field-scale studies to validate laboratory
findings. The development of energy-efficient production
methods and comprehensive life-cycle assessments is essential
for establishing the feasibility and environmental soundness of
these systems.

In summary, the use of recycled plastics in asphalt pavements
offers substantial environmental and economic benefits while
simultaneously improving key performance metrics. Continued
investigation of the material behaviour, processing methods,
and field validation is critical for unlocking the full potential of
recycled plastics in sustainable pavement engineering.

3.5. Steel slag

Steel slag, a byproduct of steel manufacturing processes such
as basic oxygen and electric arc furnace operations, has gained
traction as a valuable material in pavement construction.
Instead of being discarded as industrial waste, steel slag can
be repurposed as an aggregate in asphalt mixtures, thereby
offering both performance and sustainability benefits. Owing to
its high hardness, angularity, and rough surface texture, steel
slag aggregate (SSA) is particularly suitable for surface and base
courses in flexible pavements where resistance to rutting and
mechanical durability are critical [71-731.

Beyond its technical properties, the environmental appeal of SSA
lies in its ability to reduce the extraction of natural aggregates
and divert substantial volumes of steelmaking byproducts from
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landfills. This reuse aligns with circular economy principles by
lowering the overall carbon footprint of pavement materials
while conserving nonrenewable resources. Moreover, the local
availability of slag near urban centres and industrial hubs can
help minimise transportation emissions and costs, further
enhancing its environmental and economic value [74-76].
Several studies have explored the performance of SSA in HMA,
consistently demonstrating improved mechanical behaviour
[77, 78]. Mixtures incorporating 20-35 % SSA demonstrated
higher stiffness, improved resistance to permanent
deformation, and extended fatigue life than conventional HMA.
These enhancements are primarily attributed to the superior
interlocking and load distribution properties provided by the
rough and angular surfaces of the SSA. Additionally, its mineral
composition contributes to increased moisture resistance,
which is essential for long-term pavement performance under
wet or freeze—thaw conditions [16].

When used in porous asphalt, the SSA shows promise. Although
its use can marginally reduce permeability owing to the dense
packing of slag particles, it simultaneously improves rutting
resistance and resilient modulus, which are key parameters for
high-performance permeable pavements [79]. Asphalt mixtures
containing SSA outperformed those with natural aggregates in
several mechanical metrics, confirming their suitability for both
conventional and specialty pavement applications [80].
Despite these advantages, some challenges must be addressed
before SSA can be widely adopted. The presence of unstable
components, such as free lime (Ca0) and periclase (MgO), in
untreated slag can lead to long-term expansion and cracking.
Consequently, pretreatment techniques such as weathering,
aging, and chemical stabilisation are often necessary to ensure
volumetric stability. Furthermore, the chemical and physical
variability of slags sourced from different steel plants requires
consistent quality control to maintain reliable pavement
performance.

To unlock the full potential of SSA in pavement engineering,
further research is required to standardise processing methods,
evaluate their long-term field behaviour, and explore their
performance in combination with other recycled materials.
Field trials under various climatic conditions and traffic loads
are particularly valuable for validating laboratory findings and
building confidence among infrastructure agencies.

In summary, steel slag presents a compelling opportunity to
transform industrial waste into high-performance pavement
materials. Its beneficial mechanical characteristics coupled with
its environmental and economic advantages make it a promising
alternative to traditional aggregates, contributing meaningfully
to the development of more sustainable and resilient road
networks.

3.6. Construction and demolition waste

Construction and demolition waste (CDW) comprises a
heterogeneous mixture of materials such as concrete, brick,

ceramic, mortar, wood, and asphalt fragments generated
from the construction, renovation, and demolition of buildings
and infrastructure. When appropriately processed, CDW can
be transformed into recycled aggregates (RA), which offers
a sustainable alternative to natural aggregates in pavement
applications. These recycled aggregates are commonly applied
in embankments, subgrades, and increasingly in the base
and subbase layers, contributing to the circular economy by
diverting waste from landfills and reducing dependence on
virgin materials [81-85].

The primary environmental benefit of CDW reuse is the
substantial reduction in construction waste disposal and raw
material extraction. From an economic perspective, using
local recycled aggregates can decrease material costs and
transportation requirements, particularly in urban areas
facing resource scarcity. However, CDW aggregates are often
characterised by higher heterogeneity and water absorption
than natural aggregates, presenting challenges for consistent
mechanical performance.

In 2011, Bernucci developed a laboratory program for evaluating
the feasibility of using recycled CDW aggregates in pavement
application [86]. Their results indicated that water absorption
varied significantly depending on material composition, with
highly porous ceramics exhibiting increased absorption.
Additionally, the grain shape can be inferred from the
composition, with cementitious materials having predominantly
cubic grains and less porous ceramics featuring flat grains. In
addition, compaction altered the grain size distribution and
shape, with increased energy, resulting in greater breakage
and a higher percentage of cubic grains. The recycled CDW
aggregate showed resilient modulus behaviour similar to that
of well-graded crushed stone, with a higher compactive effort
reducing the resilient displacement by 10-20 %.

Ossa et al. conducted a comprehensive evaluation of
recycled CDW aggregates in hot asphalt mixtures for urban
roads, focusing on environmental sustainability and practical
implementation[87]. Series of experimental tests, including
evaluations of moisture damage susceptibility and plastic
deformation, revealed that up to 20 % CDW aggregates can
be incorporated into asphalt mixtures without significantly
undermining their structural integrity or performance. These
experiments utilised varying percentages of CDW aggregates
(10%—-40%),and the asphalt concrete specimens were assessed
under controlled conditions to determine their volumetric
properties and resistance to different stressors according
to Superpave standards. The particle size distributions of
the CDW aggregates, which significantly influence their
mechanical behaviour in pavement applications, are illustrated
in Figure 8. The figure compares different gradations (CDW1,
CDW?2, and CDW3) against a reference grading curve (Grading
A), highlighting the variability in particle sizes and the need
for careful gradation control when incorporating CDW into
pavement layers. These results are promising for sustainable
construction efforts, underscoring the potential for reducing
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waste disposal issues and the demand for virgin materials.
However, the findings also indicate the necessity for further
adjustments or additives when using higher percentages of
CDW aggregates, particularly to maintain performance in
high-traffic scenarios. This study highlights the importance
of refining the use of recycled materials in pavement
construction to extend the use of sustainable resources in
urban infrastructure.
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Figure 8. Composition of CDW1, CDW2, and CD3 in conjunction with
corresponding grain size distribution curves and “grading A"
limits [87]

Despite growing research support, several challenges must be
addressed before CDW can be widely adopted as a mainstream
pavement material. These include variability in material
properties depending on the demolition source, contamination
risk, and the need for pretreatment processes such as sorting,
crushing, and screening. Furthermore, the lack of uniform
technical standards across regions impedes the broader
application of CDW-derived aggregates.

Future research must prioritise optimising stabilisation
techniques (e.g. cement, fly ash, or polymer additives),
evaluating long-term field behaviour under different climatic
and traffic conditions, and integrating life-cycle assessment
(LCA) tools to quantify environmental and cost savings. Overall,
the CDW presents a compelling opportunity to develop more
sustainable pavements, provided that its distinctive material
characteristics are carefully managed through rigorous design
methodologies and construction practices.

4, Discussion

The integration of recycled materials in pavement construction
is a critical strategy for advancing sustainable infrastructure. A
diverse range of materials, including RCA, RAP, crumb rubber,
recycled plastics, steel slag, and CDW, have been investigated
for their feasibility in replacing conventional aggregates and
binders. These materials offer diverse benefits aligned with
circular economy principles; however, each presents unique
limitations that must be addressed to support broader
implementation.

RCA, which is primarily sourced from demolished concrete,
offers significant environmental benefits by diverting
construction waste from landfills and reducing reliance on virgin
aggregates. Its compatibility with both the bound and unbound
pavement layers makes it a versatile material. However, its
porous structure and the presence of residual mortar often
result in increased water absorption and decreased mechanical
strength, limiting its use in high-performance applications,
unless appropriate treatments are applied. In addition, the
variability in source quality can complicate performance
prediction and quality control.

The RAP is among the most direct pathways to resource
conservation in asphalt pavement recycling, enabling the reuse
of both aggregate and aged binders. This reduces the energy
demand and greenhouse gas emissions while offering potential
economic advantages. Nevertheless, the aging of bitumen
within RAP can lead to increased stiffness and brittleness
in recycled mixtures, potentially compromising the fatigue
resistance unless modification or rejuvenation strategies are
implemented. Furthermore, a lack of consensus on optimal
RAP content thresholds for maintaining balanced performance
continues to challenge RAP implementation across varying
climates and traffic conditions [88].

Crumb rubber, derived from scrap tires, introduces elasticity and
damping characteristics that enhance the resistance to rutting
and cracking. It also provides noise-reduction benefits and
supports waste tire management. Despite these advantages,
challenges include higher production temperatures, potential
phase separation in wet-process mixtures, and inconsistencies
in rubber-asphalt compatibility. These factors can adversely
impact the mixture homogeneity and long-term durability if not
carefully managed.

Recycled plastics employed in dry or wet processes offer
mechanical reinforcement to asphalt mixtures and significantly
reduce plastic waste. They can improve the stiffness,
deformation resistance, and aging properties of binders.
However, concerns remain regarding the compatibility of
different plastic types, potential microplastic release, and
the long-term recyclability of plastic-modified pavements. In
addition, the lack of standardised processing methods and
performance criteria hinders consistent implementation.

Steel slag, a by-product of steel manufacturing, exhibits
excellent angularity, hardness, and adhesion properties, making
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it suitable for use in asphalt and concrete pavements. Its high
mechanical strength and skid resistance make it ideal for the
surface and base layers. However, the volumetric instability
caused by free lime or magnesia and potential environmental
concerns related to heavy metal leaching require stringent
material conditioning and testing protocols.

The CDW aggregates, which are abundant and cost-effective,
are often highly heterogeneous. These materials have
demonstrated suitability in lower pavement layers (e.g.
embankments and subgrades); however, higher structural
applications necessitate stabilisation or blending to meet
the performance criteria. Durability concerns, inconsistent
compositions, and elevated fines content can limit mechanical
reliability; however, these can be mitigated through proper
processing and mix design.

In summary, although each recycled material presents unique
sustainability and engineering advantages, its limitations
highlight the need for tailored material selection, processing,
and design approaches. A system-level approach that
incorporates life cycle performance, environmental impact,
economic feasibility, and construction practices is essential
for integrating these materials effectively into pavement
design and policy frameworks. Future research must prioritise
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