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Abstract: In the context of sustainable construction, recycled concrete aggregates (RCAs),
including both fine and coarse fractions derived from construction and demolition waste
(CDW), are gaining traction due to their potential to mitigate environmental impacts by
reducing reliance on natural aggregates and minimizing waste. This paper provides a
comprehensive review of the effects of RCAs on the mechanical and durability properties of
concrete, including compressive and tensile strengths, modulus of elasticity, and resistance
to environmental degradation. The review highlights that the presence of adhered mortar
and higher porosity in RCAs generally leads to reduced mechanical performance and
durability. However, pretreatment methods—mechanical, chemical, and thermal—along
with optimized mix designs and the use of supplementary cementitious materials (SCMs)
have shown to significantly improve the concrete properties of RCAs. Additionally, recent
studies on carbon dioxide (CO2) capture through the accelerated carbonation of RCAs offer
promising environmental benefits. Life cycle assessment (LCA) analyses reveal reductions
in energy use, CO2 emissions, and material costs when RCAs are properly processed and
locally sourced. Despite challenges related to RCA quality variability, the review identifies
pathways for the effective use of RCAs in structural applications.

Keywords: recycled concrete aggregate (RCA); sustainable concrete; structural concrete;
construction and demolition waste (CDW); mechanical properties; durability properties;
life cycle assessment (LCA)

1. Introduction
Concrete is the most used construction material globally, with its production causing

significant environmental impacts, including natural resource depletion and carbon emis-
sions. In response to these challenges, the incorporation of recycled materials, such as RCAs
derived from CDW, has emerged as a sustainable solution to reduce the environmental
impact of concrete production while enhancing its mechanical and durability properties [1].

The construction industry is one of the largest consumers of natural resources world-
wide. Global production of virgin aggregates has increased significantly, from 21 billion
tons in 2007 to 50 billion tons in 2017, marking a 58% rise. Projections indicate that this
demand will continue to grow, reaching 60 billion tons by 2030 [2,3]. China is the largest con-
sumer, using 40% of these aggregates, followed by India at 10% and other Asian countries,
including Indonesia, Malaysia, and Thailand, with a combined total of 16%. Additional
major consumers are Turkey (0.96%), Africa (8%), Europe and the European Free Trade
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Association (EFTA) (6%), the United States (4.8%), Central and South America (4%), the
Middle East (5.6%), and Russia together with the Commonwealth of Independent States
(CIS) (5%) [2–4], as illustrated in Figure 1 [5].
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RCAs derived from demolished concrete structures offer a sustainable alternative to
conventional aggregates. The utilization of RCAs in concrete not only diverts construction
waste from landfills, but also conserves natural resources and reduces energy consumption
associated with aggregate extraction and processing [6]. Furthermore, incorporating RCAs
into concrete mixtures can contribute to mitigating the carbon footprint of the construction
industry, aligning with global efforts towards sustainable development and environmental
stewardship [7].

Actually, the incorporation of RCAs in concrete raises questions regarding their impact
on mechanical and durability properties. The heterogeneous nature of RCAs, varying
in size, shape, and quality, presents challenges in predicting their influence on concrete
performance [8]. Moreover, factors such as the content of adhered mortar, contaminants,
and the presence of residual cementitious materials can influence the properties of RCAs
and, consequently, the performance of recycled aggregate concrete [9].

The use of RCAs in structural elements is gaining attention for its environmental and
mechanical benefits. Stochino et al. (2024) [10] investigated steel–concrete composite slabs
incorporating RCAs and found that, while compressive strength decreased with higher
RCA content, structural integrity remained intact. Their study suggests that RCAs can
enhance composite action with steel decking, supporting their feasibility for sustainable
construction without compromising mechanical performance [10].

Understanding the effects of using RCAs on the mechanical and durability properties
of concrete is crucial for optimizing concrete mix designs and ensuring the long-term
performance of sustainable construction materials. Previous research has explored various
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aspects of recycled aggregate concrete, including its compressive strength, tensile strength,
modulus of elasticity, durability against freeze–thaw cycles, chloride penetration resistance,
and sulfate attack resistance [11,12].

Despite the growing body of research, as illustrated in Figure 2 [13], existing stud-
ies often focus on isolated properties of RCA concrete, such as compressive strength or
durability against specific environmental factors. To generate this figure, a keyword search
was conducted on the Scopus database using the term ‘recycled concrete aggregate’. The
search was limited to publications from 2000 to 2024 to analyze the trend in research output
over time.
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Few comprehensive reviews systematically synthesize these findings across mechan-
ical and durability dimensions, alongside innovations in pretreatment methods and ad-
vanced mix designs. This gap in the literature limits the development of holistic strategies
for optimizing RCAs in structural applications.

This paper addresses this gap by presenting an integrated review of the mechanical and
durability properties of RCAs, highlighting the interplay between pretreatment techniques,
mix designs, and performance outcomes. Additionally, it explores practical applications
and future research directions to bridge the knowledge divide.

After this introduction, the paper is structured as follows: Section 2 discusses the recy-
cling of construction and demolition waste for aggregate production. Section 3 focuses on
the mechanical properties of concrete with RCAs, while Section 4 explores their durability
properties. Section 5 examines carbon dioxide capturing in RCAs, and Section 6 presents
an RCA life cycle assessment. Finally, Section 7 concludes the paper with a summary of
findings and recommendations.

2. Recycling of Construction of Demolition Waste for Producing
the Aggregates

The recycling of CDW for producing aggregates has gained significant attention as
a sustainable practice in the construction industry. CDW comprises various materials,
including concrete, bricks, tiles, asphalt, wood, and metals, generated from construction,
renovation, and demolition activities [14]. Recycling CDW not only reduces the burden on
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landfills, but also conserves natural resources and reduces energy consumption associated
with conventional aggregate production. Moreover, incorporating recycled aggregates
from CDW in concrete offers potential economic benefits by lowering material costs and
reducing the need for landfill disposal [15].

The quality of recycled aggregates obtained from CDW depends on several factors,
including the type and composition of the original materials, the degree of contamination,
the efficiency of the recycling process, and the quality control measures implemented [16].
Proper sorting, crushing, and screening techniques are essential to produce recycled aggre-
gates with desirable properties for use in concrete production [17]. However, challenges
such as variability in material composition, presence of contaminants, and limitations
in processing technology can affect the quality and consistency of recycled aggregates,
influencing the performance of concrete mixtures [11].

Despite the challenges, numerous studies have investigated the feasibility and effec-
tiveness of using recycled aggregates from CDW in concrete applications. Research efforts
have focused on evaluating the mechanical properties, durability performance, and long-
term behavior of concrete incorporating recycled aggregates from CDW [18]. Additionally,
advancements in recycling technologies and quality control measures have contributed
to improving the quality and reliability of recycled aggregates, further enhancing their
suitability for use in concrete production [19].

2.1. Recycled Concrete Aggregates (RCAs)

RCAs obtained from construction and demolition waste are produced by crushing and
processing demolished concrete structures, resulting in coarse and fine aggregates that can
be used as substitutes for natural aggregates in concrete mixtures [20]. Figure 3 provides
an example of RCAs, illustrating their typical particle size and texture.
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The properties of RCAs significantly influence the performance of concrete mixtures.
The quality of RCAs is affected by factors such as the quality of the original concrete,
the degree of contamination, the crushing process, and the particle size distribution [8].
RCAs may contain residual mortar adhered to the aggregate particles, which can affect the
workability, strength, and durability of concrete [5]. Therefore, proper characterization and
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quality control measures are essential to ensure the consistent and reliable performance of
concrete containing RCAs.

Regional variations play a crucial role in influencing the performance of RCAs, pri-
marily due to differences in CDW characteristics. Factors such as the age and type of
demolished structures, local construction materials, and recycling practices contribute to
these differences. For instance, RCAs obtained from regions with older buildings often
contain higher proportions of masonry or plaster, which can negatively impact compressive
strength and durability compared to RCAs derived from newer, concrete-rich demolitions.
Moreover, areas with more regulated and advanced recycling systems, such as parts of Eu-
rope, tend to produce more consistent and higher-quality RCAs. These regional disparities
underscore the need to consider local CDW characteristics when evaluating the suitability
and performance of RCAs in concrete applications [21].

Research on RCAs has focused on evaluating their effects on various properties of
concrete, including mechanical strength, durability, shrinkage, and permeability. Numer-
ous studies have investigated the optimal replacement levels of natural aggregates with
RCAs to achieve desired concrete performance while minimizing potential drawbacks [22].
Additionally, research efforts have explored different techniques to enhance the properties
of recycled aggregate concrete, such as pre-soaking RCAs to reduce their water absorption
and improve their compatibility with cement paste [23].

The influence of the quality of parent concrete on RCA properties remains a topic of
debate in the literature. While several studies emphasize that the characteristics of the
original concrete significantly impact the mechanical performance of recycled aggregate
concrete, others suggest that factors such as mix design and curing conditions may play
a more dominant role. For instance, Pani et al. (2020) [24] argue that the quality of
parent concrete does not substantially affect the compressive strength of recycled concrete,
highlighting that mix proportions and other parameters have a greater influence on the final
properties of RCA-based concrete. This divergence in findings underscores the complexity
of RCA behavior and the need for further research to reconcile these varying perspectives.

RCAs have been extensively studied for their potential to mitigate the environmental
impact of concrete production. The use of RCAs reduces the need for landfill space, con-
serves natural resources, and lowers greenhouse gas emissions associated with traditional
aggregate mining and transportation [25]. Furthermore, incorporating RCAs into concrete
mixtures aligns with sustainable development goals by promoting resource efficiency and
waste reduction [26]. However, challenges such as variability in RCA properties, uncer-
tainty regarding long-term performance, and potential durability issues remain areas of
concern [27].

2.2. Pretreatment Methods on RCAs

The quality and performance of RCAs are influenced by factors such as residual mortar
content, contaminants, and particle size distribution. Effective pretreatment methods
are crucial to enhance the properties of RCAs and optimize their suitability for concrete
production.

Mechanical pretreatment methods involve physical processes such as crushing, screen-
ing, and sieving to break down demolished concrete structures and segregate RCAs into
desired particle sizes [28]. Proper crushing techniques are essential to remove adhered
mortar effectively and minimize the generation of fines. Screening and sieving processes
further refine RCAs into uniform aggregates suitable for concrete production.

Chemical pretreatment methods utilize solutions to dissolve or weaken the bond
between aggregate particles and residual mortar, facilitating separation and improving
RCA cleanliness [29]. Acid washing and alkali treatment are common chemical techniques
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employed. Acid washing removes calcium carbonate in the mortar matrix, while alkali
treatment breaks down the bonds between aggregate particles and residual mortar. These
methods enhance the quality of RCAs, but require careful handling to mitigate environ-
mental impacts [30].

Thermal pretreatment involves heating and drying RCAs to remove moisture and
contaminants, improving their compatibility with cement paste and concrete perfor-
mance [29,30]. Thermal treatment eliminates organic contaminants and weakens the bond
between aggregate particles and residual mortar. However, it may alter the mineralogy
and microstructure of RCAs, necessitating careful consideration.

Pretreatment effectiveness depends on factors including the quality of the original
concrete, contaminant type and concentration, and desired properties of recycled aggre-
gates [11,31]. High-quality RCAs can be obtained from well-maintained structures, while
older or heavily contaminated sources may require more intensive pretreatment. Selection
of pretreatment methods should align with concrete mix designs and intended RCA appli-
cation. Comprehensive testing is crucial to assess pretreated RCA suitability for concrete
production. Research aims to optimize recycling processes, improve recycled aggregate
quality, and enhance concrete performance [5]. Studies like [29] have shown that chemical
pretreatment significantly reduces residual mortar content in RCAs, leading to improved
concrete strength and durability. Experimental testing evaluates mechanical strength, dura-
bility, shrinkage, and permeability of concrete with pretreated RCAs. Advancements in
pretreatment technologies, such as automated sorting and washing systems, streamline
recycling processes and increase efficiency [32].

Pretreatment methods are vital for enhancing the quality and performance of RCAs
in sustainable concrete production. Mechanical, chemical, and thermal pretreatment tech-
niques effectively address challenges associated with residual mortar, contaminants, and
particle size distribution in RCAs. However, their efficacy depends on various factors,
necessitating comprehensive characterization and testing. Continued research and devel-
opment efforts are crucial to optimize pretreatment methods and promote widespread
adoption of recycled aggregates in the construction industry.

3. Mechanical Properties of Concrete with RCAs
3.1. Compressive Strength

The compressive strength is the most critical factor in evaluating concrete. Numerous
studies have explored how recycled aggregates influence the compressive strength of
recycled aggregate concrete (RAC). Silva et al. (2014) [33] reviewed 236 papers on RAC,
with 119 focused specifically on compressive strength. However, reaching consistent
conclusions has been challenging due to various factors. First, comparisons are often made
between RAC and conventional concrete using natural aggregates, but the quality of these
natural aggregates greatly influences the outcomes. The impact of recycled aggregates can
vary depending on whether they replace natural aggregates with strong or weak mechanical
properties. Second, different approaches were used to compare RAC, such as maintaining
a consistent total water/cement ratio, an equivalent effective water/cement ratio, or the
same workability, each of which can affect the effective water/cement ratio differently.
Lastly, the results also depend on the specific properties of the recycled aggregates, such as
their shape, size, and mechanical characteristics.

To better illustrate the influence of RCA content on compressive strength, a statistical
analysis was conducted based on normalized values from multiple published studies. The
results are shown in Figure 4, where the compressive strength of RAC is expressed as a
ratio relative to that of conventional concrete and plotted against the percentage of RCAs
used as replacements for natural aggregates.
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As seen in the figure, there is a clear downward trend: As the replacement level in-
creases, compressive strength generally decreases. The data follow a linear trend, described
by the equation y = −0.2068x + 0.9921, indicating that a full replacement (100%) could lead
to about 79% of the compressive strength compared to concrete made entirely with virgin
aggregates. This reduction is largely attributed to the higher porosity and lower mechanical
quality of RCAs, which often contain residual mortar and form weaker interfacial transition
zones (ITZs). These characteristics compromise the density and overall strength of the
concrete matrix.

The compressive strength reduction is primarily due to the weaker adhered mortar
present in the RCAs, which compromises the new concrete matrix’s overall integrity. For
instance, Silva et al. (2016) [46] observed that the compressive strength of RCA concrete
could be approximately 10–30% lower than that of conventional concrete, depending on
the RCA quality and the original concrete’s properties.

The compressive strength of RCA concrete is strongly influenced by the RCA qual-
ity, which can be improved through proper pretreatment methods, such as acid washing
or mechanical treatment. As mentioned in Section 2.2, these methods help reduce the
residual mortar content, which can lead to better interfacial bonding and improved com-
pressive strength.

Another critical factor affecting the compressive strength of RCA concrete is the mix
design. Adjustments in the mix proportions, such as increasing the cement content or using
supplementary cementitious materials (SCMs) like fly ash or silica fume, can mitigate the
strength reduction caused by RCAs. A study by Kurda et al. (2019) [47] demonstrated
that incorporating fly ash in RCA concrete mixes could enhance compressive strength by
improving the interfacial transition zone between the RCAs and the cement paste. Their
findings indicate that with optimal mix design, RCA concrete can achieve compressive
strengths comparable to those of traditional concrete.

Curing conditions also play a crucial role in the development of compressive strength
in RCA concrete. Proper curing can enhance the long-term strength of RCA concrete,
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despite initial lower strengths. Zhang et al. (2021) [28] reported that while RCA concrete
exhibited lower early-age compressive strength, its long-term strength, particularly after 90
days, was comparable to that of natural aggregate concrete when subjected to appropriate
curing practices. Their study emphasizes the importance of extended curing times to allow
the RCA concrete to develop its full-strength potential.

With advancements in RCA processing techniques and optimized mix designs, the
compressive strength of RCA concrete can be effectively managed to meet structural
requirements. For instance, research by Wang et al. (2018) [48] highlights that incorporating
RCAs in structural concrete is feasible and practical, provided that the mix design is tailored
to account for the specific properties of the RCAs used.

3.2. Tensile Strength

The tensile strength of concrete is a fundamental property that influences its behavior
under various loading conditions, especially in scenarios involving flexure or cracking.
The introduction of RCAs into concrete mixes has been shown to impact tensile strength
differently than compressive strength. Silvia et al. (2015) [49] found that the tensile strength
of RAC tends to decrease with an increase in RCA content, primarily due to the weaker
interfacial transition zone (ITZ) in RAC compared to natural aggregate concrete. This
weaker ITZ is often characterized by micro-cracks and increased porosity, which contribute
to the reduced tensile strength.

The source and processing of RCAs play crucial roles in determining the tensile
strength of the resulting RAC. Yang et al. (2023) [50] conducted a study comparing the
tensile strength of RAC produced with RCAs from different sources. Their research in-
dicated that RCAs from high-strength concrete had a less detrimental effect on tensile
strength than RCAs sourced from lower-quality concrete. This finding emphasizes the
importance of selecting high-quality RCAs and possibly enhancing them through pretreat-
ment processes, such as washing and mechanical scrubbing, to remove adhered mortar
and other contaminants.

Modifications in the mix design can also influence the tensile strength of RAC. Adding
supplementary cementitious materials (SCMs) like fly ash or silica fume has been shown to
improve tensile strength by refining the microstructure of the ITZ and enhancing the bond
between the RCAs and the new cement paste. Incorporating silica fume in RAC mixes im-
proved tensile strength by reducing ITZ porosity and increasing the cohesion between RCA
particles and the cement matrix. This modification is particularly effective in mitigating the
reduction in tensile strength typically associated with higher RCA content [51,52].

Curing practices significantly affect the tensile strength development of RAC, as they
do with compressive strength. Proper curing can enhance the tensile strength, even when
using high RCA levels. Dimitriou et al. (2018) [53] demonstrated that RAC subjected
to extended curing times showed significant improvements in tensile strength, almost
reaching that of natural aggregate concrete. This improvement was more pronounced in
mixes where SCMs were used, highlighting the combined effect of optimal curing and mix
design on tensile strength.

3.3. Elastic Modulus

Elastic modulus is a critical mechanical property of concrete that defines its stiffness
and ability to deform elastically under load. The modulus of elasticity is influenced by the
composition of the concrete mix, particularly the quality of aggregates used. When RCAs
replace natural aggregates in concrete, the elastic modulus is often observed to decrease due
to the inferior quality of RCAs compared to natural aggregates. This reduction is attributed
primarily to the quality of the recycled aggregates, which typically have a lower stiffness
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due to the presence of old adhered mortar and increased porosity. RCA particles contain
old mortar and microcracks, which reduce the overall stiffness of the concrete, making it
more susceptible to deformation under stress. Various studies have reported a reduction of
up to 30% in the elastic modulus of concrete containing 100% RCA compared to natural
aggregate concrete (NAC) [54,55]. Understanding how RCAs affect the elastic modulus is
essential for ensuring that structural designs maintain adequate stiffness and serviceability.

However, several treatment methods have been investigated to improve the modulus
of elasticity in RCA concrete. Based on the study by Silva et al. (2016) [46], pretreat-
ment techniques, such as acid washing, mechanical grinding, and polymer impregnation,
have shown significant improvements in the modulus of elasticity. For instance, heating–
scrubbing treatment resulted in a 42.92% increase in E-values, while mechanical grinding
led to a 31.30% improvement [56]. Furthermore, bio-calcium deposition treatment increased
the E-values by 32.8%, from 33.2 GPa for untreated RCAs to 44.1 GPa for treated RCAs [57].
Other methods, such as acetic acid immersion, also demonstrated improvements, with
increases ranging from 12% to 29% depending on the treatment method and RCA replace-
ment level [58]. These findings suggest that pretreatment methods can effectively enhance
the stiffness and overall mechanical performance of RCA concrete by reducing residual
mortar content and improving the bond between RCAs and the cement matrix.

Table 1 presents the modulus of elasticity of RCA concrete at different replacement
levels, based on experimental results from a previous study [58]. The results indicate a clear
reduction in the elastic modulus as the RCA content increases. The reference mix (M0-0)
with natural aggregates exhibited the highest modulus of elasticity (34.7 GPa), whereas the
100% RCA mix (M100-100) recorded the lowest value (16.7 GPa), confirming the negative
impact of RCAs on concrete stiffness. In the mix designation “M100-100,” the first “100”
refers to the percentage of natural fine aggregate replaced with RCAs, and the second “100”
refers to the percentage of coarse aggregate replaced with RCAs.

Table 1. Effect of RCA replacement on the modulus of elasticity of concrete.

Mix Average [GPa] CoV (%)

M 0-0 34.7 13.43
M 30-30 22.5 0.53
M 50-50 23.7 1.45

M 100-100 16.7 0.03

The reduction in the elastic modulus of RCA concrete can be attributed to the higher
porosity and weaker ITZ between the RCAs and the new cement matrix. Studies have
shown that the ITZ in RCA concrete tends to be more porous due to the presence of old
mortar on the RCA surface, which hinders the bonding between new cement paste and
aggregate [59]. As a result, RCA concrete often exhibits lower stiffness, especially at higher
replacement ratios of natural aggregates with RCAs. The degradation in elastic modulus
becomes more pronounced as the replacement level of RCAs increases, necessitating
adjustments in mix designs or additional treatments to the RCAs to mitigate this effect [60].

Several factors influence the elastic modulus of RCA concrete, including the quality
of the original concrete from which the RCAs are derived, the RCA treatment methods,
and the ratio of RCA replacement. High-quality RCAs derived from strong parent concrete
may exhibit a smaller reduction in elastic modulus compared to RCAs from low-strength
concrete [61]. Additionally, pretreating RCAs, such as by removing adhered mortar or
improving the surface characteristics, has been shown to mitigate the reduction in elastic
modulus. Various studies have explored methods such as mechanical rubbing, acid treat-
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ment, and thermal treatment to improve RCA properties, ultimately aiming to enhance the
elastic modulus of RCA concrete [62].

While the elastic modulus of RCA concrete is generally lower than that of conventional
concrete, it is still possible to achieve acceptable stiffness for many structural applications
through optimized mix designs and careful selection of RCA quality. The use of supple-
mentary cementitious materials (SCMs) like fly ash, silica fume, or slag in RCA concrete
has been shown to enhance the elastic modulus by improving the bond between the RCAs
and the cement matrix. These SCMs contribute to a denser microstructure and reduce the
porosity of the ITZ, partially compensating for the lower stiffness of RCA concrete [44].

In conclusion, the use of RCAs in concrete has a significant impact on the elastic
modulus, primarily due to the porous and weak nature of RCA particles and the associated
ITZ. However, by optimizing the quality of RCAs and mix design and incorporating
SCMs, the reduction in elastic modulus can be controlled. Further research is needed to
develop standard guidelines for improving the elastic modulus of RCA concrete, ensuring
its suitability for a wide range of structural applications while promoting sustainability in
construction practices.

3.4. Bonding Strength Between Concrete and Steel

The bond strength between concrete and steel reinforcement is a critical factor influenc-
ing the mechanical performance of reinforced concrete and composites structures. Several
studies have evaluated the bond strength behavior using RCAs, and the findings reveal
varied influences based on environmental conditions, mix proportions, and external factors
like corrosion and temperature. Ashteyat et al. (2024) [63] examined RCAs and recycled
asphalt pavements, reporting a reduction in bond stress with increasing recycled material,
especially when smaller diameter bars were used, leading to a bond reduction of 6% to
45% compared to natural aggregates (NAs). Similarly, Abushanab and Alnahhal (2023) [64]
investigated the effects of treated wastewater (TWW) and fly ash (FA) in RCA concretes
subjected to corrosion. RCAs reduced bond strength by 18%, although the addition of 20%
FA improved it by 10%, indicating the sensitivity of RCAs to corrosion when combined
with other recycled materials.

The performance of RCA concrete under elevated temperatures was explored by Yusuf
et al. (2022) [65], who found that RCAs exhibited adequate bond strength compared to
NAs, but with greater deformations. Temperature-induced damage was particularly linked
to the deterioration of mechanical properties, such as tensile strength, resulting in higher
bond slippage. Zou et al. (2020) [66] corroborated these findings, noting that as temper-
atures increased, the bond strength between RCA concrete and steel bars significantly
dropped, particularly in the post-heating phase, with a flattening of bond–slip curves.
Their study introduced a modified model to predict bond strength, aligning well with
experimental data.

Alhawat and Ashour (2019) [67] observed that corrosion greatly influences bond
strength in RCA concrete, where the bond initially improved with minimal corrosion
before degrading as corrosion intensified. Notably, the higher porosity of the RCAs led to
faster degradation compared to conventional concrete. Namarak et al. (2018) [68] studied
the use of a calcium carbide residue and fly ash binder with RCAs, finding that while
RCAs reduced bond strength compared to natural aggregates, they still performed better
than ordinary Portland cement concrete with RCAs. The type of steel reinforcement also
influenced bond strength, with deformed bars outperforming smooth bars.

Prince and Singh (2015) [69] evaluated high-strength RCA concretes, discovering that
the normalized bond strength of RCA concretes exceeded that of normal-strength RCAs
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and even natural aggregate concretes. Their proposed bond stress–slip relationship model
accurately predicted bond behavior for various RCA replacement levels.

Figure 5 shows the relationship between RCA replacement levels and normalized
bond strength for different concrete mixes and studies. Specifically, it compares the results
for 8 mm and 10 mm deformed steel bars embedded in Mix A and Mix B, with increasing
RCA content at 0%, 25%, 50%, 75%, and 100%. The trend lines demonstrate a general
increase in normalized bond strength as RCA replacement levels rise. Notably, Mix B
(high-strength RCAs) exhibited higher normalized bond strength than Mix A, suggesting
that increasing RCA content in high-strength concrete enhances the bond performance
more effectively.
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In addition, the graph includes comparative data from studies by Xiao and Falkner
(2007) [70] and Kim and Yun (2013) [71]. These comparisons reveal that the bond strength
behavior observed in this experiment aligns closely with established trends in the literature.
The R2 values, which represent the strength of correlation between RCA replacement levels
and normalized bond strength, further validate this finding. A higher R2 value indicates a
stronger correlation, with the highest R2 = 0.968 observed for Xiao and Falkner (2007) [70].
Recently, Stochino et al. (2024) [72] investigated the mechanical behavior of composite
slabs incorporating RCAs and found a notable enhancement in the bond strength between
concrete and metal sheets. Their experimental study demonstrated that the presence of
RCAs improves longitudinal shear resistance, suggesting a stronger mechanical interlock at
the steel–concrete interface. This improvement is primarily attributed to the rougher surface
texture of RCAs, which enhances friction and mechanical interlocking, ultimately leading
to better load transfer mechanisms within the composite system. Notably, composite slabs
with RCAs exhibited higher debonding resistance and sustained load-bearing capacity post-
failure, reinforcing their potential for structural applications where bond performance is
critical [72]. This result underscores the significant impact of RCA content on bond strength,
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reinforcing the notion that increasing RCA content improves the bond performance in
reinforced concrete structures.

3.5. Creep

The creep behavior of recycled aggregate concrete (RAC) is one of the least studied as-
pects of its performance, leaving a critical gap in understanding its long-term deformation
characteristics. While the mechanical and durability properties of RAC have been exten-
sively investigated, limited research has addressed the influence of recycled aggregates
on creep. This gap hinders the development of predictive models and design standards,
particularly for applications requiring stringent long-term performance criteria.

The formulation of creep models has been significantly advanced through large ex-
perimental databases, particularly the NU-ITI database, which contains approximately
1400 creep curves for natural aggregate concrete. These curves are evenly divided between
basic and drying creep, offering a comprehensive foundation for model development.
When reporting experimental results on concrete creep, several metrics are used, including
creep strain, εcc, experimental creep coefficient φexp = εcc

εci
(where εci represents the initial

strain at loading), specific creep εcc
σc

, (i.e., creep strain per unit stress), and creep compliance
Jc. Of these, creep compliance is the most general and optimal method of reporting, partic-
ularly for linear creep behavior (i.e., exposure to stresses below approximately 40–50% of
compressive strength). The relation is defined as:

εcσ(t, t0) = Jc(t, t0)·σc(t0) (1)

where εcσ is the stress-dependent strain, and t0 is the age of concrete at loading. This
formulation enables the derivation of various creep coefficients, such as the one proposed
in the fib Model Code 2010:

εcσ(t, t0) =

(
1

Ec(t0)
+

φ(t, t0)

Eci

)
·σc(t0) (2)

where Ec(t0) and Eci represent the modulus of elasticity at the age of loading and at
28 days, respectively. However, it is crucial to note that the creep coefficient derived
from the fib Model Code 2010 does not directly match the experimental creep coefficient
φexp = εcc

εci
. This distinction is important when comparing experimental results with

code-based predictions [73].
Despite the extensive data available, including nearly 800 creep curves for concretes

with various admixtures or additives, the NU-ITI database lacks specific information on
the creep behavior of recycled aggregate concrete (RAC). The adhered mortar on recycled
aggregate (RA) particles influences creep in several ways, from an internal curing effect
to less restraint against creep, and even creep of the adhered mortar itself. In subsequent
sections, experimental results on RAC creep are reviewed, and both new and modified
models for predicting RAC creep are discussed [73].

A comprehensive literature review by Lye et al. (2014) [74] identified 100 publications
on RAC creep from 27 countries, spanning 30 years. The experimental data covered a wide
range of recycled materials, including RCAs, recycled masonry aggregates (RMAs), mixed
recycled aggregates (MRAs), and fine and coarse RA.

The results consistently showed that creep increases with higher coarse RCA content,
mirroring trends. For example, the average increase in creep for RAC with 20% and 100%
coarse RCA content was 12% and 32%, respectively. These findings align with other studies,
which report increases in the range of 10–50%. Additionally, compressive strength plays a
key role in the relative increase in creep. For RAC with 100% coarse RCA, the increase in
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creep was found to be 35%, 30%, and 25% for fcm in the ranges of 15–40 MPa, 41–50 MPa,
and 51–70 MPa, respectively.

Gomez-Soberon (2002) [75] found that, as shown in Figure 6, under permanent stress
at 40% of the compressive strength, the creep of RAC with replacement ratios of recycled
aggregate (where factor r represents the replacement ratio) between 20% and 100% was
higher by 35% to 51%, compared to that of NAC. While basic creep is not significantly
affected by recycled aggregate replacement, drying creep is clearly impacted, particularly
when the replacement ratio exceeds 30%. Fan et al. (2014) [76] attributed this increase
in creep to the characteristics of the old mortar adhered to recycled aggregates, which
contributes to the overall creep behavior of RAC.
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Overall, the mechanical performance of RCA concrete, while influenced by replace-
ment ratios and material quality, can be effectively optimized through mix design and
treatment strategies. However, ensuring the long-term serviceability of such concrete re-
quires equal attention to its durability characteristics. In this context, the following section
explores key durability concerns, starting with carbonation, which plays a significant role
in the long-term performance and sustainability of RCA-based concrete.

4. Durability Properties of Concrete with RCAs
4.1. Carbonation

The carbonation of concrete made with RCAs is an important concern for long-term
durability, as the material’s porosity tends to increase carbonation depth. Studies show that
untreated RCAs, when incorporated into concrete, can lead to an increase in carbonation
depth due to the higher water absorption and porosity of RCAs compared to natural ag-
gregates [77,78]. For instance, untreated RCAs increase the porosity of the concrete matrix,
facilitating the ingress of carbon dioxide (CO2) and leading to a faster rate of carbonation,
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which can impact the pH of concrete and promote the risk of steel reinforcement corrosion.
Carbonation depth can increase by up to 20–30% in untreated RCA concrete compared to
natural aggregate concrete.

Conversely, carbonation treatment of RCAs has been shown to improve durability
properties. The accelerated carbonation of RCAs effectively reduces their porosity, leading
to increased carbonation resistance in the resulting concrete [79]. For example, carbonated
RCAs (cRCAs) have demonstrated reduced carbonation depth compared to untreated
RCAs due to the clogging of micro-pores by calcium carbonate deposits formed during
carbonation [80].

The variability of RCA characteristics presents challenges for maintaining consistent
carbonation resistance. In repeated recycling cycles, RCAs demonstrate progressively
poorer resistance to carbonation, as shown in studies on second- and third-generation
RCAs [78,81]. The loss of quality in RCAs with each recycling cycle leads to increased
porosity, and under freeze–thaw conditions, carbonation depth can increase further, making
the concrete more vulnerable to environmental degradation.

In addition to mechanical improvements, accelerated carbonation can offer environ-
mental benefits by sequestering CO2 within the concrete matrix. The FastCarb project [82]
has demonstrated the feasibility of storing significant amounts of CO2 within RCAs through
accelerated carbonation processes. This approach not only improves the quality of RCAs,
but also contributes to CO2 mitigation, a crucial factor in reducing the carbon footprint
of concrete production. Results from large-scale industrial trials show that up to 50 kg of
CO2 per ton of RCAs can be captured through carbonation, significantly enhancing the
sustainability of RCA-based concrete.

Finally, the impact of environmental conditions on carbonation treatment must be
considered. Gholizadeh-Vayghan et al. (2020) [83] found that optimal carbonation con-
ditions, such as controlled moisture levels and relative humidity, are crucial to achieving
significant reductions in porosity and enhancing the mechanical and durability properties
of RCAs. However, suboptimal carbonation conditions can lead to limited improvements
in durability, indicating the importance of precise control over the carbonation process to
maximize the benefits for RCA concrete.

4.2. Chloride Attack

Chloride ion attack is a critical durability concern for concrete, particularly in marine
environments and regions exposed to de-icing salts. Wang et al. (2024) [84] found a rela-
tionship between the chloride diffusion coefficient (a measure of how easily chloride ions
penetrate concrete) and the recycled aggregate (RA) replacement ratio. The trend shows a
generally linear increase in the chloride diffusion coefficient as the RA content increases,
indicating that a higher proportion of recycled aggregates tends to facilitate chloride ion
penetration into the concrete. This is primarily because recycled aggregates contain adhered
mortar and ITZs that have higher porosity compared to natural aggregates, making the
concrete more permeable. The slope of the increase is steeper in cases where the RA replace-
ment ratio is closer to 100%, showing a more significant impact on chloride penetration at
higher RA contents. This linear relationship is essential for understanding the durability
concerns in recycled aggregate concrete (RAC), as higher chloride ion penetration could
accelerate the corrosion of steel reinforcement in such structures, especially in aggressive
environments like coastal areas or where de-icing salts are used. This research underscores
the importance of treatments and modifications to recycled aggregates to mitigate this
increased permeability [84].

The use of RCAs in concrete has been increasingly promoted for sustainability; how-
ever, their vulnerability to chloride penetration due to higher porosity compared to natural
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aggregates poses challenges for long-term durability. Research shows that chloride ions
penetrate more easily into RCA concrete, leading to reinforcement corrosion and a decrease
in structural integrity [78,85].

To mitigate chloride ion penetration, carbonation treatments have emerged as an
effective solution. Jiang et al. (2024) [86] showed that carbonated recycled coarse aggregate
concrete (CRCAC) exhibited significantly reduced chloride penetration depths compared
to untreated RCA concrete. The carbonated aggregates help to clog micro-pores, slowing
chloride ingress and providing better protection for reinforcement in chloride-rich environ-
ments. In marine infrastructure, this treatment has been shown to extend the structure’s
durability life by up to 28%.

Adding supplementary cementitious materials such as fly ash, silica powder, and
ground granulated blast furnace slag (GGBS) also enhances the chloride resistance of
RCA-based concrete. Studies like the one by Pandey and Rajhans (2023) [85] demonstrate
that incorporating these materials in quaternary blends significantly reduces chloride
permeability. Rapid Chloride Permeability Test (RCPT) results showed that quaternary
blends containing RCAs exhibited lower chloride ion ingress, improving the durability of
the concrete in aggressive environments.

Other innovative methods for chloride resistance include RCA surface treatments.
Sasanipour and Aslani (2020) [32] investigated silica fume slurry coatings on RCAs and
observed enhanced resistance to chloride ion penetration. The treated RCA mixes showed
reduced charge passed during RCPT, indicating less chloride migration through the con-
crete matrix. Such treatments also improved the concrete’s overall strength and electrical
resistivity, further contributing to better durability.

Incorporating fibers into RCA-based concrete offers another avenue for improving
chloride resistance. Research by Lu et al. (2020) [87] demonstrated that adding basalt
fibers and polypropylene fibers enhances the dynamic properties and chloride resistance of
RCA concrete. The fibers contribute to a more compact microstructure, reducing chloride
penetration and improving durability under cyclic loading and environmental exposure.

Chloride transport models play a key role in predicting the long-term durability of
RCA concrete in chloride environments. Chen et al. (2020) [78] developed models based on
chloride ion diffusion through RCA concrete, highlighting the importance of assessing the
long-term chloride ingress behavior. These models aid in designing mixes with optimal re-
sistance to chloride attack, especially in infrastructure exposed to aggressive environments.

The use of calcined layered double hydroxides (LDOs) to capture chloride ions is
another promising technique. Gao et al. (2024) [88] found that LDOs could significantly
reduce chloride ion diffusion in RCA concrete. The LDOs function by adsorbing chlo-
ride ions, preventing them from migrating through the concrete matrix. This innovative
approach enhances both mechanical performance and durability, offering a sustainable
solution to chloride-induced degradation.

While these advancements improve chloride resistance in RCA concrete, the qual-
ity of RCAs remains a challenge. The porosity of RCAs, which arises from the attached
mortar, is a primary pathway for chloride ions to penetrate. Strategies such as carbona-
tion treatment, surface coatings, and the incorporation of supplementary materials offer
substantial improvements, but further research is required to optimize these methods for
widespread use.

4.3. Oxygen Permeability

Oxygen permeability is a crucial parameter in assessing the durability of RCAs, as it
significantly impacts the long-term performance of structures by allowing the ingress of
harmful agents. Various studies have evaluated the effects of RCAs on oxygen permeability,
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highlighting that due to the presence of old adhered mortar, RCA-based concrete tends
to have higher porosity and permeability compared to natural aggregate (NA) concrete.
This increased porosity can reduce the resistance to oxygen ingress, leading to accelerated
carbonation and reinforcement corrosion [89,90]. However, methods such as partial RCA
replacement and the addition of supplementary cementitious materials can mitigate this
issue by refining the microstructure and reducing pore connectivity [91].

The porosity of RCAs is a significant contributing factor to their higher oxygen per-
meability. As RCAs are composed of both old mortar and aggregate, the attached mortar
increases the interconnected pore structure, facilitating the movement of oxygen and other
gases [92]. Kapoor et al. (2018) [93] reported that concrete containing RCAs had higher
oxygen permeability coefficients than concrete with natural aggregates, correlating this
with the higher porosity of RCAs. The residual mortar in RCAs can create weak zones in
the concrete, which act as pathways for oxygen diffusion.

A comparison of the oxygen permeability between RCAs and natural aggregate
concretes conducted by Mahmood et al. (2022) [94] revealed that the permeability of RCA
concrete is typically higher, especially at higher levels of RCA replacement. At 50% RCA
replacement, oxygen permeability increases by nearly 30%, indicating a strong dependence
on the quantity of RCAs used. Similar findings were observed by Ismail et al. (2017) [91],
who noted that higher RCA content correlates with greater oxygen permeability due to the
increased volume of permeable voids within the RCA concrete matrix.

Thomas et al. (2013) illustrated the relationship between compressive strength and oxy-
gen permeability of concrete with varying percentages of recycled aggregate replacement
(0%, 20%, 50%, and 100%), as shown in Figure 7 [95]. As the compressive strength increases,
oxygen permeability decreases exponentially across all replacement levels, indicating that
denser concrete resists gas penetration more effectively. The exponential models fit the
data well, as indicated by high R2 values (ranging from 0.89 to 0.99), suggesting strong
predictive accuracy. The slope of the curves shows that higher recycled aggregate content
slightly reduces the rate of permeability decrease.

Various techniques have been proposed to mitigate the high permeability of RCA
concrete. Studies by Safiuddin et al. (2013) [96] and Zhan et al. (2019) [97] suggest that
the use of supplementary cementitious materials (SCMs) such as fly ash and silica fume
can significantly reduce the oxygen permeability of RCA concrete. SCMs work by refining
the pore structure and reducing the permeability of the cement matrix. For instance, Paul
et al. (2013) [90] found that the use of 30% fly ash in RCA concrete reduced the oxygen
permeability by up to 40%.

In addition to SCMs, pretreatment of RCAs has also shown promise in improving their
performance with respect to oxygen permeability. Cantero et al. (2021) [92] investigated
the use of recycled cement fines to coat RCA particles, thereby reducing their porosity and
enhancing the overall durability of the concrete. Their results demonstrated a marked
reduction in oxygen permeability, suggesting that surface treatment of RCAs could be an
effective strategy for reducing permeability in concrete applications.

The influence of oxygen permeability is further emphasized in RCA concrete under
different curing conditions. Studies show that untreated RCA concrete exhibits higher
oxygen permeability when exposed to open-air curing, compared to water curing. This
permeability difference is due to the higher pore volume and the weaker ITZ in RCA
concrete. However, treating RCAs with carbonation or surface pretreatment methods like
silica fume slurry can significantly reduce oxygen permeability, improving durability [98].

Research by Xuan et al. (2017) [99] found that carbonated RCAs substantially reduce
oxygen and gas permeability, enhancing the overall impermeability of the concrete matrix.
These findings suggest that carbonation curing of RCAs enhances the durability of concrete
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by filling micro-cracks and reducing pore volume, thereby impeding the transport of
oxygen and other aggressive agents into the concrete.
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Finally, the type and size of RCA particles used in concrete also influence oxygen
permeability. Fine RCAs tend to contribute more significantly to permeability than coarse
RCAs due to the higher specific surface area and greater volume of attached mortar [100].
Moreover, selective crushing methods that reduce the amount of adhered mortar on RCAs
have been shown to lower permeability, as demonstrated in a study by Kubissa et al.
(2016) [101].

5. CO2 Capturing in RCAs
The integration of RCAs in construction is gaining attention for its sustainability

and potential for CO2 capture through carbonation. This section explores recent scientific
insights on CO2 capture mechanisms in RCAs, their efficiency, and their impact on the
environment and material properties.

RCAs capture CO2 through a process called carbonation, where CO2 reacts with
calcium compounds in the concrete to form stable calcium carbonates. This reaction
primarily occurs in porous areas of RCAs, which increases their potential for carbon
sequestration [102]. Additionally, accelerated carbonation processes enhance the CO2

uptake capacity by increasing reaction rates [103].
RCAs can store significant amounts of CO2, particularly when subjected to accelerated

carbonation methods. Braymand et al. (2024) [104] employed a calcimetric method to
measure CO2 capture rates, highlighting that RCAs sequestered 15–20% more CO2 com-
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pared to natural aggregates under similar conditions. Additionally, Jiang et al. (2025) [105]
showed that optimized aggregate grading and particle size distribution further enhanced
CO2 capture efficiency.

A life cycle assessment conducted by Ang et al. (2024) [106] demonstrated that using
RCAs with CO2 capture reduced the carbon footprint of concrete production by 25–30%
over the entire cradle-to-gate cycle. Similarly, Goh et al. (2025) [107] highlighted the techno-
economic feasibility of mineralizing CO2 within RCAs, achieving both carbon capture
and material performance enhancement. Over a 100-year life cycle, RCAs can absorb
20–25% of the CO2 emitted during their production phase. This long-term sequestration
potential is critical in reducing the environmental impact of concrete, as the cumulative CO2

uptake throughout the life cycle can significantly offset the emissions associated with its
production. Pade and Guimaraes (2007) further illustrated that the carbonation process in
concrete can contribute to a reduction in net CO2 emissions over time, with environmental
benefits intensifying in regions where CO2 is directly captured from industrial sources and
mineralized into construction materials [108].

Carbonation not only captures CO2, but also strengthens the RCAs by densifying
their microstructure. Zhu et al. (2024) [109] analyzed the structural properties and found
a 17.6% reduction in porosity, which improved compressive strength and reduced water
absorption. However, carbonation reduces the alkalinity of concrete (see [103]), posing
a risk for steel reinforcement corrosion by lowering the pH and diminishing the passive
protection provided to rebars.

Several innovative carbonation techniques have been proposed to enhance CO2 cap-
ture efficiency. Tham et al. (2024) [110] developed an integrated CO2 capture and mineral-
ization process with lower energy consumption, which reduced operational costs while
maintaining high capture efficiency. Additionally, Chong et al. (2024) [111] introduced
an aqueous CO2 sequestration method suitable for ready-mix concrete containing RCAs,
demonstrating its industrial scalability. Despite promising results, some challenges remain.
Jiang et al. (2025) [105] pointed out that the efficiency of CO2 capture in RCAs decreases
over time as the surface becomes saturated with carbonates.

Future research should focus on optimizing carbonation conditions, such as temper-
ature, pressure, and humidity, to maximize CO2 uptake. Additionally, combining RCA
carbonation with other sustainable construction practices, such as using cement substitutes,
can further reduce the carbon footprint [112]. Life cycle assessments should continue to
guide the development of eco-friendly construction practices [106].

6. Life Cycle Assessment (LCA) in RCAs
The application of life cycle assessment (LCA) in RCAs has become critical in evaluat-

ing their environmental, economic, and sustainability aspects. With increasing efforts to
adopt sustainable construction materials, understanding the full life cycle impact of RCAs
is essential for optimizing their use while minimizing their carbon footprint. Recent studies
have provided valuable insights into the benefits, challenges, and comparative assessments
of RCAs versus natural aggregates, emphasizing the importance of a holistic LCA approach
in construction.

One of the fundamental advantages of RCAs, as highlighted by Ang et al. (2024) [106],
is their reduction in carbon footprint compared to natural aggregates. Their study demon-
strated that incorporating RCAs in concrete mixtures can reduce CO2 emissions by 30–40%,
depending on factors such as processing techniques and transportation distances. Similarly,
Huang and Wang (2024) [113] assessed geopolymer concrete incorporating RCAs and
found a 25% lower global warming potential (GWP) compared to conventional concrete,
further validating their sustainability potential.



Buildings 2025, 15, 1361 19 of 25

Another key component in the RCA life cycle is RCA energy and water consump-
tion. The crushing and processing of RCAs require less energy compared to virgin aggre-
gates, making RCAs a more energy-efficient option. A study conducted by Huang et al.
(2025) [114] on LC3 concrete (limestone calcined clay cement) with RCAs found that its
embodied energy was 18% lower than traditional concrete, primarily due to lower heat
requirements in processing.

The economic viability of RCAs is also an important aspect of LCA studies. While
RCAs offer significant environmental advantages, their cost-effectiveness depends on
transportation distances, processing costs, and mix design optimizations. Research by
Manan et al. (2025) [115] found that transportation distance was the most significant cost
factor in RCA utilization. However, when sourced locally, RCAs could be 15–20% more
cost-effective than virgin aggregates, making them a viable solution for sustainable con-
struction projects. On the other hand, Ma et al. (2025) [116] conducted an LCA comparing
RCAs blended with Supplementary Cementitious Materials (SCMs) and found that CO2

emissions were reduced by 40–50%, further strengthening the case for RCAs in sustainable
concrete production.

Future RCA life cycle assessments and other research should focus on digital modeling
and optimization tools that allow for more accurate impact predictions. Pradhan et al.
(2024) [117] proposed the use of digital twin models and machine learning algorithms
to simulate long-term environmental benefits of RCA-based structures, providing better
data-driven decisions for sustainability. With continued advancements in carbon capture,
material optimization, and LCA standardization, RCAs are set to play an even more critical
role in reducing the construction sector’s environmental impact.

In conclusion, LCA studies confirm that RCAs present a viable, sustainable alternative
to natural aggregates, offering substantial reductions in carbon emissions, energy use, and
environmental degradation. Although economic and regional barriers still exist, ongoing
research and policy support can further improve their adoption. As industries continue
to seek greener alternatives, RCAs, when optimized through LCA frameworks, offer a
promising path toward truly sustainable construction.

7. Conclusions
The use of RCAs derived from CDW represents a significant step toward sustainable

concrete production. This review highlights the positive environmental impacts of using
RCAs, including the reduction of landfill waste, conservation of natural resources, and
lowering of energy consumption. However, the mechanical and durability properties of
concrete made with RCAs differ from those made with natural aggregates, primarily due
to the variability and quality of RCAs, particularly the presence of adhered mortar, contam-
inants, and higher porosity. These factors lead to lower compressive and tensile strengths,
increased water absorption, and reduced durability against aggressive environments such
as chloride ion exposure and carbonation. Nevertheless, numerous studies have shown
that with the implementation of appropriate pretreatment methods, including mechanical,
chemical, and thermal techniques, the performance of RCAs can be significantly improved.
These treatments help reduce the residual mortar content and enhance the bonding between
the RCAs and cement paste, thereby improving the strength, modulus of elasticity, and
overall durability of RCA concrete.

Additionally, advancements in mix design, such as the inclusion of supplementary
cementitious materials (SCMs) like fly ash and silica fume, have proven effective in mitigat-
ing the limitations of RCAs. These materials not only enhance the mechanical properties of
RCA concrete, but also improve its resistance to environmental degradation by refining the
concrete’s microstructure. Extended curing times have further been identified as crucial in
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allowing RCA concrete to develop its full strength potential. Despite the initial reduction
in strength and durability, with proper treatments and optimization, RCAs can be a viable
alternative to natural aggregates in structural applications, aligning with global goals of
sustainability in construction.

Furthermore, the integration of RCAs in construction offers substantial benefits
through carbon dioxide (CO2) capture, providing significant environmental advantages
by sequestering carbon within the concrete matrix. Recent research demonstrates that
accelerated carbonation processes can significantly increase the CO2 capture capacity of
RCAs, thus reducing the carbon footprint of concrete production. Innovative carbonation
techniques, such as optimized aggregate grading and integrated carbonation processes,
enhance RCA quality while simultaneously contributing to environmental sustainability
goals. However, careful control and optimization of carbonation processes are crucial
for balancing improved material properties against potential durability risks, particularly
reinforcement corrosion.

Life cycle assessment (LCA) studies underscore the substantial environmental and
economic advantages of utilizing RCAs. Incorporating RCAs into concrete significantly
reduces CO2 emissions, energy use, and material costs compared to natural aggregates,
particularly when transportation distances are minimized and processing technologies
are optimized. Advanced LCA methodologies and digital modeling can further refine
these benefits by accurately predicting the long-term environmental impacts of RCA use,
thus facilitating informed decision-making in sustainable construction projects. Continued
development in digital modeling, predictive analytics, and economic evaluations through
comprehensive LCA frameworks will further reinforce the role of RCAs as a mainstream,
sustainable construction material.

While the current findings demonstrate significant promise, the widespread adoption
of RCAs in construction requires overcoming several challenges. Future research should
focus on developing standardized treatment protocols and optimizing recycling processes
to ensure consistent quality in RCAs. Additionally, more long-term performance studies
under various environmental conditions are needed to improve confidence in the reliability
of RCAs. Integrating RCAs with advanced technologies, such as digital modeling for
predictive performance analysis and automated quality control systems, could further
enhance their applicability.

Future research should focus on exploring the behavior of RCA concrete under cyclic
loading conditions, as this is crucial for assessing the material’s performance in dynamic
and seismic applications. Researchers should investigate the fatigue, deformation, and long-
term durability of RCA concrete under repeated stress to better understand its suitability for
structural applications subject to cyclic loading. These efforts will provide valuable insights
into optimizing RCA concrete for a broader range of real-world engineering challenges.

By addressing these research gaps, RCAs can transition from being a sustainable
alternative to becoming a mainstream solution for the construction industry. This transfor-
mation will not only support the reduction of the sector’s environmental footprint, but also
advance global efforts toward a circular economy in construction.
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