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Abstract: This review examines the impact of recycled aggregates (RAs) on the fresh and mechanical
properties of high-strength concrete (HSC). The results revealed that incorporating RAs can reduce
the compressive strength of HSC by up to 25%, with strength values ranging from 40 to 70 MPa
depending on the RA content. The addition of supplementary materials like silica fume, fly ash,
and polycarboxylate ether significantly mitigated these negative effects, enhancing the compressive
strength by approximately 15–20% compared with the control mixes without additives. Furthermore,
the tensile strength was observed to decrease by up to 18% with increasing RA content, but fiber
reinforcement improved this by 10%, demonstrating the potential of additives to offset mechanical
weaknesses. The modulus of elasticity also declined by up to 30% with higher RA dosages, high-
lighting the critical impact of the adhered mortar quality on the overall stiffness of the concrete.
According to the literature, it was noticed that, when the dosage of RCAs is increased, there is a drop
in the strength activity index (SAI). When the substitute dosage exceeded 50%, the SAI decreased.
These findings underscore the importance of using optimized additive combinations to improve
the mechanical performance of RA concrete, making it a viable option for sustainable construction.
Overall, the findings suggest that, although RAs may negatively affect certain physical traits of
HSC, the use of appropriate additives can optimize its performance, making it a viable option for
sustainable construction practices.

Keywords: high-strength concrete; recycled aggregates; physical traits; additives; performance;
strength activity index

1. Introduction

One of the most widely used materials in this field is concrete, second to water. Ac-
cording to available statistics, the consumption rate of concrete by every person on Earth
is 8.25 kg/day [1]. However, the production of concrete has a significant environmen-
tal impact because it requires large amounts of natural resources such as sand, gravel,
and cement, and generates substantial amounts of carbon dioxide emissions during the
production process [2]. Several researchers have recommended using agricultural and
industrial waste as additives or substitutes for ingredients to provide socioeconomic and
environmental benefits [3–5]. One of the major components in concrete is aggregates, which
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provide dimensional stability and occupy 70% to 85% of the total volume and almost 90% of
the concrete weight [6,7]. de Bortoli, 2023 [8] reported that 34 billion metric tons of natural
aggregates (NAs) [natural fine aggregate and natural coarse aggregate] are extracted in
2016, which is enhanced to 62.9 billion metric tons by the end of 2024 [9]. Negative impacts
associated with NA extraction include erosion of ecosystems, loss of habitats, release of
greenhouse gases, consumption of energy, reduction in air quality, etc. Various stages of
the production of aggregates, including extraction, transportation, crushing, and sieving,
lead to increased costs of construction materials (de Bortoli, 2023) [8].

The shape, size, surface, and type of NAs influence the properties of fresh concrete.
The interaction between the binder paste and aggregate defines the physical traits [7].
Waste that is generated as a result of renovation work, new construction activities, and
the demolition of current construction is called construction and demolition waste (CDW).
CDW consists of a lot of materials like concrete, bricks, tiles, glass, plastics, rocks, and soil.
On a global scale, the largest production of CDW was produced by China at approximately
2360 million tons and the second largest production of CDW was by the United States
at approximately 600 million tons, followed by India with the third largest production at
approximately 530 million tons. In the European Union, most of the CDW is produced by
France and Germany at approximately 240 and 225 million tons [10].

There is an enhancement in the growth rate of NAs in the global market of approxi-
mately 4%, which pushes researchers to find alternatives for NAs [11]; the consumption
rate is exactly 48.3 billion tons [10]. One such substitution material reported by most re-
searchers is recycled materials from construction industries. At present, the use of recycled
concrete aggregate compared to other recycled materials is widely implemented for recy-
cled aggregates (RAs) in construction, and many countries have even started developing
specifications [12]. The recycling of CDW has become a prominent issue and the main
objective of waste management policies. This has led to a greater emphasis on reusing,
minimizing, and recycling CDW trash rather than disposing of it in landfills [13]. Recently,
there has been an increasing focus on using RAs as environmentally friendly alternatives
to NAs in concrete manufacturing. This is due to the construction industry’s significant
impact, accounting for 50% of natural resource consumption, generating 50% of all waste,
and consuming 40% of all energy [14].

The use of recycled aggregates in high-strength concrete (HSC) has gained significant
attention in recent years due to its potential to reduce environmental impacts and conserve
natural resources. The research background and significance of using RAs in HSC can
be attributed to the increasing waste generation and the construction industry’s need to
develop sustainable materials. RAs, which are typically derived from CDW, can replace
NAs in HSC production, thereby reducing the number of virgin materials used. Subsequent
studies have investigated the mechanical properties, durability, and environmental benefits
of RA-based HSC, and the results have been promising.

RAs are materials obtained from the demolition and processing of concrete structures
and can be used as a sustainable source of materials to help reduce the environmental
impact of concrete production. The production of high-performance concrete (HPC) and
HSC with the help of RAs leads to environmentally friendly solutions [15]. The production
of HSC with 25% RAs leads to better physical traits as reported by Etxeberria et al., 2007 [16].
The range of compressive strength (CS) obtained in their study was concluded to be
40–70 MPa. Based on HSC applications in high-rise buildings, bridges, offshore structures,
etc., in various locations around the world, the minimum grade of concrete designed
is 40 MPa [17]. From these results, it can be concluded that HSC is a type of concrete
characterized by a high CS, typically exceeding 40 MPa. Most studies suggested using
mineral admixtures like lime powder, ground granular blast furnace slag, fly ash, etc., to
achieve the required properties.

To attain sustainability in HSC production, apart from the addition of mineral admix-
tures, the main ingredients like NAs are replaced by RAs without compromising the fresh
and hardening properties of HSC. RAs extracted from different types and the exposure
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conditions of buildings and structures result in a huge variation in their properties due to
diverse sources. Figure 1 shows schematic diagrams showing the basic matrix difference
between two concretes with NAs and RAs, respectively [18]. Several methods to enhance
the surface properties of recycled concrete aggregates (RCAs) have been reported, with
the effect of the enhanced RCAs on the development of strength and durability properties
being a CS of 50 MPa [19]. The properties of RCAs are contingent on the quality and
quantity of the adhered mortar. Mortar in RCAs is a porous material; the porosity is contin-
gent on the water-to-binder ratio of recycled concrete aggregates [20]. From the literature,
several methods are recommended to reduce the quantity of mortar in the RCAs by several
methods, like the polymer treatment process, mechanical grinding process, thermal process,
and chemical process, so that the properties of the RCAs were improved [20]. The fresh
and hardened properties of RA concrete were affected by the porous nature of RCAs, and
this property can be differentiated from NCAs.
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The most widely used method for the prediction of concrete properties and the one
recommended by many researchers is the regression method. Regression is typically
appropriate for independent variables that exhibit linear connections. Cabral et al., 2010 [21]
suggested that the model considered different RA materials for both fine and coarse
aggregates and combined the effects of both aggregates. Lovato et al., 2012 [22] presented a
method to establish the correlation among the CS and modulus of elasticity of RA concrete.
The study is further extended to the correlation between the CS and water absorption
and between the CS and carbonation of RA concrete. The development of a multi-linear
regression analysis of the mechanical and durability properties of RAs was proposed by
Younis and Pilakoutas, 2013 [23] based on experimental results.

1.1. Application Areas of the Studies

The utilization of RAs in HSC has undergone thorough examination in recent years
due to their capacity to diminish the ecological footprint of concrete manufacturing while
simultaneously enhancing its structural characteristics. Here are some applications of RAs
in HSC and their corresponding studies:

• Bridges: Many bridges constructed are exposed to severe environmental conditions;
thus, the concrete used should possess high strength and long-term performance.
From 1967 to 1990, HSC was used in bridges mostly in France, Japan, Norway, and the
USA, with maximum spans varying from 24 m to 425 m. The CS range of concrete in
this bridge construction ranges from 30 MPa to 79 MPa [17].
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• High-rise buildings: From 1965 onwards, HSC buildings were constructed mostly in
Chicago, New York, and Seattle, with the number of stories varying from 15 to 79. The
CS range of concrete in these buildings ranges from 45 MPa to 115 MPa [17].

• Offshore constructions: Comprehensive investigations on offshore structures demon-
strate that these structures are quite good, even after service periods of up to 60 years.
From 1973 to 1999, the usage of HSC in offshore concrete structures in different
countries varied from 16 m to 350 m with the concrete strength varying from 40 to
80 MPa [24]. These structures are subjected to very severe exposure environmental
conditions, and the concrete requires long-term performance and strength.

• Cold-area constructions: High-strength RA concrete is suitable for cold-area construc-
tions, as recommended by Haitao and Shizhu, 2015 [25].

• The use of RAs in HSC has the potential to reduce the environmental impact of concrete
production while improving its mechanical properties. However, the use of RAs can
have an impact on the fresh and physical traits of concrete, and the use of a mineral
admixture can help mitigate any negative effects. Overall, the use of RAs in HSC is a
promising approach toward sustainable construction practices.

1.2. Importance of the Research

The use of RAs in HSC has been a research topic for several years. However, there
are several aspects of this research that make it unique. To date, several review papers on
RA concrete are available, for both conventional and other types of concrete. The main
focus is on recent reviews on the characteristics of RAs and fresh and hardened concrete
properties of RA concrete; the review is even extended to the quality of the improvement
of the properties of Ras, as summarized by Wang et al., 2021 [10], in addition to the state-
of-the-art application of RAs on physical traits and the development of models associated
with among them. The study also extended to the relationship between dosage of RAs and
mechanical properties. Moreover, this study specifically examined the impact of the RA
ratio on the physical characteristics, such as compressive and flexural strength. The models
developed for the RA concrete are summarized in this study. This review emphasizes the
significance of thoroughly evaluating the utilization of RAs in HSC and the possibility of
incorporating additional materials to enhance the performance of concrete.

1.3. Research Objectives

The research objectives for examining the impact of RAs on the mechanical character-
istics and freshness of HSC are as follows:

1. To examine the effect of the proportion of RAs on the fresh possessions of HSC,
including workability and setting time;

2. To study the effect of the proportion of RAs on the physical traits of HSC, including
compressive and flexural strength;

3. To develop a relationship among the physical traits of RA concrete, the dosage of RAs,
and the mechanical properties.

2. Material Characterization
2.1. Recycled Coarse Aggregates

Different physical behaviors of RCAs need to be investigated before they can be used
again in concrete production. The density, quality of mortar, water absorption, grading of
RCAs, particle size, specific gravity, abrasion, and crushing value of RCAs are considered
the physical behaviors to be summarized. The summarized results will provide overview
information about the RCAs. Compared to natural coarse aggregates, there is a reduction
in the properties of RFAs, such as higher water absorption, Los Angeles abrasion, and
lower specific gravity, as described by Zega et al., 2010 [26]. The impact of the crushed
process on the quality of RCAs was confirmed by Hansen, 1986 [27]. The particle size of the
distribution of RCAs is independent of the water-to-binder proportion of the RCA-blended
concrete, as reported by Hansen, 1986 [27]. A decrease in the hardened concrete properties
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of the concrete with RCAs is due to the poor link between RCAs and the cement matrix
interfacial transition zone (ITZ). The improved ITZ was achieved by improving the surface
and shape of the coarse aggregate [28].

Microcracks in the RCAs are generated during recycling, which results in water
accessing the pores. The RCA porosity is calculated by estimating the total quantity of
void space reachable from the RCA surface. There is an indirect relationship between
the void proportion and the packing density of RCAs, as reported by Salgado and Silva,
2021 [29]. The water absorption of RCAs is more than three times that of NCAs, as reported
by Zega et al., 2010 [26]. The relationship between porosity and specific gravity, porosity,
and absorbing water was noted by Hansen in 1986 [27]. Most reviewers state that the
quality of the adhered mortar influences the properties of RCAs, based on the crusher and
method of RCA production, and the shape, size, and texture of RCAs. The properties of
RCAs depend on the parent concrete, as reported in most studies. The physical properties
of RCAs are summarized in Table 1, and some of the physical properties of NCAs are
summarized in Table 2. The collected data on RAs strengthen the analysis by visually
representing the differences and allow for a direct comparative analysis of the physical
properties of recycled aggregates versus natural aggregates, as shown in Figure 2.

Table 1. Characteristics of RCAs.

References Specific Gravity Water Absorption
(%)

Density
(g/cm3)

Crushing Value
(%)

Abrasion Value
(%)

Puthussery et al., 2017 [30] 2.58 5 - 27.3 23.8
Mukharjee et al., 2015 [31] 2.46 6 14.18 31.52 36.56
Wang et al., 2019 [32] - 9.15 13.05 14.9 -
Rakshhvir et al., 2006 [33] 2.65 1.65 - 27.3 -
Zhou and Chen., 2017 [28] 2.65 3.16 12.7 - -
Junaka and Sicakova, 2017 [34] 2.26 5.6 - 21 32
Maruthupandian et al., 2013 [35] 2.5 2.76 13.4 28.87 29.24
Abdulla., 2014 [36] 2.41 6.2 12.41 27.7 30
Geng et al., 2015 [37] 2.81 7.16 - 8.8 -
Gomes et al., 2014 [38] 2.53 8.49 13 - 37.96
Kothari et al., 2016 [39] 2.38 1.57 12.39 36 45
Kukadia et al., 2017 [40] 2.41 9.7 - 32.95 24.92
Revathi et al., 2015 [41] 2.38 1.56 12.39 36 45
Shrinath et al., 2016 [42] 2.15 4.5 - 16.5 17
Sahoo et al., 2016 [43] 2.48 4.469 14.09 26.51 -
Wang et al., 2024 [44] - 5.2 - 14.2 -
Wang et al., 2024 [44] - 5.1 - 14.1 -
Liu et al., 2023 [45] - 6.8 2.59 11.4 -
Fang et al., 2023 [46] 2.62 - - - -
Vijayan et al., 2024 [47] 2.62 2.86 13.86 22.64 27.13
Vijayan et al., 2024 [47] 2.48 2.86 13.84 30.13 37.12
Stephen et al., 2019 [48] 2.14 5.32 12.34 - -
Araf et al., 2018 [49] 2.36 4.10 13.96 - -

Table 2. Characteristics of NCAs.

References Specific Gravity Water Absorption
(%)

Density
(g/cm3)

Crushing Value
(%)

Abrasion Value
(%)

Vijayan et al., 2024 [47] 2.72 0.73 17.5 13.63 17.88
Stephen et al., 2019 [48] 2.68 1.25 16.32 - -
Araf et al., 2018 [49] 2.86 0.90 15.04 - -
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2.2. Recycled Fine Aggregates

There was no significant influence of different jaw apertures on the fineness modulus
of RFAs, as reported by Evangelista et al., 2015 [50]. The effects of different investigations
on the fresh and hardened properties of RAs have been reported in the literature [51,52].
For the sieve sizes used in RFAs, 50% of the particle size diameter was less than the sieve
size used. The effect of partially hydrated cement particles in the RFAs on the density and
absorbing water characteristics can be seen, and particles with a size of less than 63 µm are
predominantly used as filler material in the concrete matrix. The introduction of a sodium
hexametaphosphate solution decreases the formation of RFA agglomeration, as reported
by Rodrigues et al., 2013 [53]. Reduced density and enhanced water absorption are the
outcomes of the adhering mortar in RFAs. The range of water absorption varies from 4.3%
to 13.1%, whereas the density varies from 1.91 to 2.56 g/cm3 [54–56]. From the literature,
it is noted that RFA particles are angular in shape, irregular in size, and porous in their
surface compared to NFAs. The porosity in the surface of RFAs enhances their surface area;
for example, as reported by Fumoto and Yamada, 2002 [57], the surface area of RFAs is
400% higher than that of NFAs.

The major components required for binding components are silicon dioxide in the
range of 60.1% to 81.1% and CaO content in the range of 4.3% to 12.4% [58,59]. There
is a linear relationship exiting among the absorbing water and dry particle density that
was proposed [50]. Bonding between RFAs and binder content results in a weak ITZ [58].
Calcium carbonate in RFAs is high, in the range of 39%–58% in the overall weight proportion
with respect to hydrated concrete compounds, whereas the presence of calcium hydroxide
is in a low volume proportion [60]. The use of RFAs had a negative effect on the workability
and physical traits of ultra-HSC [61]. However, this will be overcome by the usage of
high-range water-reducing admixtures and silica fumes, which improve the workability
and mechanical properties.
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3. Fresh Concrete Properties

There are no empirical experiments that can deliver complete information on the
rheological properties of SCC, and it is indispensable to use different parameters to char-
acterize the properties of fresh concrete. As reported by Tang et al., 2023 [11], none of
the experiments alone can fully explain the qualities of fresh concrete. The substitution
of NCAs by RCAs had no negative influence on the consistency of the mix, as reported
by Hamad and Dawi, 2017 [62]. An increase in the proportion of RFAs and RCAs in the
concrete results in a decrease in the slump, as reported by Hassan, 2018 [63]. However, the
rate of decrease in RCAs was greater than that in RFAs, which is due to the water-absorbing
nature of RAs. Younis and Pilakoutas, 2013 [23] reported that the effect of RCAs on the
slump value is not significant. An improvement in workability is achieved by the addition
of superplasticizers. On comparing the slump flow of the control SCC mix with that of
the 20% RCA-blended SCC, a reduction in slump flow of about 6% to 8% was noted. The
flow reduction is due to a decrease in homogeneity and poor cohesion in the mixtures [64].
SCC mixes with coarse RCAs and rubble powder as the mineral admixture showed higher
fresh concrete properties than control mixes, as reported by Corinaldsesi and Moriconi,
2011 [65]. This is due to the resistance to segregation, which contributes to the flowability
of fine RCAs and rubble powder. If the coarse RCA content in SCC is enhanced, there is a
decrease in the properties of fresh concrete, and this is overcome by enhancing the dosage
of the superplasticizer. These findings will be confirmed by other researchers [66,67].

Increasing the proportion of fine RCAs in the SCC decreased the flowability and
passing ability. In addition, there is a significant effect of the fine RCAs on the J-ring
experiment compared to the slump flow experiment. However, this slump value satisfies
the EFNARC standard [68]. Enhancing the substitution of NCAs from 20% to 60% by RCAs
results in a significant increase in the viscosity of the SCC [66]. The V-funnel and L box
blocking proportions of SCC, with a high dosage of RCAs above 50%, resulted in classes
VF1 and PA2, as per EFNARC standards [68,69]. On further investigation by Singh and
Singh, 2018 [69], the deformability of the SCC was measured by a U box experiment and
was within the satisfactory range of 0–30 mm. From Figure 3, it is noted that the effect of
RCAs on the slump flow with and without a J ring. An observed correlation exists between
an increase in RCA dosage and an increase in slump flow [70].
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According to many studies [66,71], the utilization of RCAs under saturated surface
dry conditions has been recommended in the literature to enhance the workability of
SCC. Satisfactory results were obtained for the workability of SCC when the RCAs were
pre-saturated, which resulted in good rheological behavior [71]. Modani and Mohitkar,
2014 [72] reported that coarse RCAs immersed in water for 24 h before usage in an SCC
mix result in a satisfactory level of fluidity in terms of flow ability. This pre-saturation
of RCAs counteracts the negative effects caused by the high water-absorbing properties
of RCAs. Another investigation by Kou and Poon, 2009 [73] reported that the use of fine
RCAs compared to coarse RCAs results in a satisfactory level of the slump flow diameter
and segregation proportion. Comparing 50% RCA with 100% RCA in the SCC, satisfactory
results for the passing and filling ability were reported by Carro-Lopez et al., 2015 [74].
These satisfactory results are due to the use of fine RCAs with an appropriate particle size
distribution and with a lower mortar adhesion to it. Fine RCAs have fewer porous surfaces,
resulting in lower water absorption.

4. Mechanical Properties

In this part of the study, the physical traits of such concretes are examined in detail in
light of the results of previous studies.

4.1. Compressive Strength

In the literature, a series of concrete combinations have been performed to measure
the influence of concrete RCAs on ceiling strength. The normalized cube CS effect on RCA
dosage was reported by Younis and Pilakoutas, 2013 [23]. A decrease in the cube CS is due
to the lower resistance strength produced by poor and low density (loose, weak layers of
mortars, and which are porous in their surface). There was a linear relationship exhibited
among the normalized cube concrete strength and normalized particle density, which was
noted with a coefficient of determination (R2) of 0.94. With the help of several experimental
results from the literature, Xiao et al., 2006 [75] confirmed a similar relationship. The
influence of the Los Angeles strength of RCAs and NCAs on the cube CS for high-strength
RCA-blended concrete was also confirmed. SCC with fine RCAs act as a filler, and, also, to
enhance the fresh and hardened properties, a superplasticizer was introduced [76]. The
higher surface areas of quartz filler materials result in enhanced density, which contributes
to enhanced mechanical properties. The normalized CS was obtained by the proportion
of the different CS dosages in the reference CS of SCC. The normalized cube CS of SCC
blended with different dosages of RCAs on behalf of NCAs is shown in Figure 4a,b.

The inverse relationship between the CS and RCA dosage was reported by Khodair
and Luqman, 2017 [70]. A similar relationship between the CS and dosage of RCAs
for 28 days was noted by Babu et al., 2014 [6,77], Kou et al., 2011 [78], and Younis and
Pilakoutas, 2013 [23], as shown in Figure 4b. The decrease in CS was due to weak bonds
between the RAC and binder and also to the high water-absorbing characteristics of the
RAC. An enhancement in the absorption of water results in a decrease in CS [70]. For
longer curing periods, there is an enhancement in the CS when RAC is used with natural
pozzolan, as reported by Omrane et al., 2017 [79]. There is no significant reduction in the
CS with an increase in the dosage of RCAs, which is compromised by the use of a ternary
mixture of supplementary cementitious materials [80]. Kurda et al., 2020 [81] observed
that the normalized cube CS of SCC blended with RFAs decreased as the dosage of RFAs
increased. Figure 5 shows that, as the cure period increased, the normalized cube CS also
increased. The decrease in cube CS was due to the poor RFA characteristics.
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4.2. Split Tensile Strength

Weak bonding between the RAC and binder is due to the adhered mortar in the
RAC resulting in a decrease in STS [70]. The enhancement in the substitution of NCA by
RCA content decreases with spilt tensile strength. The reduction in STS is due to weak
bonds between the binder content and RCAs, which is due to the poor microstructure of
the ternary mixture of the SCM and binder [80]. This reduction in STS is enhanced by
the addition of fibers, which results in the enhancement of microcracks, which was also
confirmed by Ahmed et al., 2023 [80]. The effect of RCAs on the normalized STS based on
literature for 7 and 28 days is depicted in Figure 6. An enhancement in the normalized STS
with an enhancement in the curing period (7 and 28 days) is noted.

The addition of sisal fiber to the SRC with metakolin results in an enhancement in STS
of approximately 8% [60,61,90,91]. The STS enhancement is due to the bridging mechanism
of fiber in the cementitious system having SCC mixed with RCAs. With an increase in
the RCA dosage, there is a decrease in the proportion of STS to cylinder CS, and a similar
trend was noted by Akinpelu et al., 2019 [91]. An increase in the curing period results in an
increase in the proportion of split tensile strength to cylinder CS, which is noted in Figure 7.
Failure of the SCC starts at the weakest points of the cement paste among the RCAs and
binder. The weakest point in the cement matrix system of SRC are old mortar adhering to
the RCAs, and the RCAs themselves, as reported by Gesoglu et al., 2015 [92]. The effect of
the water–cement content on the CS was reported by Fiol et al., 2018 [93], whereas there
was no effect of the water–cement content on the STS [94–96].
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4.3. Flexural Strength

An increase in the dosage of RCAs results in a decrease in flexural strength, which
is compensated by the use of a ternary mixture of SCM along with fibers, as reported by
Ahmed et al., 2023 [80]. A decrease in FS with an increase in RCA content was reported
by Mohammed and Najim, 2020 [98]. This is due to the weaker RCA strength compared
with NCAs, in the addition to the bonding between the surface of RCAs and the new
mortar. This leads to the initiation of microcracks at points that accelerate the distribution
of microcracks to cracks within the ITZ. The STS and FS of SRC are enhanced when RAC
arrives from the higher CS of SCC [92]. The behavior of STS and FS was reported by
Fiol et al., 2018 [93]. Figure 8 indicates that an increase in the dosage of RCAs results
in a decrease in the normalized FS as reported by Mesgari et al., 2020 [86], Marie and
Quiasrawi, 2012 [83], and Tijani et al., 2015 [77], whereas the researchers like Andreu and
Miren, 2014 [82], Ali et al., 2020 [97], and Zareei et al., 2019 [87] reported that an increase in
the dosage of RCAs results in an increase in the normalized flexural strength.
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4.4. The Modulus of Elasticity

An enhancement in the MOE with an enhancement in the RCAs in SCC is achieved by
the addition of fibers, as reported by Kavitha et al., 2020 [90]. The effect of RCAs on SRC
results in a decrease in MOE due to the porous nature of the adhered mortar attached to
RCAs and also the strength of RCAs [92]. From Figure 9, it is noted that, with an increase
in the dosage of RCAs, there is a decrease in the normalized modulus of elasticity reported
by Ali et al., 2020 [97], Pedro et al., 2018 [95], Andreu and Miren, 2014 [82], Tijani et al.,
2015 [77], Fonseca et al., 2011 [96], and Hamad and Dawi, 2017 [62], where an increase in the
normalized modulus of elasticity was reported by Etxeberria et al., 2007 [16], Mesgari et al.,
2020 [86], and Zareei et al., 2019 [87]. These comparative insights confirm that the primary
mechanical mechanism influencing the performance of recycled aggregate concrete is the
compromised interfacial transition zone (ITZ) between the recycled aggregates and cement
paste, which leads to reduced overall mechanical properties.
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5. Influence of RAs on the Relationship Properties
5.1. Cylinder Compressive Strength

It is necessary to identify the relationship among the CS on days 28 and other curing
period days. This may lead to many advantages for engineers and academicians like
time savings, materials saving, and cost reduction. From Figure 10a, it is noted that the
relationship among the cylinder CSs at 28 and 90 days is depicted in Equation (1) with
the help of several studies ([6,15,63,78,87,88,99]), which is noted as R2 as 0.96, whereas,
from Figure 10b, the relationship among the cylinder CS at 28 and 56 days is depicted in
Equation (2) with the help of several studies ([15,85,94,96]), which is noted as R2 = 0.99. The
relationship among the cylinder CS at 28 and 14 days is depicted in Equation (3) with the
help of several studies ([15,89]) which is noted as R2 = 0.99 in Figure 10c. The relationship
among the cylinder CS at 28 and 7 days is depicted in Equation (4) with the help of several
studies ([15,23,62,63,78,82,85,87–89,94,96,99]), which is noted as R2 = 0.99 in Figure 10d.
The relationship among the cylinder CS at 28 and 3 days is shown in Equation (5) with
the help of several studies ([15,62,78,89]), which is noted as R2 = 0.92 in Figure 10e. From
Figure 10f, it is noted that the relationship between the cylinder CS at 28 days and 1 day is
depicted in Equation (6) with the help of several examples from literature [15,78,82,89]),
which is noted as R2 as 0.96.

fcy @ 90 d = 1.114 fcy @ 28 d (1)

fcy @ 56 d = 1.0503 fcy @ 28 d (2)

fcy @ 14 d = 0.9197 fcy @ 28 d (3)

fcy @ 7 d = 0.8064 fcy @ 28 d (4)

fcy @ 3 d = 0.7052 fcy @ 28 d (5)
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fcy @ 1 d = 0.5346 fcy @ 28 d (6)
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between the cylinder CS at 7 and 28 days. (e) Relationship between the cylinder CS at 3 and 28 days.
(f) Relationship between the cylinder CS at 1 and 28 days [6,15,23,62,63,82,84,85,87–89,94,96,99].

The strength activity index (SAI), according to ASTM C 311, is the ratio of the average
compressive strength of the reference cement mortar at a given age to the compressive
strength of mortar containing substitute materials at a rate of 20% by the mass of the binder.
The SAI for strength can be estimated as the proportion of the CS of different dosages of
concrete to the CS of the reference concrete, as depicted in Equation (7).

SAI =
(

Strength o f concrete at di f f erent dosage
Strength o f concrete at re f erence concrete

)
× 100 (7)

Figure 11 shows that Fonseca et al., 2011 [96] noted that most of the SAI values from
the 20% to 100% substitution of NCAs by RCAs are greater than 90%, indicating that all
substitutions can be used for various applications. The 7-day curing period shows the
lowest SAI for a 20% substitution of NCAs by RCAs, whereas, with the enhancement in the
curing period, an enhancement in the SAI is noted. Sobuz et al., 2022 [94] noted that the 15%
substitution of NCAs by RCAs shows an SAI > 90%, whereas the 30% substitution of NCAs
by RCAs shows an SAI > 80%, and an enhancement in the substitution of NCAs by RCAs
of approximately 45% shows an SAI > 70% (Figure 11a). Younis and Pilakoutas, 2013 [23]
reported that the 20% substitution of NCAs by RCAs shows an SAI > 70%, whereas the 50%
substitution of NCAs by RCAs shows an SAI > 65%, and the 75% substitution of NCAs by
RCAs shows an SAI > 60%. Finally, the 100% substitution of NCAs with RCAs resulted in
an SAI > 50% (Figure 11b). From Figure 11c, it is noted that the dosage of RCAs decreased the
SAI. For a higher substitution dosage above 50%, a decrease in the SAI below 70% was noted.
Similar to Younis and Pilakoutas, 2013 [23], the same behavior is noted; Sim et al., 2011 [89]
demonstrated the same behavior in Figure 11d, with a decrease in the SAI below 50%. From
Figure 11e, it is noted that there is a decrease in the SAI with an increase in the dosage of
RCA; for the higher curing period, the SAI shows a similar behavior, as noted by Zareei et al.,
2019 [87]. Elhakam et al., 2012 [85] noted that an increase in the dosage of RCAs results in a
decrease in SAI, but the SAI value is above 75% (Figure 11f). Most studies in the literature
indicate that the SAI value is higher than 75% for a dosage substitution of up to 50%.

Sustainability 2024, 16, x FOR PEER REVIEW 19 of 38 
 

substitutions can be used for various applications. The 7-day curing period shows the 

lowest SAI for a 20% substitution of NCAs by RCAs, whereas, with the enhancement in 

the curing period, an enhancement in the SAI is noted. Sobuz et al., 2022 [94] noted that 

the 15% substitution of NCAs by RCAs shows an SAI > 90%, whereas the 30% substitution 

of NCAs by RCAs shows an SAI > 80%, and an enhancement in the substitution of NCAs 

by RCAs of approximately 45% shows an SAI > 70% (Figure 11a). Younis and Pilakoutas, 

2013 [23] reported that the 20% substitution of NCAs by RCAs shows an SAI > 70%, 

whereas the 50% substitution of NCAs by RCAs shows an SAI > 65%, and the 75% substi-

tution of NCAs by RCAs shows an SAI > 60%. Finally, the 100% substitution of NCAs 

with RCAs resulted in an SAI > 50% (Figure 11b). From Figure 11c, it is noted that the 

dosage of RCAs decreased the SAI. For a higher substitution dosage above 50%, a decrease 

in the SAI below 70% was noted. Similar to Younis and Pilakoutas, 2013 [23], the same 

behavior is noted; Sim et al., 2011 [89] demonstrated the same behavior in Figure 11d, with 

a decrease in the SAI below 50%. From Figure 11e, it is noted that there is a decrease in 

the SAI with an increase in the dosage of RCA; for the higher curing period, the SAI shows 

a similar behavior, as noted by Zareei et al., 2019 [87]. Elhakam et al., 2012 [85] noted that 

an increase in the dosage of RCAs results in a decrease in SAI, but the SAI value is above 

75% (Figure 11f). Most studies in the literature indicate that the SAI value is higher than 

75% for a dosage substitution of up to 50%. 

 
(a) 

Figure 11. Cont.



Sustainability 2024, 16, 9052 19 of 35
Sustainability 2024, 16, x FOR PEER REVIEW 20 of 38 
 

 
(b) 

 
(c) 

Figure 11. Cont.



Sustainability 2024, 16, 9052 20 of 35
Sustainability 2024, 16, x FOR PEER REVIEW 21 of 38 

(d) 

(e)

Figure 11. Cont.



Sustainability 2024, 16, 9052 21 of 35Sustainability 2024, 16, x FOR PEER REVIEW 22 of 38 

(f) 

Figure 11. (a) SAI of cube CS [96]. (b) SAI of cube CS [94]. (c) SAI of cube CS [23]. (d) SAI of cube CS 
[89]. (e) SAI of cube CS [87]. (f) SAI of cube CS [85]. 

5.2. Cube Compressive Strength 
Similar to the cylinder compressive strength, a relationship between the cube CS for 

different curing periods and at 28 days was established. The relationship between the cube 
CS at 28 days and other curing periods by Kurda et al., 2020 [81] is depicted in Figure 12. 
Figure 12a indicates the relationship between the cube CS at 365 days and the cube CS at 
28 days of SRC, and their relationship is shown in Equation (8) with an R2 value of 0.82. 

𝑓௖௨ @ ଷ଺ହ ௗ = 0.7368  𝑓௖௨ @ ଶ଼ ௗ (8)𝑓௖௨ @ ଵ଼଴ ௗ = 0.7849  𝑓௖௨ @ ଶ଼ ௗ (9)𝑓௖௨ @ ଽ଴ ௗ = 0.858 𝑓௖௨ @ ଶ଼ ௗ (10)𝑓௖௨ @ ଻ ௗ = 1.1936 𝑓௖௨ @ ଶ଼ ௗ (11)

The linear relationship between the cube CS at 180 days and cube CS at 28 days (Fig-
ure 12b) is shown in Equation (9) with an R2 value of 0.89. The linear relationship between 
cube CS at 90 days and cube CS at 28 days (Figure 12c) is shown in Equation (10) with an 
R2 value of 0.93. Figure 11d indicates the relationship between the cube CS at 14 days and 
the cube CS at 28 days of SRC and their relationship is shown in Equation (11) with an R2 
value of 0.92. The SAI for the cube CS, with respect to the 50% and 100% substitution of 
NCAs by RCAs, is above 60% for all curing periods, as noted by Kurda et al., 2020 [81] 
(Figure 13). Experts have noted that, for one mix proportion of SRC, all SRC mixes showed 
higher SAI values above 75% for the entire curing period. 

Figure 11. (a) SAI of cube CS [96]. (b) SAI of cube CS [94]. (c) SAI of cube CS [23]. (d) SAI of cube
CS [89]. (e) SAI of cube CS [87]. (f) SAI of cube CS [85].

5.2. Cube Compressive Strength

Similar to the cylinder compressive strength, a relationship between the cube CS for
different curing periods and at 28 days was established. The relationship between the cube
CS at 28 days and other curing periods by Kurda et al., 2020 [81] is depicted in Figure 12.
Figure 12a indicates the relationship between the cube CS at 365 days and the cube CS at
28 days of SRC, and their relationship is shown in Equation (8) with an R2 value of 0.82.

fcu @ 365 d = 0.7368 fcu @ 28 d (8)

fcu @ 180 d = 0.7849 fcu @ 28 d (9)

fcu @ 90 d = 0.858 fcu @ 28 d (10)

fcu @ 7 d = 1.1936 fcu @ 28 d (11)

The linear relationship between the cube CS at 180 days and cube CS at 28 days
(Figure 12b) is shown in Equation (9) with an R2 value of 0.89. The linear relationship
between cube CS at 90 days and cube CS at 28 days (Figure 12c) is shown in Equation (10)
with an R2 value of 0.93. Figure 12d indicates the relationship between the cube CS at
14 days and the cube CS at 28 days of SRC and their relationship is shown in Equation (11)
with an R2 value of 0.92. The SAI for the cube CS, with respect to the 50% and 100%
substitution of NCAs by RCAs, is above 60% for all curing periods, as noted by Kurda
et al., 2020 [81] (Figure 13). Experts have noted that, for one mix proportion of SRC, all SRC
mixes showed higher SAI values above 75% for the entire curing period.
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Figure 13. SAI of cube CS (MPa) at various ages of curing [81]. Lowercase letters in brackets indicate
the different types of RCAs used.

5.3. Elasticity Properties

The relationship between the MOE at various curing periods and the MOE at a 28-day
curing period is depicted in Figure 14. Figure 14a indicates the relationship between the
MOE at 90 days and the MOE at 28 days of SRC, and their relationship is shown in Equation
(12) with an R2 value of 0.95. The linear relationship between the MOE at 180 days and the
MOE at 28 days (Figure 14b) is shown in Equation (13) with an R2 value of 0.90. Figure 14c
indicates the relationship between the MOE at 365 days and the MOE at 28 days of SRC,
and their relationship is shown in Equation (14) with an R2 value of 0.83.

E @ 180 d = 1.0751 E @ 28 d (12)

E @ 180 d = 1.0751 E @ 28 d (13)

E @ 180 d = 1.1634 E @ 28 d (14)

The results are displayed in Figure 15a,b, where an increase in the RA content caused a
linear decrease in the HPC’s elastic stiffness. The strong correlation among this connection
can be attributed to the resilient nature of HPC, which is unaffected by variations in its
composition. It is generally agreed upon by investigators that RCAs have a detrimental
impact on the modulus of elasticity. This is due to the poor interfacial bond quality that
is generated among old adhered cement and new cement (Padmini et al., 2009) [77]. The
concrete grade, flexibility, w/c proportions, quantity of recycled materials, and CS are all
directly affected by the modulus of elasticity (Soares et al., 2014 [78], and Padmini et al.,
2009 [77]). The modulus of elasticity and RCA dose are displayed in Figure 15a,b.
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5.4. Tensile Strength

The correlation between the STS at 28 days and the STS at 7 and 90 days for SRC is
shown in Figure 16. With the assistance of numerous research studies ([63,81,84,85,87,99],
the correlations among the STS at 28 days and the STS at 7 and 90 days for SRC are provided
in Equations (15) and (16). The relationship between these values is indicated by R2 = 0.907
and R2 = 0.8127 in Figure 16. As observed by Hassan, 2018 [63], Zareei et al., 2019 [87], Kou
et al., 2012 [84], and Elhakam et al., 2012 [85] in Figures 16 and 17, the SAI values for the
STS with respect to 20%, 50%, and 100% were used as a substitute for all curing durations.
It is worth noting that some standards, including ASTM C618, EN 450-1, and IRAM 1668,
recommend that, if the SAI exceeds 75% at both 7 and 28 days, the substance is considered
active in enhancing the strength properties of solid pastes.

f st@ 7d = 1.1262 f st28 d (15)

f st90 d = 0.7503 f st28 d (16)
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Figure 17. (a) SAI of SRC [63]. (b) SAI of SRC [84]. (c) SAI of SRC [85]. (d) SAI of SRC [87]. Numbers
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6. Conclusions

An extensive review analysis was conducted to examine the impact of RAs on the fresh
and hardened characteristics of HSC. Based on the previously completed investigations,
the following results were derived:

• Due to the material behavior of RAs, they require a large amount of water compared
to natural aggregates, and they are less easy to work with.

• The reason for the reduction in the CS due to the poor and low density (loose, weak
layers of mortars, which are porous on their surface) is the reduced ability to withstand
the strength created.

• A reduction in FS occurs in conjunction with an increase in RCA content. A number of
factors contribute to this, including the bonding between the surface of the RCAs and
the new mortar, as well as the fact that the strength of the RCAs is lower than that of
the NCAs. Consequently, it causes the initiation of microcracks at the spots, which, in
turn, accelerates the distribution of microfracts to cracks within the new ITZ.

• A greater RA content results in a decrease in both the tensile strength and FS of the
concrete, regardless of the concrete age. Furthermore, compared to the use of natural
aggregates, the use of RAs results in an increase in splitting and flexural strength.

• RCAs and RFAs are both possible applications of RAs when the substitution proportion
is high. There is even the possibility of acquiring HPC through a complete rebuild.

• According to the literature, it was noticed that, when the RCA dosage is increased,
there is a drop in the SAI. When the substitute dosage exceeded 50%, the SAI decreased.

• As a consequence of the porous nature of the adhering mortar attached to the RCAs
and the strength of the RCAs, the impact of RCAs on the SRC leads to a reduction in
the modulus of elasticity. It was observed that the normalized modulus of elasticity
decreased with the increasing dosage of RCAs. This indicates the captured information.

The analysis of the following points should be the primary focus of future work:

• Not only is the application of RAs in geopolymer concrete essential, but it is also
recommended that research be conducted on precast concrete.

• The abrasion resistance of HPC produced with RAs has not been discussed in any of
the previous studies. Because of this, it is strongly suggested that future work should
be concentrated in this particular area.
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