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This paper studies the fresh and mechanical properties of high-strength concrete (HSC) by incorporating
recycled concrete aggregates (RCA) of varying sizes and concentrations. The recycled aggregate concrete
(RAC) was prepared by partially replacing RCA with natural coarse aggregate (NCA) at 0%, 15%, 30%, and
45%, with aggregate sizes ranging from 5 to 12 and 12–20-mm. Fresh concrete properties, such as slump,
Kelly ball, compacting factor, K-slump, and fresh density, were tested to determine the influence of RCA
size and concentration. In addition, the mechanical properties were studied through the execution of
compressive, split-tensile, and stress-strain tests. The test results revealed that increasing the RCA con-
centration declines the fresh and hardened properties of HSC. In the fresh concrete experimentation,
the 12–20 mm aggregate size RAC mixes exhibited greater workability than the 5–12 mm aggregate
mixes. On the contrary, 5–12 mm aggregate mixes RAC had higher compressive and split-tensile strength
and a higher modulus of elasticity than 12–20 mm aggregate mixes concrete. When it comes to sustain-
ability, the study found that the smaller size range of RAC produces inferior embodied CO2 (eCO2) and
provides a cost-effective and sustainable solution for the construction industry.
� 2022 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over the last decades, the construction community has faced
several challenges, including a scarcity of natural resources and
excessive energy consumption that directly impacts environmen-
tal pollution. These challenges include using natural resources
and energy, the generation of greenhouse gases (CO2), and the
growth of building and demolition waste (Datta et al., 2022; Vo
et al., 2021). Recycling the demolition waste is the most promising
option for reducing the building industry’s adverse environmental
effects in the construction sector. This attention is increasingly
growing since it was projected that the world has to reckon with
the problems of disposing of 3 billion tons of demolished concrete
waste annually until 2012 (Akhtar et al., 2018). In recent years,
Zhang et al. (2020) reported that the global accumulative carbona-
tion of concrete waste might produce roughly 3.0 Bt CO2 between
2018 and 2035. As a result, using recycled concrete aggregate
(RCA) made from waste concrete in engineering construction can
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help protect the environment while increasing the residual value
of waste concrete. In addition, these RCAs have gained widespread
acceptance from the construction research community as alterna-
tive building structure materials in recent decades. Several types of
RCA research have been carried out for many years and are now
being incorporated into new construction projects. The foremost
challenges in producing recycled aggregate concrete (RAC) are its
poor mechanical and unpredictable fresh properties (Huang et al.,
2017). Consequently, the amount of recycled aggregate that can
substitute normal coarse aggregate (NCA) in concrete has been
limited due to these constraints. When recycled aggregate is used
in the manufacture of high-strength concrete (HSC), the properties
of the concrete can be less deficient than in normal concrete, which
is an enticement for the construction industry (Gao et al., 2020).

Among the numerous properties of RAC, one of the most crit-
ical is its workability, which has a significant effect on its hard-
ened properties (Kurda et al., 2017). It has been discovered that
several investigations have been carried out on the limited char-
acteristics of fresh RAC (Ait Mohamed Amer et al., 2016; Kurda
et al., 2017). However, little effort was made in the experimental
investigation to produce highly workable concrete with a variety
of recycled aggregate gradations. Therefore, the undefined work-
ability of fresh state concrete can be vulnerable to concrete
placement, transport, compaction, finishing, and implementation
time. According to Gao et al. (2020), the addition of RCA can
alter the fresh characteristics of concrete due to its surface
roughness, porosity, higher absorption nature, and greater angu-
larity. As the concentration of RCA in the mix increases, the
degree of workability decreases; however, using more superplas-
ticizer (SP) increases may prevent slump declination (Matias
et al., 2013). In contrast, Revilla-Cuesta et al. (2021) proposed
that the water content in the concrete mix be adjusted to
achieve the same workability of HSC as having RCA in the mix.
The fresh density of RAC is significantly lower than that of nor-
mal concrete as pore spaces reduce RCA particles’ specific gravity
compared to NCA particles (Ismail & Ramli, 2013). Besides, the
water absorption of RCA is higher than that of NCA, which could
affect the workability behaviour (Thomas et al., 2018).

Ajdukiewicz and Alina (2002) investigated themechanical prop-
erties of high-performance concrete (HPC), and high-strength con-
crete (HSC) made with RCA. They discovered that the compressive
strength increased by approximately 10% when RCA was incorpo-
rated into the mixes. However, Xu et al. (2017) found that RAC
strength was lower than normal strength concrete, resulting in
micro-cracks in the old cementmatrix that adhered to the periphery
of RCA concrete specimens. Moreover, the compressive strength of
RAC could be 10–25% lower than that of natural aggregate concrete
(Bai et al., 2020). According to Sobuz et al. (2022), using RCA led to a
decrement in the compressive strength of the concrete mix. Kou
et al. (2012) concluded that substituting 20%, 50%, and 100% RCA
reduced the split-tensile strength of concrete by 6.8%, 12.56%, and
21.6%, respectively, when compared to corresponding normal
strength concrete. Similar results were obtained for mixes in which
the splitting tensile strength declined due to the porosity of the RAC
mixes (Mohammed Ali et al., 2020; Silva et al., 2015). Moreover, ACI
(2002) building code correlated the modulus of elasticity (MOE) to
the compressive strength of concrete and reported that the peak
stress occurred at a peak strain of 0.002. Additionally, Thomas
et al. (2018) observed that when RCA is completely replaced with
NCA concrete, the MOE of the RAC decreases by approximately
34% due to the weaker initiation of the interfacial transition zone
(ITZ).

The proportion of Portland cement and the aggregate type sig-
nificantly affected the embodied CO2 (eCO2) discharges of concrete.
Hanif et al. (2017) estimated that one ton of Portland cement emits
around 931 kg of CO2. Azúa et al. (2019) reported that substituting
2

NCA for RCA reduced the costs and eCO2 emissions associated with
the construction of prefabricated concrete components. However,
Bostanci et al. (2018) optimized the multi-criteria assessment to
examine the environmental and economic benefits of RCA. There-
fore, till now, no investigations have been carried out to observe
the influence of different aggregate sizes with varying coarse
aggregate (CA) concentrations on the sustainability of RAC.
2. Research significance

Previously, extensive research was conducted on recycled
aggregates for producing normal strength concrete, self-
compacting concrete, high-performance concrete, and ultra-high-
performance concrete (Abed et al., 2020; Etxeberria, 2020; Gao
et al., 2020; Mohammed Ali et al., 2020). However, previous stud-
ies have not attempted large-scale experimentation to quantify the
fresh andmechanical properties of HSC in conjunction with the dif-
ferent size and concentration effects of RCA as a substitution for
NCA in concrete mixtures. In this study, the authors attempted to
incorporate the aggregates with a unique size range of 5–12- and
12–20-mm with 15%, 30%, and 45% concentrations of RCA mixes
in NCA to produce moderate strength sustainable RAC. The slump,
Kelly ball, compacting factor, K-slump, and fresh density tests were
conducted to assess the fresh properties of RAC, while the com-
pressive, split-tensile, and stress-strain responses were carried
out to determine the mechanical properties. Moreover, the per-
centage replaced by RCA mixes was compared to plain HSC mixes.
The statistical regression analysis was used to quantify the con-
crete properties with different codes of practice. Sustainability per-
formance assessment represents social, environmental, and
economic evaluations of the study’s designated mixes that have
yet to be investigated.
3. Experimental program

3.1. Materials

Ordinary Portland cement (OPC) of type I was used in this inves-
tigation which complies with ASTM C150 (ASTM, 2019). Silica
fume, an amorphous polymorph of SiO2, was employed to replace
OPC for all concrete mixes. The chemical constituents of OPC and
silica fume are presented in Table 1. The grading curve of fine
aggregate, RCA and NCA are shown in Fig. 1. RCA particles were
accumulated from the demolished waste of new academic build-
ings at Khulna University of Engineering and Technology, Khulna
� 9203, Bangladesh. Because of the size limitation of the jaw
crusher machine, the hand hammer was employed to reduce the
size of the original concrete between 50 and 70 mm. With a max-
imum size of 25 mm, the jaw crusher was used to smash the orig-
inal concrete to a greater extent. Furthermore, RCA was
mechanically sieved and graded into aggregate sizes of 5–12 mm,
and 12–20 mm and attained a fineness modulus close to NA. The
specific gravity of aggregate was employed following ASTM C29/
C29M (ASTM, 2017b), whereas the absorption of aggregate was
obtained using ASTM C127-15 (International, 2015). The natural
washed river Sylhet sand was employed as fine aggregate. Table 2
depicts the physical properties of CA, fine aggregate and RCA. The
high-range water reducer, referred to as superplasticizer (SP), was
incorporated in the manufacture of HSC. The fresh potable tap
water was used in the concrete mixes, and the pH was 7.35.

3.2. Mix proportions and concrete mixing

Details of the concrete mix and proportions are presented in
Table 3. The mix design was conducted by the following (ACI,



Table 1
Chemical properties of OPC cement and silica fume.

Constituents Weight, %

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO2 Loss of ignition

OPC 21.52 4.58 3.38 66.02 1.26 1.205 2.76 0.45 1.235
Silica fume 85 1.13 1.45 0.8 0.8 1.2 1.2 – <5

Fig. 1. Particle size distribution of aggregates.
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1992). The concretemixeswere designated according to the varying
concentration of RCA replacement rate at 0%, 15%, 30%, and 45% in
the NCA, incorporating two different size ranges of the aggregate
of 5–12mmand 12–20mm. Eight concretemixes have been divided
into two primary groups regarding both aggregate size ranges and
referred to as ‘‘group – A” and ‘‘group – B”, as shown in Table 3.
The concrete’s elemental mix composition comprises a 1:1.54:2.40
ratio of ordinary Portland cement, fine aggregate, and coarse
aggregate. The water to binder ratio of control mixes was set as
0.33, considering the moisture content of aggregates. Moreover,
the amount of water was compensated in the RACmixes as the con-
centration of air-dried RCA was enhanced because RCA had a more
significant water absorption capacity. The effective W/B ratio and
effective water content were reported in Table 3 for all the mixes.
Besides, silica fumewas used as a 10% substitution of OPC. The con-
trol mix is identical to the traditional HSC mix, which contains 5–
12mmand12–20mmaggregate size rangesofNCA, and thesemixes
aredesignatedasHSC5-0 (controlmix-1) andHSC12-0 (controlmix-
2), respectively. The letter ‘‘HSC” stands for high-strength concrete,
and the suffixes 5 and 12 represent aggregate size ranges with first
numeric values. The final number represents the percentage of
RCA replacement. In addition, the rest of the mixes are designated
according to the varying concentration of 15%, 30% and 45% RCA
Table 2
Physical characteristics of aggregate.

Characteristics Sand NCA

5–12 mm

Specific gravity, GS 2.34 2.64
Apparent specific gravity, Gsa 2.44 2.71
Water Absorption, % 1.82 1.04
Void ratio, e 40.51 46.44
Loose bulk density (kg/m3) 1392 1414
Compacted bulk density (kg/m3) 1563 1583

3

replacement in the concrete, such as RCA5-15, RCA5-30, and
RCA5-45 for 5–12 mm size range of aggregate; whereas, the corre-
sponding RCA replacement of 12–20 mm size range of aggregate
concrete mixes referred as RCA12-15, RCA12-30 and RCA12-45.
The mixing procedure of all designated concrete mixes was per-
formed according to ASTM C685 (ASTM, 2017a).
3.3. Specimen preparation, curing, and testing

The concrete was poured into 100�200 mm cylindrical moulds
for all tests in this investigation. After that, the cylindrical
specimens were cured in water for 7, 28, and 56 days at room tem-
perature, 27 ± 2 �C, until the testing day. The fresh concrete slump
test was determined by following ASTM C143 (ASTM, 2012).
Besides, the slump value of concrete is affected by both plastic vis-
cosity and yield stress. Hu et al. (1996) established a slump test
quantification through the finite element model and provided an
equation for yield stress by slump and density as presented in
equation (1).

s0 ¼ q
270

� 300� sð Þ ð1Þ

Here, s 0 = yield stress (Pa), s = slump value (mm), and ϼ = density
(kg/m3).

The Kelly ball test of fresh concrete was determined based on
ASTM C360-92 (ASTM, 1992). Compacting factor test of the freshly
concrete mixes was tested complying with BS 1881 (BS, 1993).
Besides, the K-Slump test can provide the workability variations
and degree of compaction of fresh concrete complying with the
standard ASTM (ASTM, 2009). Furthermore, the fresh concrete den-
sity was obtained following BS EN 12350B. Standard (2010). For
the mechanical test of concrete, 168 cylindrical specimens were
prepared in this investigation. Three specimens were tested for
compressive, splitting tensile strength at 7, 28, and 56 days and
stress-strain behaviour analysis of concrete at 28 days, respec-
tively. The compressive strength test of the concrete specimens
was performed following ASTM C39 (ASTM, 2018). Additionally,
concrete cylindrical specimens were instrumented with four Linear
Variable Displacement Transducers (LVDTs) at four corners of the
platen to determine the stress-strain response. The mean value
of the four LVDTS was calculated to get the final axial contraction.
The split-tensile strength of concrete was tested according to the
standard ASTM C496 (ASTM, 2017c).
RCA

12–20 mm 5–12 mm 12–20 mm

2.72 2.52 2.58
2.80 2.65 2.74
1.08 5.89 5.05
47.24 51.55 49.03
1435 1221 1315
1606 1337 1389



Table 3
Mix proportion of the concrete mixes (kg/m3).

Group Mix ID Cement Silica Fume Sand NCA RCA Effective
Water

SP, % Effective W/B

A HSC5-0 500 50 772 1172 – 181 1.30 0.33
RCA5-15 500 50 772 997 176 185 1.30 0.34
RCA5-30 500 50 772 820 352 191 1.30 0.35
RCA5-45 500 50 772 645 527 195 1.30 0.35

B HSC12-0 500 50 772 1172 – 181 1.30 0.33
RCA12-15 500 50 772 997 176 185 1.30 0.34
RCA12-30 500 50 772 820 352 191 1.30 0.35
RCA12-45 500 50 772 645 527 195 1.30 0.35
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4. Results and discussions

4.1. Rheological state properties of RAC

4.1.1. Slump test
Fig. 2 represents the graphical illustration of the slump and

yield stress of the varying concentration of RCA replacement in
the concrete mixes. The test results indicated that the slump value
followed a declining fashion when the concentration of RCA
increased in the concrete mixture; however, the yield stress of
fresh concrete demonstrated an increasing fashion for both sizes
of aggregate range in the concrete mixtures. Besides, the greater
aggregate size of 12–20 mm produced a higher slump than the
5–12 mm size of aggregate as the increased absorption rate of
smaller aggregate particles leads to lesser slump recognition. More
specifically, RCA’s irregular shape and rough texture can cause
grain-locking and resistance to mobility in concrete and mortar.
Conversely, an average of 5.67% dropping in the slump is observed
in RAC with respect to the HSC12-0 mix, whereas it is about 6.4%
for RAC compared to HSC5-0. This decline in slump measurement
is due to the incorporation of RCA in the concrete mixes that satis-
fied the test observation made by the researchers (Ait Mohamed
Amer et al., 2016; Sun et al., 2020). Several researchers
(Ajdukiewicz and Alina, 2002; Kou et al., 2012) also reported that
water should be increased for RCA to uphold the similar workabil-
ity of normal strength concrete. In addition, the harshness of the
concrete mix rises attributed to RCA particles’ rough texture, which
reduces the workability at a higher RCA concentration of the con-
crete mixes. Further examining the test results from Fig. 2, the
roughness of recycled aggregates enhanced during aggregate pro-
cessing (throughout crushing) tends to reduce the flow properties,
Fig. 2. Slump and yield stress for different replacements of RCA.

4

raising the yield stress of freshly mixed concrete. It is worth noting
that 5–12 mm CA concrete displayed higher yield stress than the
12–20 mm aggregate concrete due to the flowability of smaller
aggregate sizes in the mixes.

4.1.2. Compacting factor test
It can be noticed that the compacting factor value shows a

decreasing trend with increasing the RCA concentration for both
sizes range of RAC mixes, as illustrated in Fig. 3(a). For HSC5-0
and HSC12-0 concrete mixes, the compacting factor is found infe-
rior in the HSC5-0 mix due to the grain-locking behavior of aggre-
gate. The mixtures of RCA5-15, RCA5-30, and RCA5-45 have
exhibited a reduction in compacting factor of about 0.79%, 1.80%,
and 1.93% compared to the control samples (HSC5-0), respectively;
while, RCA12-15, RCA12-30, and RCA12-45 demonstrated the
reduction values of 0.60%, 1.03%, and 2.25% than the HSC12-0,
respectively. The decrease in compacting factor with the RCA con-
centration replacement is due to recycled aggregates properties,
which absorbed some of the mixing water and prevented the
cement paste from flowing. Furthermore, for the high workability
of fresh concrete, the compacting factor range should be 0.92–
0.95 with the corresponding slump value of 100–175 mm, which
satisfied the consistent finding with an experimental investigation
conducted by Zeyad et al. (2018). Fig. 3(b) indicates a strong corre-
lation between the compacting factor (Cf) and the slump of con-
crete mixes (s) for both aggregate sizes range concrete mixes.
The minor variation in compacting factor among the aggregate size
ranges may be attributed to the decreasing voids in the RCA con-
crete mixes for both aggregate size ranges.

4.1.3. Kelly ball penetration test
Fig. 3(a) shows that Kelly ball penetration value reduces stea-

dily with the constant increase of RCA addition in RAC mixtures.
The ball penetration value of RAC decreases around 3.3% on aver-
age than the respective control concrete of group – A; whereas it
was obtained on average of 4.3% drops of the ball penetration value
compared to the control concrete, which made with 12–20 mm
aggregate size range. The water absorption properties and greater
surface area of RCA are responsible for declining the concrete
mixes’ penetration value. Hence, it can be suggested to use pre-
soaked RCA (Etxeberria, 2020) or higher quantities of SP (Matias
et al., 2013) to lessen such a reduction of concrete workability.
Conversely, concrete mixes in group – A exhibit lesser ball penetra-
tion values than the group – B mixes due to the filling of more
voids, accumulation of maximum spaces with smaller aggregate,
and interlocking behavior of aggregates. The slump value is
obtained around 1.8 times with respect to the Kelly ball penetra-
tion value that could be used to predict the slump value through
the Kelly ball penetration test. The action is similar to the investi-
gation of Akid et al. (2021). Furthermore, Fig. 3(b) indicates a good
linear correlation between the ball penetration value (bp) and the
slump (s) of both sizes ranges of aggregate concrete mixes. The



Fig. 3. (a) Kelly ball penetration and compacting factor for different replacement of RCA; (b) Correlation between compacting factor, slump and ball penetration.
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5–12 mm aggregate size range mixtures trend line indicates that
the aggregates with a high content of smaller coarse particles can
have a lower dispersion due to increased antiparticle collisions
nature.
4.1.4. K-slump Penetration test
K-slump test penetration values of RCA and control mixes of

concrete are illustrated in Fig. 4. It should be noted that the K-
slump penetration value shows a decreasing fashion with the addi-
tion of RCA for both sizes of aggregate, and an interestingly consis-
tent decreasing trend in K-slump penetration is true for density
value. It can be observed that the slump value obtained is around
five times the K-slump value of RAC in this current investigation.
K-slump illustrates a declining trend of the value around 10%,
19%, and 33% for RCA5-15, RCA5-30, and RCA5-45 mixes compared
to HSC5-0, respectively; whereas, RCA12-15, RCA12-30, and
RCA12-45 mixes exhibited 3%, 26%, and 38% decreasing of the
value compared to HSC12-0 respectively. In addition, the decreas-
ing reason for the K-slump penetration is similar to the slump test
investigation (Ait Mohamed Amer et al., 2016; Kurda et al., 2017).
The loss of cement matrix into the surface pores of RCA can also
reduce the workability of the concrete. However, the rough texture
Fig. 4. K-slump value and density for different replacements of RCA.
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of the angular RCA leads to the decreasing nature of the K-slump
penetration value of the concrete mixes.

4.1.5. Density test
It is observed that the density of fresh concrete mixes reduces

with the RCA concentration substitution increases in the RAC mix-
tures, as depicted in Fig. 4. In general, aggregate density, cement
amount, water, and air content govern concrete density (Çakır,
2014). As per the current experimental investigation, 12–20 mm
aggregate concrete mix indicates higher fresh density than the
5–12 mm aggregate concrete mix. On the other hand, fresh density
shows a decrease of the value of about 3.9%, 7.6%, and 9.4% for
RCA5-15, RCA5-30, and RCA5-45 mixes compared to the HSC5-0
mix, respectively; while, RCA12-15, RCA12-30, and RCA12-45
mixes demonstrate a decrease of the value approximately 3.7%,
6.7%, and 9.4% than the HSC12-0 mix, respectively. As expected,
the mixes’ density decreases with the incorporation of RCA parti-
cles as it has less density than the NCA. Furthermore, the angularity
of the RCA can reduce compacting capacity, resulting in a lower
fresh density of RAC. According to Ismail and Ramli (2013), RCA’s
specific gravity is subordinate to the NCA particles. Therefore, an
increase in the concentration of RCA has a substantial influence
on the reduction of concrete density.

4.2. Mechanical characteristics of RAC

4.2.1. Compressive strength
Varying statistical tools analyze the compressive strength test

outcomes through mean strength, standard deviation, coefficient
of variation (COV), standard error, and the 95% confidence interval
at lower and upper ranges. It is noticed from the statistical analysis
that the compressive strength varied from 24.07 MPa to 53.86 MPa
at all curing age concrete specimens. It is noteworthy that RAC
with varying RCA concentration attained an average of 69.38%
and 102.68% of the 28-days compressive strength at 7- and 56-
days curing period, respectively, for the group – A specimens;
whereas it was achieved an average of 66.65% and 103.2% at same
curing conditions for the group – B specimens. The standard devi-
ation of the group – A concrete specimen ranges from 0.11 to 1.78
with the COV of 0.3% to 5.1%, and the standard error is varied from
0.064 to 0.462. Group – B concrete specimens exhibit a standard
deviation of 0.14 to 1.97 with a range of COV of 0.32% to 5.7%,
and the standard error varies the extent of 0.065 to 0.442. The



Fig. 5. Compressive strength and normalized strength of the concrete mixes.
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compressive strength has the lowest value of 24.07 MPa at seven
days specimen with a 95% confidence interval of 23.2 MPa to
24.94 MPa. In contrast, the compressive strength of 56 days spec-
imens has the highest value of 53.86 MPa with a 95% confidence
interval of 53.41 MPa to 54.31 MPa.

Fig. 5 showed that the compressive strength of group-A speci-
mens was increased value by 3.1%, 0.48%, 2.91%, and 0.92% on aver-
age for the RCA replacement of 0, 15%, 30%, and 45%, respectively at
56 days as compared to the corresponding RAC specimens of group
– B. In addition, the 7- and 28-days compressive strength also
showed a similar kind of growth due to having a smaller aggregate
size of 5–12 mm. Alternatively, the control specimen of HSC5-0
exhibited a 6.9%, 3.2% and 3.1% increase in compressive strength
compared to the control specimen of HSC12-0 at 7, 28, and 56-
days, respectively. It is noticed from this current investigation that
the concrete specimens with smaller CA of the group – A have
maximum effects in increasing the compressive strength at all cur-
ing ages. This smaller aggregate size concrete specimen increases
the strength due to the interlocking behavior of aggregate, blocking
more void spaces and more homogenous internal structure of the
specimen. As a result, the identical replacement with the smaller
size aggregate provides better compressive strength, which is quite
similar to the investigation by Verma and Ashish (2017).

Fig. 5 also displays the normalized strength according to both
control samples for 7, 28, and 56 curing ages for different concen-
trations of RCA mixtures. It is worth mentioning from Fig. 5 that
the concrete specimen of RCA12-15 has attained the compressive
strength of approximately 79.3%, 83.8%, and 83.7% compared to
the specimen HSC12-0 at 7, 28, and 56 days respectively, whereas
Fig. 6. Observed compressive strength failure patterns of the specimen at 28 days (a)
RCA12-45; (h) RCA5-45.
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the corresponding strength achieved about 82.9%, 81.3%, 81.6%
than the concrete specimen HSC5-0. The rest of the mixes having
30% and 45% replacement of two different sizes of aggregate spec-
imens show lower normalized strength than the 15% concentration
replacement of RCA in the concrete sample for all curing days. The
decline in compressive strength with the RCA concentration incre-
ment denotes that the RCA creates a large number of voids in the
concrete mixtures. Moreover, the cohesion force between the
RCA surface and cement is weaker than the cohesion force between
the NCA and cement matrix, which reduces strength. The concrete
mix bond strength is mainly developed at the mortar phase, aggre-
gate phase, and also the interface of the cement matrix, and there-
fore, aggregates play a vital role in this regard (Thomas et al.,
2018). In the case of RAC, the RCA particles in the ITZ are not up
to the mark compared to normal concrete because of the existence
of the parent concrete’s mortar adhered to it (Thomas et al., 2018).
González-Fonteboa and Martínez-Abella (2008) also concluded
that the inherent micro-cracks in ITZ sort its lower strength and
increase the stress concentration at the crack orders due to the
spread of hairline cracks in the concrete. Hence, compressive
strength is affected progressively when the substitution level of
RCA increases.

4.2.1.1. Crack propagation and failure patterns. The failure patterns
due to compression testing of cylindrical control concrete and
RAC specimens with varying concentrations of RCA at a 28-days
testing period are represented in Fig. 6. An inclined fracture wedge
surface is formed after the peak stress attained in cylindrical
specimens of HSC5-0 and HSC12-0, and peripherical concrete
HSC12-0; (b) HSC5-0; (c) RCA12-15; (d) RCA5-15; (e) RCA12-30; (f) RCA5-30; (g)
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starts spalling, leading to the so-called cone and shear failure mode
as shown in Fig. 6(a and b). It can be noticed that the nature of the
cracking in this wedge formation leads to a higher energy dissipa-
tion for the HSC5-0 and HSC12-0 cylindrical specimens. The spec-
imen fracture pattern showed the confining effect of silica fume
with the aggregate that tends to hold the materials together and
countereffect the lateral tension. Therefore, the failure pattern of
the concrete specimens showed ductile nature that ultimately pro-
vides time-dependent serviceability behavior of the member
before final failure. The shear failure pattern was detected by the
specimen RCA12-15 depicted in Fig. 6(c). Cone and shear failure
propagation identified the RCA5-15 specimen, as illustrated in
Fig. 6(d). Due to old adhered cement matrix RCA particles, the
smaller aggregate spalls out from the mortar bonding. This behav-
ior is consistent with the failure observation detected by Thomas
et al. (2018) in their experimental study. The columnar failure pat-
tern was observed for the RCA12-30 specimen; however, shear fail-
ure of the RCA5-30 cylindrical specimen occurred due to
interlocking behaviour of smaller size ranges of aggregate as
shown in Fig. 6(e and f). Furthermore, cone and shear failure wedge
formation were observed more than the half-length of the speci-
mens of RCA12-45 and RCA5-45, as depicted in Fig. 6(g and h).

4.2.2. Split-tensile strength
The experimental results of split-tensile strength of RCA mix

with two different sizes of CA and varying concentrations are ana-
lyzed similarly to the compressive strength results with various
statistical tools. It is noteworthy that RAC with varying RCA con-
centration was attained an average of 85.75% and 104.25% of the
28-days split-tensile strength at 7 and 56- days, respectively, for
the group-A specimens; whereas the strength was achieved at an
average of 87.05% and 105.23% at same curing conditions for
group-B samples. According to the statistical observation, it can
be noticed that the tensile strength extended from 3.06 MPa to
4.63 MPa for all concrete specimens with different curing ages. In
this current investigation, the standard deviation varied from
0.017 to 0.122, with the range of COV of 0.4% to 2.7% and a stan-
dard error of 0.004 to 0.027. For 56 days, the highest mean tensile
strength for the HSC5-0 concrete specimen was 4.63 MPa with a
95% confidence interval limit of 4.52 MPa to 4.74 MPa, whereas
the HSC12-0 specimen showed 4.59 MPa with a 95% confidence
interval of 4.48 MPa to 4.70 MPa.

Further assessing the test results, an increase in split-tensile
strength was found due to adding a smaller aggregate than the
Fig. 7. Splitting tensile strength and norm
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larger aggregate size range in the concrete specimen, as depicted
in Fig. 7. It can also be observed that the splitting strength of the
specimen decreases as the RCA concentration increases in the
mixes for both size ranges of aggregate. Besides, all the RCA con-
crete specimen compressive strength was achieved in the range
of 83.7–91.4% of their 28-days strength at 7-days and 101.1–
110.5% of their 28-day strength obtained at 56 days of curing ages.
It is noticed that the highest concentration of RCA specimen
decreases the splitting tensile strength up to 28.48% at 28-days
for the larger size range of aggregate mix. The decreasing trend
of the value is because of the weaker cohesion force between the
RCA surfaces and cement matrix that enhances lower bond ten-
dency in the concrete mix, and this conclusion is in line with the
previous experimental findings (Ajdukiewicz and Alina, 2002;
Silva et al., 2015). According to Thomas et al. (2018) experimental
investigation, when the percentage of RCA is about 25%, the split-
tensile strength of the concrete reduces by approximately 2–8%,
which is quite similar to this study. However, González-Fonteboa
and Martínez-Abella (2008) found that the inclusion of nano-
particles of silica fume into the concrete mix can minimize the
drop of splitting strength when replacing NCA with RCA.

It is clearly observed from Fig. 7 that a maximum tensile
strength of about 3.43%, 1.1%, and 0.87% is found for the specimen
HSC5-0 at 7, 28, and 56-day, respectively, compared to the speci-
men HSC12-0. This strength enhancement leads to the superior
bonding characteristics of the smaller aggregates with the binder
and the filling of void spaces by the smaller size aggregates. In con-
trast, the tensile strength reduces with RCA replacement percent-
age increment at all curing ages than in the control mixes, as
presented in Fig. 7. The split-tensile strength reduces in a range
of 3.2%-18.9% for the RAC specimen compared to the control
sample HSC5-0, whereas the strength value decreases by 5.5%-
28.5% with respect to the control sample HSC12-0. This behavior
is attributed to the greater porosity of RAC that leads to a higher
split-tensile strength reduction which satisfied the previous exper-
imental investigation (Mohammed Ali et al., 2020; Silva et al.,
2015).

4.2.2.1. Crack propagation and failure patterns. The splitting tensile
testing failure patterns of cylindrical specimens with various con-
centrations of RCA replacement in NCA at 28-days testing are pre-
sented in Fig. 8. It can be noticed that the HSC5-0 and HSC12-0
failed in a brittle manner with a single smaller crack width at the
specimen’s mid-height under uniaxial loading, as shown in Fig. 8
alized strength of the concrete mixes.



Fig. 8. Observed splitting failure patterns of the specimen at 28 days (a) HSC12-0; (b) HSC5-0; (c) RCA12-15; (d) RCA5-15; (e) RCA12-30; (f) RCA5-30; (g) RCA12-45; (h)
RCA5-45.

Fig. 9. Stress-strain diagram of RAC with size range of (a) 5–12 mm (b) 12–20 mm.
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(a and b). It is worth noting that the crack pattern of concrete spec-
imens was observed primary crack when they split out. It indicates
that the smaller aggregate size with silica fume can control the
crack of the HSC and prevent the specimens from falling apart. Fur-
ther, examining failure nature, the brittle nature of primary crack
was first initiated for RCA12-15, RCA5-15, RCA12-30, and RCA5-
30 concrete specimens, and then it followed the secondary or mul-
tiple distributed cracking and a bit wider crack width along the
diameter afterwards the whole length of the specimens as pre-
sented in Fig. 8(c and f). Besides, secondary or multiple cracking
was developed along with the primary crack for RCA12-45 and
RCA5-45, as shown in Fig. 8(g and h), which showed a more brittle
nature than the previous cylindrical specimens. The higher concen-
tration of RCA particles developed multiple distributed cracking at
the softening stage of loading. As the concentration of RCA parti-
cles increases, the fracture path tracks the concrete’s weakest
zones, such as pore space, due to the inherent bond between RCA
and cement mortar matrix.
Fig. 10. MOE and normalized MOE with respect to control concrete mixes.
4.2.3. Stress-strain responses
The stress-strain responses of RAC specimens are presented in

two different graphs in Fig. 9. It can be observed that the concrete
with varying concentrations of 5–12 mm size range of RCA in Fig. 9
(a) showed relatively lower peak strain and residual strain com-
pared to the size range of 12–20 mm RCA as referred to Fig. 9(b).
The observation indicates that the larger aggregate size did not
densify well enough due to the presence of more void space in
the cement matrix and less homogeneity in the mix than the smal-
ler aggregate size. Furthermore, in Fig. 9, for both size ranges of
RCA, the ascending branch of all the curves exhibited a nearly lin-
ear slope until the peak stress. However, the slope of softening
8

branch decreases as the recycled aggregate concentration
decreases, demonstrating the greater overall energy absorption
performance. The linear ascending branch slope phenomenon is
more pronounced for 5–12 mm size aggregate concrete specimens,
whereas the descending branch showed a higher contraction value
for 12–20 mm size concrete mixture. It is also clearly seen that the
varying concentration of the RAC specimen possessed a snap-back
behavior or a bit more brittle properties than the control specimen
for both sizes ranges of RCA. The behavior suggests that an increase
in the size of CA upsurge the roughness of the aggregate surface. In



Table 4
Formulations of compressive strength and split tensile strength of concrete in
different design codes.

Source Relationship Range, MPa

ACI 363R-92 (ACI, 1992) fsp = 0.59f’c0.5 21 � f’c � 83
ACI 318-08 (ACI, 2008) fsp = 0.56f’c0.5 –
CEB-FIP (1990) fsp = 0.3f’c2/3 f’c � 83
AS 3600(Standard, 2001) fsp = 0.4f’c0.5 –
EHE (1998) fsp = 0.21f’c2/3 –
GB 50,010 (GB, 2002) fsp = 0.19f’c0.75 –
NBR 6118 (NBR, 2003) fsp = 0.3f’c2/3 –
Current Study fsp = 0.68f’c0.48 f’c � 55

Table 5
Formulations of compressive strength and modulus of elasticity of concrete in
different design codes.

Source Relationship Range, MPa

ACI 363R-92 (ACI, 1992) Ec = 3,320(f’c)0.5 + 6,900 21 � f’c � 83
CEB-FIP (1990) * Ec = 21,500aE(f’c/10)1/3 f’c � 80
GB 50,010 (GB, 2002) Ec = 105

2:2þ34:7=f c
–

Norges (Standard, 1992) Ec = 9500(f’c)0.3 25 � f’c � 85
Current Study Ec = 5136(f’c)0.47 f’c � 55

* aE = 1.2 for basalt, dense limestone aggregates; 1.0 for quarzitic aggregates; 0.9
for limestone aggregates; 0.7 for sandstone aggregates.
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addition, void initiation in the concrete leads to an expansion in
the stress concentration and transmission of cracks within the
ITZ. Thus, the results turned into a brittle nature of the RAC com-
pared to the control concrete. This finding is consistent with
Nath et al. (2021), as they reported that the decline in the contrac-
tion of RAC leads to the addition of varying concentrations of recy-
cled aggregate. The behaviour of the brittle nature of RAC could be
improved by adding a small amount of steel fibre to the concrete
mix, and further study is required to achieve the substantial ductil-
ity of the RAC. Afterwards, these properties could be incorporated
into numerical modelling to quantify the structural behavior of the
members.

The stress-strain relationships are affected by different param-
eters such as MOE, peak strain, corresponding stress at peak strain,
type of concrete, measurement methods, and load speed. MOE has
been determined from the linear ascending part of the stress-strain
response of the curve, as depicted in Fig. 10. It can also observe
from Fig. 10 that the peak strain of larger size aggregate RCA spec-
imen increases because of the decreased elastic modulus of RAC,
which indicates a larger deformation capacity of the concrete spec-
imen. In comparison with the control concrete of group – B,
RCA12-15, RCA12-30, RCA12-45 concrete specimens were shown
about 7.42%, 12.94%, 17.52% decrease of MOE, respectively. In addi-
tion, the same percentage replacement of 5–12 mm aggregate size
mixes demonstrates a lower normalized reduction in MOE with
respect to the group – A control specimen than the group – B spec-
imen. According to Thomas et al. (2018), an average 30% � 34%
reduction in the MOE was perceived when 25% � 100 % of the
NCA was substituted with RCA. In that case, the previous results
showed less degradation than the current analysis because of silica
fume. The presence of this ultra-fine silica powder provides a
Fig. 11. Relationship between (a) Splitting tensile strength and compressiv
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better mortar matrix stage in mixes, which produces higher stiff-
ness among the concrete mix and increases the specimens’ MOE
value.
4.3. Relationship of the mechanical properties

Table 4 depicts the formulations of compressive and split-
tensile strength of the concrete according to the various code of
standard (ACI, 1992; ACI, 2008; CEB-FIP, 1990; EHE, 1998; GB,
2002; NBR, 2003; Standard, 2001). The split-tensile (f’spt) and the
compressive strength (f’c) of the test results show a good correla-
tion with a good coefficient of regression for the different code of
standards, as illustrated in Fig. 11(a). It is observed that the tensile
strength is about 7–8% of the compressive strength of concrete. It
can also be noticed that the tensile strength of RCA mixes increases
substantially with the increase of compressive strength value, and
these enhancements are nearly constant throughout the analysis. It
is clearly observed that the equation of CEB-FIP (1990) and NBR
(2003) are close enough predictions to the current investigation;
however, AS3600 and EHE are shown to have the furthest estima-
tion from the confidence band (CB) and prediction band (PB). How-
ever, long parts of the prediction zone were covered by the ACI
363R-92 code, and it exhibits very well estimation compared to
other codes of standards. The high splitting tensile strength creates
the upward prediction line from the others standard due to the
incorporation of smaller aggregate in the concrete mixes. There-
fore, the aggregate interlocking effect enhances the splitting tensile
strength properties of the concrete mixes.

Fig. 11(b) represents the relationship between the compressive
strength (f’c) and the modulus of elasticity (Ec) of concrete with the
comparison of various codes of standard. The concrete compressive
e strength of concrete; (b) MOE and compressive strength of concrete.



Table 6
Material embodied energy and cost at the production and transportation stages

Materials Material embodied Energy (MJ/kg) eCO2 emission kg CO2/kg eCO2 emission kg CO2/kg Production cost (tk/kg) Transportation cost (tk/kg)

Production Transportation

NCA 0.083(1) 0.005(1) 0.021* 5 0.26
Cement 5.5(1) 0.95(1) 0.021* 9 0.34
Water 0.0009(2) 0.00155(2) __ 0.088 -
Admixture 0.0058(1) 0.0022(1) 0.086* 100 5
Fine aggregate 0.08(4) 0.0048(4) 0.16* 2.17 0.22
Silica Fume 0.036(3) 0.0028(3) 0.086* 34.75 5
RCA 0.066(1) 0.003(1) ___ - 0.67

Where, (1) Hammond et al. (2011)(2) Bostanci (2020) (3) Mineral Product Association (2009) (4) (Datta et al., 2022); Murthy and Iyer (2014)
* Transportation eCO2 emissions were estimated by taking the fact of travel distance from the pulling out to the production site in collaboration with the supplier company.

The cost was assessed in BDT (1 USD = 84.53 Tk).

Table 7
Summary of eCO2 emission concrete mixes.

Mix ID Total CO2 Emission Production Emission Transportation Emission Production % Transportation % Cost (tk/m3)

HSC5-0 647.38 485 162.38 74.92 25.08 15434
HSC12-0 648.55 485 163.55 74.78 25.22 15434
RCA5-15 643.36 484.66 158.70 75.33 24.67 14631
RCA12-15 644.53 484.66 159.87 75.20 24.80 14631
RCA5-30 639.28 484.30 154.98 75.76 24.24 13818
RCA12-30 640.45 484.30 156.15 75.62 24.38 13818
RCA5-45 635.26 483.95 151.31 76.18 23.82 13015
RCA12-45 636.43 483.95 152.48 76.04 23.96 13015
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strength and MOE formulations in different design codes are pre-
sented in Table 5. The expression of this current study is quite sim-
ilar to the CEB-FIP (1990), as their values cover the 95% confidence
band in the analysis. On the other hand, ACI (ACI, 1992) and Norges
N. Standard (1992) estimation also cover the 95% prediction inter-
val with a bit of deviation to MOE of the current investigation.
However, the MOE value decreases with the percentage replace-
ment of RCA due to the inferior strength gaining of the aggre-
gate–mortar ITZs. In addition, the MOE of concrete can be
affected by the aggregate’s elastic modulus (Li et al., 2019). There-
fore, ACI (ACI, 1992) estimation range slightly deviates from the
95% prediction band of MOE from this current study at a higher
strength value of concrete with two different size ranges of
aggregate.

4.4. Sustainability assessment

Material embodied energy and cost at production and trans-
portation stages are presented in Table 6 to evaluate the sustain-
ability criteria of the mixes. Total eCO2 emissions of various
concrete mixes for transportation and production are represented
in Table 7, obtained from Table 6. The eCO2 emissions of the
HSC12-0 and HSC5-0 mixes are about 648.55 kg CO2/m3 (278 kg
CO2/t) and 647.38 kg CO2/m3 (277 kg CO2/t), respectively. The
amount of eCO2 emission decreases with the increment of partial
replacement of RCA, as represented in Table 7. The group – B con-
trol mix exhibits a maximum eCO2 emission rate than all other
mixes. In addition, HSC5-0, RCA5-15, RCA5-30 and RCA5-45 mixes
were reduced about 0.18%, 0.8%, 1.43% and 2.05% of eCO2 emissions
respectively; whereas, RCA12-15, RCA12-30 and RCA12-45 mixes
decreased approximately 0.62%, 1.25%, and 1.87% of eCO2 emis-
sions respectively from the baseline emission of HSC12-0. The pro-
cessing, marketing, and transportation of natural aggregates
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consume a lot of energy stored as embodied energy in the control
concrete mixes. The eCO2 emission of the mixes decreases with
partial replacement as RCA particles can reduce energy-
consuming virgin materials. The eCO2 emission also decreases
when the transportation length of the aggregate particle is small
at the higher replacement level. The mix with 5–12 mm RCA shows
better performance than 12–20 mm in terms of eCO2 emission for
transportation as any transporting vehicle can hold more small
aggregate particles than large ones. RCA5-45 shows the best per-
formance to reduce the eCO2 emissions among other concrete
mixes because of the highest replacement of virgin materials,
around 45%, and optimized transportation length. Though
RCA12-45 can reduce the highest amount of eCO2 emission, it neg-
atively reduces concrete strength significantly, as per the current
investigation. Hence, this study suggests the RCA5-30 mix as an
optimum solution because of has low eCO2 emission and optimum
strength.

This study also conducted an economic analysis to get the cost
of the individual mix due to production and transportation costs,
as represented in Table 7. It is described in Table 7 that the cost
per m3 of concrete decreases with the increment of partial replace-
ment of RCA. It can also be noticed that both sizes of aggregate con-
crete need the same amount of cost. The maximum cost was
obtained at around 15,444 tk/m3 for 0% replacement of the RCA
concrete mix. RCA5-45 and RCA12-45 mixes represent the most
cost-efficient concrete production rate at 13,015 tk/m3 ensuring
15.67% cost savings compared with the control mix’s cost.
Although 45% replacement of RAC reduces the highest cost for
the production of per m3 concrete, it also has a negative effect of
decreasing concrete strength considerably, according to the cur-
rent study. Like the eCO2 assessment, this study suggests the
RCA5-30 mix as an optimum solution because of having low cost
and optimum strength.
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5. Conclusions

In this paper, the size and concentration effect of RCA on the
production of HSC has been studied. Eight concrete mixes with dif-
ferent RCA concentration levels with an interval of 15% were con-
sidered. The obtained experimental results of the rheological and
mechanical properties are concluded as follows:

� All the mixes had a satisfactory slump result greater than
150mm, which led to the high workability of concrete. Concrete
mixtures of the 12–20 mm aggregate size range have a larger
slump, compacting factor, ball penetration, and K-slump value
than the 5–12 mm size range concrete. In addition, the high
density and workability of mixes decrease with an increasing
concentration of RCA replacement level.

� The decrease in the split-tensile strength of RAC with the
increase of the RCA concentration is relatively smaller than
compressive strength and MOE. The 5–12 mm coarse aggregate
size enhances the strength and MOE of the mixes compared to
the 12–20 mm aggregate size. In terms of sustainability assess-
ment, the cost and eCO2 emission decrease with RCA incorpora-
tion, leading to a low-cost and environment-friendly concrete
production with better strength.

� Analytical prediction of different codes of practice gives a strong
estimation with MOE but a conservative prediction with split-
ting tensile strength compared to the current study. In contrast,
several codes of practice demonstrated a scatter estimation
with the experimental data. This analytical prediction, which
will abide by RAC properties and ultimately reduce the cost of
testing, suggests the further alteration of the estimation, labour,
and time.

� In terms of sustainability assessment, the cost and the overall
assessment indicate that it is feasible to produce greater than
40 MPa concrete with 5–12 mm RCA up to 30% replacement,
saving 1.43% emission of eCO2 than the control concrete. This
optimum replacement percentage of RCA is recommended to
produce low-cost sustainable concrete in the construction
industry.

Further work could be done to improve the HSC capacity. It is
recommended that the inclusion of steel fiber could improve
strength and post-peak ductility behaviours having a large scatter
concentration of RCA with varying fiber types and fiber slenderness
factor.
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