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Abstract: Worldwide the concrete industry has started embracing the utilization of recycled concrete
aggregates (RCAs) resulting from demolition and construction waste as full or partial substituents in
the production of high-strength concrete (HSC) due to their economic and environmental benefits.
Several parameters were experimentally investigated in this study. The first parameter analyzed
the effect of replacing varying percentages of coarse aggregate with recycled aggregate. The second
parameter examined the influence of two aggregate sizes (10 and 20 mm). The third parameter was
intended for investigating the influence of three different RCA treatment methods utilizing sodium
silicate immersion, cement slurry, and the Los Angeles (LA) abrasion simulation. The test results
generally indicated degradation in the engineering properties of concrete produced using untreated
RCA compared to the control. The degree of reduction increased as the replacement percentage was
increased regardless of the aggregate size. The reduction in compressive strength appeared to have
a more pronounced effect in comparison to the splitting tensile strength. The use of treated RCA
improved concrete slump by 15–35%. This also caused enhancement in the engineering properties,
especially for the LA abrasion mechanical treatment, which was very promising for both aggregate
sizes. In comparison with the untreated RCA, the relative enhancement in water absorption was up to
76%, whereas splitting tensile and compressive strengths increased by 3–50% and 5–60%, respectively.

Keywords: recycled concrete aggregate (RCA); high-strength concrete (HSC); cement-silica fume
slurry; sodium-silicate solution; LA abrasion

1. Introduction

Concrete produced from cement, water, aggregates, and chemical admixtures, is con-
sidered one of the most consumed and globally employed materials in the construction
of infrastructure, industrial and marine facilities, buildings, bridges, and pavements. Ag-
gregate typically occupies 60% to 75% concrete volume and plays a significant role in its
overall performance. Globally, approximately 25 billion tons of concrete are produced [1]. It
is very clear that increased production of concrete would result in growing consumption of
natural aggregate resources and severe shortages of good performance aggregates. Hauling
good-quality aggregates in large quantities may not be practical due to the high increase in
transportation costs [2,3]. Over the last few decades, there have been various attempts to
promote sustainability and the production of green and environmentally friendly concrete
through the employment of recycled construction materials, especially recycled aggre-
gates [4,5]. However, it may cause some negative impacts on concrete’s fresh, mechanical,
and durability properties if it is produced from 100% recycled concrete aggregate (RCA).
Thus, there is a need for research on improving the performance of RCA concrete so that it
can be utilized in building construction.

The adhered mortar in RCA, composed of hydrated and some amount of unhydrated
Portland cement, is a key feature that differentiates RCA from normal/natural coarse
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aggregate (NCA) [3,6]. The RCA, in comparison with NCA, is typically characterized
to have higher porosity, lower abrasion resistance, lower aggregate density, lower 10%
fines value, inferior crushing value, lower specific gravity, higher absorption of water,
and the degraded engineering properties of concrete [7–9]. The quantification of adhered
mortar is complicated, and there is no globally accepted standardized test procedure to
determine its amount. Nevertheless, several methods have been employed in the literature
for the removal of adhered mortar of RCA, which include thermal expansion [3,10], acid
dissolution [3,11,12], and freezing-thawing [3,13]. According to Butler et al. [3], the thermal
expansion method was most efficient for the removal of the adhered mortar as compared
to freeze-thaw or nitric acid dissolution methods. Additionally, the abrasion resistance
and water absorption of RCA may also be used as an indirect index to qualitatively and
quantitatively assess the adhered mortar. In various experimental studies, mortar adhered
to RCAs varied from 20% to 56% [3,14,15].

The engineering properties of RCA-produced concrete have been widely investi-
gated [16–24]. In order to produce flowable RCA concrete with a slump value equal to the
concrete produced using NCA, 10% extra water was added to the concrete in a study [17].
The engineering properties of RCA concrete are affected by many factors: first, the replace-
ment level of RCA. The higher the replacement level, the more the degradation in concrete
properties. Second, the quality of the adhered mortar and the extent of concrete porosity.
Third, adhered mortar bond with aggregate [18]. Fourth, the interfacial transition zone
(ITZ) between the RCA and the new mortar [3,20]. Fifth, the virgin aggregate characteris-
tics [21,22], sixth, the crushing process [9], and finally, the size of RCA [23]. Because of the
adverse impact of employing high replacement levels of RCA in the production of concrete
on its mechanical properties, an optimum RCA replacement level of about 30% was found
to produce concrete with comparable mechanical properties of control [25]. Additionally,
the reduction in the mechanical properties for RCA used at high replacement levels could
be overcome by amending the water-to-cement ratio (w/c ratio) [25]. A comparative study
indicated that the RCA of good quality, characterized as having lower absorption of water,
lesser quantity of adhered mortar, and higher aggregate strength values, produced concrete
comparable to that created with NCA [19]. Another experimental work [26] suggested that
the concrete strength from which RCA is obtained plays an important role in the overall
performance of RCA concrete. The outcome of that study revealed that RCA produced
from a strength grade of 80 MPa to 100 MPa resulted in strength comparable to the control
specimens, whereas lower strength was observed relative to the NCA concrete for RCA
obtained from low strength grades of 30 MPa to 40 MPa.

In order to overcome the reduction in the properties of concrete when RCA is uti-
lized, various researchers have proposed treatment means for enhancing concrete per-
formance [27,28]. The treatment methods for RCA available in the literature can be split
into two categories: (i) treatments intending to enhance the quality of the adhered mortar
and (ii) treatments aiming at the adhered mortar removal. The utilization of cementi-
tious solutions [28,29], utilization of lime immersion with carbonation and carbonation
method [27], and impregnation of RCA with polyvinyl alcohol (PVA) [30] are the most
widely used techniques to enhance the characteristics of adhered mortar. Nevertheless, the
process of adhered mortar removal is typically carried out using various means, including
the immersion of RCA in a diluted acidic chemical solution [31,32], crushing mills [33], a
heating technique [34,35], soaking RCA in acetic acid only, combined mechanical rubbing
and acetic acid immersion, or the dual treatment of carbonation and acetic acid immer-
sion [27], ultrasonic cleaning process [32], ball rubbing, a dual process of heating and
rubbing [36], and heating-scrubbing, and immersion in hydrochloric acid (HCl), and sulfu-
ric acid (H2SO4) [37]. The compressive strength of concrete was stated to have improved by
approximately 17% when an adequate modification of the concrete mixing procedure was
carried out [38]. Li et al. [39] found the silica fume and fly ash coating RCA as an effective
way of improving the concrete strength. The use of fly ash and volcanic ash as organic
admixtures were reported to enhance the durability of RCA [40]. Alqarni et al. [41] studied
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the effect of sodium silicate and cement slurry immersion of RCA at various concentrations
of 20–50% on the performance of normal strength concrete produced with RCA. Their
findings indicated that the optimum slurry, as well as the sodium silicate concentration,
was 40% and the use of this treated RCA at a full replacement level compared to the con-
trol improved concrete slump as well as the splitting tensile and compressive strengths.
Wichrowska et al. [42] revealed that incorporating fly ash, slag, and recycled cement mortar
as an innovative additive into the concrete mixture created with 30% RCA resulted in
better physical and mechanical properties compared to the concrete mixture having 100%
NCA. Alqarni et al. [41] looked at the effect of the mechanical-based treatment with the Los
Angeles (LA) abrasion simulation on the properties of normal strength RCA concrete. Their
results indicate the optimal adhered mortar removal for 60-mm diameter steel balls and
an operating time of 5 min. The use of treated RCA in the production of concrete caused
substantial enhancement of the properties of concrete [41].

The performance of high strength concrete (HSC) produced using RCA has been
examined by serval researchers [25,43–48]. Hamad and Dawi [43] reported a decrease in
mechanical properties ranging from 10% to 15% in comparison to the control, and that
replacement levels of RCA and the concrete strength grade had little or no effect. The minor
reduction in the strength was due to the good quality of RCA being investigated. Moreover,
Tamayo et al. [44] showed that while the compressive strength of concrete created from
recycled aggregate originally obtained from electric Arc furnace slag concrete was not
affected by the replacement level of RCA at ages greater than or equal to 28 days, about
17% reduction in the modulus of elasticity was recorded at 100% RCA. Nevertheless, it
was revealed in an experimental study [45] that the compressive strength generally tends
to decrease with increasing RCA percentages, whereas the modulus of elasticity showed
no influence by the presence of RCA. However, Sivakumar et al. [46] reported a 37%
reduction in compressive strength and a 25% reduction in splitting tensile strength for
50% RCA in comparison to the control. The modification of the w/c ratio from 0.4 to
0.34 reduced the drop in compressive and tensile strengths to 12% and 7%, respectively.
Limbachiya et al. [25] showed that 30% RCA could be safely used to produce HSC. The
findings of Hassan [47] showed that the employment of 100% RCA caused a reduction in
the compressive and splitting strengths by about 21.5% and 39.5%, respectively, and hence,
it was suggested to limit the substitution of RCA to 20% to produce comparable results
with the control concrete. Yu et al. [49] employed fine RCA as a partial replacement (0% to
100%) of natural aggregate for producing ultra-high-performance concrete (UHPC). The
test results revealed almost the same or even better performance of UHPC containing RCA
as compared to the one without RCA. Sadowska-Buraczewska et al. [50] tested reinforced
concrete beams produced using HSC having untreated RCA. The test results showed a 42%
decrease in the compressive strength and a 20% increase in deflection due to the addition
of RCA in the production of HSC.

The performance of HSC produced with RCA in terms of the fresh and hardened prop-
erties has been investigated by serval researchers. The majority of the conducted studies
considered either RCA obtained from higher strength grades (i.e., compressive strength
of higher than 35 MPa) or RCA with adhered mortar of less porous material (i.e., normal
to good quality RCA). Another research gap in the literature lies in the assessment of the
influence of the maximum size of aggregate and RCA treatment procedures employed on
the performance of HSC. Moreover, some of the results in the past studies were conflicting.
The main purpose of this research is to investigate and characterize the performance of
concrete with different replacement levels of RCA of 33%, 67%, and 100% for different
aggregate sizes. As part of this investigation, another objective is to assess the effect of the
RCA treatment methods on the overall performance of concrete.

2. Significance of Research

This study focuses on the treatment of RCA for improving its characteristics and
hence enhancing the performance of HSC produced using treated RCA. Three practical
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approaches to treating RCA were employed. The first two methods were used to strengthen
the adhered mortar through immersion of RCA in different concentrations of cement
slurry and sodium silicate solution. The third method used LA abrasion simulation to
remove the adhered mortar. The test parameters involved in the three treatment methods
were optimized by assessing the changes in the aggregate characteristics. Then the RCA
treated using optimized parameters of the three methods was used in producing HSC. The
performance of HSC so produced was evaluated through compressive and splitting tensile
strength and water absorption tests. The research outcome is expected to be of practical
significance in utilizing treated RCA in the production of HSC.

3. Materials and Methods
3.1. Recycled Concrete Aggregate (RCA)

The use of RCA procured from the demolition waste is expected to introduce a large
amount of variability in test results, thereby making it difficult to derive meaningful
conclusions. Thus, for ensuring consistency in test results, RCA was obtained by crushing
low-strength concrete blocks (1000 mm × 1000 mm × 250 mm size), specially prepared for
this purpose. In casting these concrete blocks, the coarse aggregate used was limestone,
and the same aggregate was used to prepare different concrete mixes. The mix of the
concrete blocks was intended for a target strength of about 15–20 MPa. The selection of
low-grade concrete for the production of RCA was to have higher voids and absorption
capacity, which helped in differentiating the effectiveness of different aggregate treatment
methods. These blocks were initially crushed with a hammer to reduce their size so as
to fit the jaw crusher feed and subsequently crushed in an aggregate crusher to achieve
the RCA of different size fractions. The crushing resulted in aggregates of different sizes:
small (<4.75 mm), medium (4.75–20 mm), and large (>20 mm). However, the medium-sized
RCA was used in this study because the objective was to investigate the performance of
concrete generally used for structural applications using two maximum sizes of aggregate
(10 mm and 20 mm). The RCA was then sieved for its segregation into different sizes. The
sieves used for this purpose were of three sizes of 25.4, 19.0, 9.51, and 4.75 mm, which were
selected according to ASTM C33 (2018) [51]. The physical properties of different RCA sizes
obtained according to the ASTM C 127 [52], are shown in Figure 1.
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3.2. Treatment Procedures of RCA

Based on the characterization of RCA, three methods of aggregate treatment, namely
T1, T2, and T3, were used. For T1 and T2, RCA was immersed in cement-silica fume slurry
and sodium silicate solution, respectively, while LA abrasion simulation was used for T3.
The first two procedures (T1 and T2) were aimed at filling the adhered mortar pores of
RCA for strengthening the mortar, while T3 was employed for the removal of mortar.

Treatment method T1: In this method of treatment of RCA, after drying the RCA at
100 ◦C for 24 h and subsequent cooling, it was treated by immersion in a cement-silica
fume slurry solution of varying levels of concentration. The silica fume, being finer than
cement, helped in the percolation of slurry into the adhered mortar pores. Equal amounts
of cement and silica fume were mixed in water to prepare slurries of 20%, 30%, 40%, and
50% concentration. The RCA was immersed in the slurry for 30 min, and then it was taken
out and dried for 24 h. It was then cured for 7 days. The treated RCA using the four
percentages of slurry is shown in Figure 2.

Treatment method T2: Similar to the treatment method T1, in this treatment method
also, the RCA was first dried, and then it was treated by soaking it in sodium silicate
solution. The solution was prepared by mixing the sodium silicate in different weight
percentages of 20%, 30%, 40%, and 50% with water. The RCA was soaked in the solution for
about 30 min, and then it was taken out and dried for 24 h. The sodium silicate immersion
was used in order to increase the surface hardness of adhered mortar through the reaction
of calcium hydroxide in the adhered mortar with sodium silicate leading to the formation
of calcium silicate. This treatment method caused a change in color of RCA (Figure 3).

Treatment method T3: In this method of treatment, the LA abrasion simulation was
used to remove the adhered mortar. This method employed 8 steel balls of 46-mm as well
as 60-mm diameter (Figure 4) for varying durations. It is worth mentioning here that the
46 mm is the standard diameter of balls used in the LA abrasion [53,54].

The standard ball size is employed in the LA abrasion for checking the quality of
coarse aggregate, and the purpose is not to grind it, whereas the purpose of the LA abrasion
simulation used in this research was to remove adhered mortar without damaging the
aggregate in the RCA. Thus, a bigger ball size was also used for rapid abrasion for the
removal of adhered mortar. The duration of LA abrasion was varied by using: (i) 5 min,
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(ii) 10 min, and (iii) 15 min mixing at 33 rotations/min. The 15 min duration corresponds
to the standard LA abrasion test of approximately 500 rotations (15 × 33 = 495), and the
two lesser durations of 5 and 10 min were selected because the objective was to remove
relatively soft adhered mortar as well as to minimize the energy consumption. The selected
durations also covered a wide range of the number of rotations. Figure 5 shows the treated
RCAs, which show substantial removal of adhered mortar from RCA.
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3.3. Concrete Mixture Proportions

All concrete mixes included ordinary Portland cement (OPC) obtained from Riyadh
Cement Co. and complying with ASTM C150 [55]. The fine aggregate was comprised of
two blended sources of 30% crushed sand and 70% white fine sand. In this study, 10- and
20-mm sizes of coarse aggregates were investigated. The aggregates complied with ASTM
C33 [51] requirements for coarse and fine aggregate gradations. The superplasticizer used
in the study was MasterGlenium-51, complying with ASTM C494 [56], to produce flowable
concrete for high strength concrete.

For the concrete mixtures to reach a target compression strength of 70 MPa, four
parameters were taken into consideration: aggregate size, RCA treatment methods, and
RCA replacement amounts, as illustrated in Table 1. In order to overcome expected
workability issues resulting from the very high absorption of RCA and less w/c ratios
and to produce concrete mixtures with slumps conforming with codes of practices, a
superplasticizer (MasterGlenium-51) was used in all mixtures. The NCA mixtures, referred
to throughout the paper as reference mixes, used 100% crushed limestone aggregates,
whereas the RCA mixtures contained 33%, 67%, and 100% RCA as a substitute for coarse
aggregate. The selected percentages of RCA cover the 0 to 100% range with a sufficient
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number of points to observe the trend and hence derive meaningful conclusions. As seen
in Table 1, the proportions of the concrete mixes were mixed in a laboratory environment
under ACI 211 mixing guidelines [57].

Table 1. Concrete mixture proportions to produce HSC specimens.

Materials
RCA Substitution Percentages

0% * 33% 66% 100%

W/C ratio 0.25 0.25 0.25 0.25
Cement (kg/m3) 500 500 500 500
Water (kg/m3) 134 152 170 189

Crushed limestone (kg/m3) 1016 681 345 0.00
Recycled concrete aggregate (kg/m3) 0 335 671 1016

Fine aggregate (kg/m3) 832 832 832 832
* Control mix.

3.4. Specimens and Testing

For determining the tensile and compressive strengths of different concrete mixes,
100 mm × 200 mm concrete cylinders were cast and subsequently cured for 28 days. In this
study, aggregates were tested based on ASTM standards for specific gravity, abrasion resis-
tance, and water absorption [51–56]. This study examined the compressive and splitting
tensile strengths and water absorption of concrete. The fresh property investigated was
concrete slump. All test results reported in the paper are the average of three samples.

4. Results and Discussion
4.1. Performance of Concrete Produced Using Untreated RCA
4.1.1. Characteristics of Recycled Concrete Aggregates (RCA)

Figure 1 illustrates the physical properties of both NCA and RCA, which include
specific gravities and water absorption [52]. The abrasion resistance of the aggregates was
determined using LA abrasion resistance [53,54]. The LA abrasion of RCA and NCA were
found to be 38.6 and 22.0%, respectively. It is evident that the variations among the specific
gravity values of various size fractions are insignificant (within 10–12%) between the NCA
and RCA. Nevertheless, LA abrasion and water absorption appeared to be substantially
higher for RCA than NCA. The RCA had water absorption of almost 8.23% compared to the
NCA (1.28%) and resulted in mass loss of 38.6%, which is approximately 75% higher than
the NCA. It was noted that the poor quality of RCA had porous adhered mortar, which
caused a substantial drop in abrasion resistance and an increase in water absorption.

4.1.2. Concrete Slump

The slump test, performed as per ASTM C143 [58], was used to assess the fresh
properties of concrete. Observations indicated that as coarse aggregate replacement levels
increased, slump values decreased. Compared to the control specimens, higher aggregate
replacement levels resulted in a greater reduction in slump, which is consistent with past
research [26,41,59]. Additionally, as compared to the control, the reduction in the slump
values at 33%, 67%, and 100% were 20%, 31%, and 37%, respectively. This reduction in the
slump is mainly due to the poor quality of adhered mortar that resulted in higher water
absorption demand, higher number of pores, and weak ITZ.

4.1.3. Compressive Strength

Figure 6a depicts a comparison of the compressive strengths of concrete produced
using aggregate sizes of 10 mm and 20 mm, obtained in accordance with the ASTM
C39/C39M-20 [60]. Although the concrete of 10 mm aggregate size caused higher compres-
sive strength than that of the 20 mm aggregate specimens, the strength reduction behavior
at various replacement levels appeared to be comparable for the two sizes. Furthermore, the
rate of drop in the compressive strength was very pronounced at 33%, after which a steady,
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gradual reduction was maintained until reaching 100% replacement level, irrespective
of the aggregate size. In comparison to the control, the drop in compressive strength at
aggregate replacement levels of 33%, 67%, and 100% were 32%, 42%, and 54%, respectively,
for the 10-mm aggregate size specimens and were 37%, 52%, and 58%, respectively, for
the 20-mm maximum aggregate size specimens. The drop in strength observed with the
increase in the substitution percentage of RCA is in agreement with the past studies of
Andreu and Miren [21], and Alqarni et al. [41]. This reduction was mainly due to the
quality of RCA, which was characterized to have very porous mortar attached to its surface.
The failure mechanism of high-strength concrete produced using normal coarse aggregates
is characterized by fractures passing through coarse aggregate particles. However, the
failure mechanism of RCA concrete is mainly dominated by the quality of adhered mortar-
generally known as old ITZ, which in turn has a significant effect on the matrix-aggregate
bond [4]. Therefore, the failure mechanism of high-strength concrete with RCA may occur
through the coarse aggregate or in and around coarse aggregate, specifically at ITZ. It has
been reported in the literature that bonding strength between RCA and new mortar was as
good as or better than the natural aggregate-mortar bond [4,21]. This superior performance
in their findings was attributed to the good quality of adhered mortar (old ITZ) and highly
rough surface texture. Nevertheless, the poor quality of RCA, which is characterized by
high water absorption, high volume of pores, a high number of cracks, and weaker ITZ,
results in lower mechanical properties if not treated. The decrease in the compressive in
this study was due to the very poor RCA quality as it had high water absorption, a greater
amount of porous material, less abrasion resistance, and weaker ITZ. A higher volume of
poorly adhered mortar was hypothesized to produce a weaker ITZ-RCA bond when RCA
was bigger (i.e., 20-mm size), which ultimately caused lower compressive strength.
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Figure 6. Effect of RCA replacement levels for two aggregate sizes on: (a) concrete compressive
strength; and (b) splitting tensile strength.

4.1.4. Splitting Tensile Strength

A comparison of the splitting tensile strength of concrete, determined as per ASTM
C496/C496M-17 [61], is illustrated in Figure 6b. The results for splitting tensile strength
exhibited a similar trend as those for compressive strength, i.e., a smaller aggregate size
resulted in higher tensile strength. The difference between the tensile strengths of 10- and
20-mm aggregate sizes was insignificant (less than 7%) at various replacement levels. As
the amount of RCA was increased, the tensile strength decreased, but the rate of reduction
did not exceed 32%, up to a substitution level of 67% compared to the control specimens.
However, with the full utilization of RCA, the rate of drop in tensile strength was less
noticeable than the reduction rate in compression (42% vs. 58%). The splitting tensile
to compressive strength ratio varied from 9.9% to 13.6%. The rough texture of RCA and
the porous nature of adhered mortar are responsible for improved ITZ that resulted in a
lesser drop in the tensile strength of concrete, which is also reported in previous research
(e.g., Ref. [62]).
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4.1.5. Water Absorption

The water absorption of 10- and 20-mm size NCA concrete was 1.1% and 1.0%, respec-
tively, which increased to 7.7%, and 7.6%, respectively, for the two sizes of RCA. ASTM
C1585-20 [63] was followed for determining the water absorption. Useful insight about
the durability of concrete in terms of permeability can be gained from water absorption.
The concrete with a low water absorption tends to have better permeability and ultimately
superior resistance against permeability, sulfate attack, and chloride ion diffusion. Irrespec-
tive of the aggregate size, there was a pronounced increase in water absorption of RCA
concrete, which was almost seven times the control specimens. This increase is mainly due
to the high volume of porous mortar adhered to the RCA.

4.2. Performance of Concrete Produced Using Treated RCA

This section presents the characteristics of RCA treated using the three methods, which
are compared with the characteristics of untreated RCA. Moreover, the properties of HSC
produced using treated RCA are also presented and compared with the test results of
untreated RCA.

4.2.1. Characteristics of Recycled Concrete Aggregates (RCA)

The treatment methods were first optimized for achieving the best results in terms of
the overall aggregate characteristics, which were assessed on the basis of the test results of
LA abrasion, water absorption, and visual inspection.

RCA Treatment Method T1

The RCA obtained after the treatment using different levels of concentration of cement-
silica fume slurry is shown in Figure 2. RCA treatment using the cement slurry of 20%
and 30% concentration resulted in a partial coating of cement-silica fume, while the treat-
ment using 50% slurry concentration showed an excessively thick coating of cement. The
objective of this treatment procedure was to fill the pores of adhered mortar with cement
slurry and not to coat it. Figure 7a illustrates the effect of this method of treatment on
LA abrasion and water absorption of treated RCA. It is observed from these results that
there is a trend of reduction in water absorption as the slurry concentration increases up
to 40%, and subsequently, there is a very small drop in water absorption. Additionally,
the LA abrasion test results also show that a 40% concentration of the cement slurry is
the optimal concentration for this treatment, which is also confirmed by the images of the
treated aggregate (Figure 2), as discussed above.
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RCA Treatment Method T2

The RCA obtained after the treatment using the different concentrations of sodium
silicate solution is shown in Figure 3. Sodium silicate treatment of RCA at 20% and 30%
concentrations results in partial treatment, whereas treatment at 50% concentration results
in thick sodium silicate coating. The main purpose of this method of treatment was to
penetrate the pores of the adhered mortar to enhance the surface hardness of the adhered
mortar through the reaction of calcium hydroxide with sodium silicate. Figure 7b illustrates
the influence of this method of treatment on the water absorption and the LA abrasion of
the treated RCA.

It is observed from these results that there is a continuous drop in water absorption
as the sodium silicate concentration increases up to 40%, and subsequently, there is a very
small drop in water absorption. Furthermore, the results of the LA abrasion also indicate
the 40% sodium silicate concentration to be an optimal solution concentration for this
treatment, which is also confirmed by the images of the treated aggregate (Figure 3), as
discussed above.

The variation trend of LA abrasion and water absorption with the concentration of
sodium silicate solution is similar to that observed for the treatment procedure T1. However,
the LA abrasion and water absorption for treatment using sodium silicate solution is lower
than that achieved by employing a cement slurry of the same concentration. Moreover, the
curing time required for sodium silicate immersion is low as compared to the cement-silica
fume slurry.

RCA Treatment Method T3

For assessing the effectiveness of the procedures of treatment using LA abrasion using
two sizes of steel balls and three durations, a sieve analysis was performed on the treated
RCA. The aggregate size distribution for the RCA treated using the two steel ball sizes is
shown in Figure 8. The size distribution of RCA before treatment is also plotted in this
figure. The aggregate size distribution for the LA abrasion of normal aggregates from which
the RCA was obtained is plotted in Figure 9, which was used as a control for evaluating
the results of treated RCA. The condition of RCA of different sizes after treatment using
standard steel balls is shown in Figure 5 for the following durations: 5, 10, and 15 min.
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Figure 8. Influence of LA abrasion duration on RCA by balls of: (a) standard size (46-mm diameter);
and (b) 60-mm diameter (Legends Dp: p mm dia balls, Tq: q minutes of LA abrasion duration).



Buildings 2022, 12, 494 13 of 19

Buildings 2022, 12, x FOR PEER REVIEW 14 of 20 
 

  

(a) (b) 

Figure 8. Influence of LA abrasion duration on RCA by balls of: (a) standard size (46-mm diame-

ter); and (b) 60-mm diameter (Legends Dp: p mm dia balls, Tq: q minutes of LA abrasion duration). 

  

(a) (b) 

Figure 9. Influence of LA abrasion duration on NCA by balls of: (a) standard size (46-mm diame-

ter); and (b) 60-mm diameter (Legends Dp: p mm dia balls, Tq: q minutes of LA abrasion duration). 

4.2.2. Concrete Slump 

Treatment of the RCA using the three methods resulted in an improvement in the 

flowability of concrete compared to untreated RCA. In general, treated specimens typi-

cally exhibited higher slump levels compared to untreated specimens by 15–35%. Even 

though the slump values were increased for the treated RCA, the maximum dosage of 

superplasticizer was used for all replacement levels. The trend of the reduction in 

slump, as the amount of RCA was increased, observed in the untreated RCA specimens, 

was still noticed to be similar to those of the treated specimens but with much a lower 

detrimental effect. Because of the porous adhered mortar, which was removed during 

the treatment process, LA abrasion proved to be the most effective treatment method for 

increasing the slump of concrete. Although both sodium silicate and cement-silica fume 

slurry were intended to penetrate the adhered mortars, sodium silicate had a superior 

flowability to cement slurry. Consequently, the cement slurry formed a coating at the 

surface of the adhered mortar, which increased water demand, thus reducing concrete 

slump. 

4.2.3. Compressive Strength 

Figure 10 depicts the compressive strength of concrete determined as per ASTM 

C39/C39M-20 standard [60]. Although the 10-mm aggregate size produced higher 

strength for the untreated specimens, all the three treatment procedures enhanced the 

strength, especially for the aggregate size of 20-mm, as illustrated in Figure 11. The 

0

20

40

60

80

100

0 5 10 15 20 25

P
er

ce
n
t 

p
as

si
n
g
 (

%
)

Sieve size (mm)

D46T15

D46T10

D46T5

RCA

0

20

40

60

80

100

0 5 10 15 20 25

P
er

ce
n
t 

p
as

si
n
g
 (

%
)

Sieve size (mm)

D60T15

D60T10

D60T5

RCA

0

20

40

60

80

100

0 5 10 15 20 25

P
er

ce
n
t 

p
as

si
n
g
 (

%
)

Sieve size (mm)

D46T15

D46T10

D46T5

NCA

0

20

40

60

80

100

0 5 10 15 20 25

P
er

ce
n
t 

p
as

si
n
g
 (

%
)

Sieve size (mm)

D60T15

D60T10

D60T5

NCA

Figure 9. Influence of LA abrasion duration on NCA by balls of: (a) standard size (46-mm diameter);
and (b) 60-mm diameter (Legends Dp: p mm dia balls, Tq: q minutes of LA abrasion duration).

The LA abrasion of normal aggregate for different durations of rotation, shown in
Figure 9, indicates that the effects of LA abrasion for five and ten minutes on the grading
of normal aggregates are small, except for a slight increase in fines. Nevertheless, the gap
between the 10- and 15-min curves illustrates that enhancing the duration to 15 min causes
abrasion of aggregates because all aggregate sizes have been reduced (Figure 5).

The gap between the size distribution curves of untreated and treated RCA, together
with the increase in percent passing the 4.75 mm and finer sieve, gives an idea about the
amount of adhered mortar removed. Figure 8 illustrates that for both sizes of balls, the
increase in the duration of LA abrasion increases this gap, thereby indicating an increase
in the removal of adhered mortar. However, the 15 min duration leads to the abrasion
of aggregate, which is not recommended. Thus, the optimal duration of LA abrasion is
10 min.

It is explicable from Figure 8 that the larger size of balls enhances the removal of
adhered mortar. A comparison shows that the gap between the 15 min LA abrasion
using standard balls is almost the same as 5 min LA abrasion using 60 mm size balls. As
the increase in the duration of LA abrasion from 5 to 10 min for bigger ball size further
increases the gap between the curves of treated and untreated RCA, the optimal scheme of
treatment is LA abrasion for 10 min using standard 46-mm diameter balls. This scheme
causes maximum removal of adhered mortar without significant abrasion or breakage of
aggregates, which is also confirmed by Figure 5.

4.2.2. Concrete Slump

Treatment of the RCA using the three methods resulted in an improvement in the
flowability of concrete compared to untreated RCA. In general, treated specimens typically
exhibited higher slump levels compared to untreated specimens by 15–35%. Even though
the slump values were increased for the treated RCA, the maximum dosage of superplas-
ticizer was used for all replacement levels. The trend of the reduction in slump, as the
amount of RCA was increased, observed in the untreated RCA specimens, was still noticed
to be similar to those of the treated specimens but with much a lower detrimental effect.
Because of the porous adhered mortar, which was removed during the treatment process,
LA abrasion proved to be the most effective treatment method for increasing the slump of
concrete. Although both sodium silicate and cement-silica fume slurry were intended to
penetrate the adhered mortars, sodium silicate had a superior flowability to cement slurry.
Consequently, the cement slurry formed a coating at the surface of the adhered mortar,
which increased water demand, thus reducing concrete slump.
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4.2.3. Compressive Strength

Figure 10 depicts the compressive strength of concrete determined as per ASTM
C39/C39M-20 standard [60]. Although the 10-mm aggregate size produced higher strength
for the untreated specimens, all the three treatment procedures enhanced the strength,
especially for the aggregate size of 20-mm, as illustrated in Figure 11. The strength increase
was more pronounced for the LA abrasion and sodium silicate treatment than the cement
slurry immersion. The increase in strength for the LA abrasion as compared to the untreated
specimens varied from 20% to 60%, while the enhancement in compressive strength for the
sodium silicate treatment varied from 8% to 40%. However, the strength increase due to
the cement slurry treatment was relatively less (<17%). The compressive strength increase
for the LA abrasion treatment of RCA was primarily due to the removal of poor-quality
mortar adhered to the surface of RCA. It is hypothesized that the bigger aggregate size of
20-mm would have a higher amount of poor-quality mortar in RCA, and upon treatment
with the LA abrasion, a considerable amount of the attached mortar was removed. As a
result, this enhanced the bonding at the new ITZ of treated RCA and ultimately improved
the engineering properties of concrete. While the cement-silica fume and sodium silicate
treatment are intended to densify and harden the mortar adhered to RCA, the compressive
strength showed inferior performance for the concrete specimens treated with cement
slurry. This was due to having RCA particles partially to excessively coated with the
cement-silica fume slurry, which influenced the shape, surface texture, roughness, and
RCA interlocking with new ITZ, all of which led ultimately to lowering the compressive
strength. The superior performance of the sodium silicate immersion was due to the
effective penetration of diluted sodium silicate in the pores of adhered mortar as well as
reactions with the Ca(OH)2 available in the porous adhered mortar. Such reactions resulted
in a more densifying and hardening of adhered mortar without causing significant impacts
on the RCA shape, surface texture, and toughness.
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Figure 10. Compressive strength results of untreated and treated RCA for: (a) 10 mm aggregate; and
(b) 20 mm aggregate.
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Figure 11. Gain in compressive strength because of the treatment of RCA by different methods (T1,
T2, and T3) for: (a) 10-mm aggregate; and (b) 20-mm aggregate.

4.2.4. Splitting Tensile Strength

Figure 12 illustrates the splitting tensile strength of concrete determined as per ASTM
C496/C496M-17 [61]. These results follow the same trend as noted for the compressive
strength; that is, the RCA treated with LA abrasion resulted in the highest tensile strength,
followed by the RCA treatment using sodium silicate solution. As compared to untreated
specimens, LA abrasion increased tensile strength by 11% to 50%, and sodium silicate
immersion increased tensile strength by 8% to 20% (Figure 13). However, the RCA treatment
using cement slurry caused a relatively lesser improvement in tensile strength (<19%).
While the three treatment methods exhibited slightly to highly better performance than
that of untreated specimens at smaller replacement levels, the benefit of such treatments
seemed to have degraded at a higher decreasing rate for smaller replacement levels for
both the cement slurry and sodium silicate treatments. This may be attributed to the
aggregate shape, surface texture, roughness, and RCA interlocking with new ITZ when
such treatments are utilized. The enhancement provided by the LA abrasion was due to
the removal of a considerable amount of the attached mortar. This finding was in line with
the trend of compressive strength results.
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Figure 12. Splitting tensile strength results of untreated and treated RCA for: (a) 10-mm aggregate;
and (b) 20-mm aggregate.



Buildings 2022, 12, 494 16 of 19

Buildings 2022, 12, x FOR PEER REVIEW 16 of 20 
 

Figure 11. Gain in compressive strength because of the treatment of RCA by different methods 

(T1, T2, and T3) for: (a) 10-mm aggregate; and (b) 20-mm aggregate. 

4.2.4. Splitting Tensile Strength 

Figure 12 illustrates the splitting tensile strength of concrete determined as per 

ASTM C496/C496M-17 [61]. These results follow the same trend as noted for the com-

pressive strength; that is, the RCA treated with LA abrasion resulted in the highest ten-

sile strength, followed by the RCA treatment using sodium silicate solution. As com-

pared to untreated specimens, LA abrasion increased tensile strength by 11% to 50%, 

and sodium silicate immersion increased tensile strength by 8% to 20% (Figure 13). 

However, the RCA treatment using cement slurry caused a relatively lesser improve-

ment in tensile strength (<19%). While the three treatment methods exhibited slightly to 

highly better performance than that of untreated specimens at smaller replacement lev-

els, the benefit of such treatments seemed to have degraded at a higher decreasing rate 

for smaller replacement levels for both the cement slurry and sodium silicate treatments. 

This may be attributed to the aggregate shape, surface texture, roughness, and RCA in-

terlocking with new ITZ when such treatments are utilized. The enhancement provided 

by the LA abrasion was due to the removal of a considerable amount of the attached 

mortar. This finding was in line with the trend of compressive strength results. 

  

(a) (b) 

Figure 12. Splitting tensile strength results of untreated and treated RCA for: (a) 10-mm aggregate; 

and (b) 20-mm aggregate. 

  

(a) (b) 

Figure 13. Gain in splitting tensile strength due to the treatment of RCA by different methods (T1, 

T2, and T3) for: (a) 10-mm aggregate; and (b) 20-mm aggregate. 

  

T0

T1

T2

T3

0

2

4

6

8

0% 33% 67% 100%

7.3

5.6
5.0

4.2

7.3

5.4 5.2
4.5

7.3
6.8

5.8

4.6

7.3
6.8 6.6

4.7

S
p

li
tt

in
g

 t
en

si
le

 s
tr

en
g

th
 (

M
P

a
)

Percentage of RCA

T0 T1 T2 T3

T0

T1

T2

T3

0

2

4

6

8

0% 33% 67% 100%

7.1

5.2
4.8

3.9

7.1

6.2

4.9

4.0

7.1

5.7
5.2

4.3

7.1
6.4 6.4

5.8

S
p

li
tt

in
g

 t
en

si
le

 s
tr

en
g

th
 (

M
P

a
)

Percentage of RCA

T0 T1 T2 T3

5
.6

5
.6

5
.6

5
.0

5
.0

5
.0

4
.2

4
.2

4
.2

1.1 1.2

0.2
0.8

1.6

0.4 0.4 0.5

5.4

6.8 6.8

5.2
5.8

6.6

4.5 4.6 4.7

0

2

4

6

8

T1 T2 T3 T1 T2 T3 T1 T2 T3

33% 67% 100%

S
p
li

tt
in

g
 t

en
si

le
 s

tr
en

g
th

 (
M

P
a)

Percentage of RCA

T0 Gain on treatment of RCA

5
.2

5
.2

5
.2

4
.8

4
.8

4
.8

3
.9

3
.9

3
.9

1.0 0.5
1.2

0.1 0.4
1.6

0.1 0.4

1.9

6.2
5.7

6.4

4.9 5.2

6.4

4.0 4.3

5.8

0

2

4

6

8

T1 T2 T3 T1 T2 T3 T1 T2 T3

33% 67% 100%

S
p
li

tt
in

g
 t

en
si

le
 s

tr
en

g
th

 (
M

P
a)

Percentage of RCA

T0 Gain on treatment of RCA

Figure 13. Gain in splitting tensile strength due to the treatment of RCA by different methods (T1, T2,
and T3) for: (a) 10-mm aggregate; and (b) 20-mm aggregate.

4.2.5. Water Absorption

Figure 14 illustrates the water absorption of concrete determined as per ASTM C1585-
20 [63]. The cement-silica fume treatment appeared to be very insignificant in minimizing
the water absorption, whereas the decrease in water absorption was substantially significant
for the RCA treatment by LA abrasion followed by the treatment using sodium silicate
solution. The LA abrasion treatment achieved the optimum performance in terms of water
absorption, resulting in a substantial drop from 7.7% to 2.0% for the aggregate size of
10 mm and from 7.6% to 1.7% for the aggregate size of 20 mm. Because of the removal of
adhered mortar from RCA, water absorption has been significantly reduced. The reason for
this significant reduction lies in its high amount of porous mortar with a high absorptive
capacity. Dilbas et al. [64] also revealed that the water absorption of RCA treated using ten
steel balls and 500 revolutions caused a decrease in the water absorption from 8.95% to
0.84%, which is very consistent with the findings of this study.
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Figure 14. Water absorption results of NCA and RCA for two aggregate sizes of 10 and 20 mm.

5. Conclusions

Three influencing parameters have been thoroughly investigated in this study. These
parameters include: (i) the effect of various replacement levels of RCA of 33%, 67%, and
100%, (ii) the effect of maximum RCA sizes of 10 and 20 mm, and (iii) the effect of the
proposed treatment methods. The treatment methods utilized in this study were either
for the hardening of the adhered mortar or its removal. While the removal of mortar was
intended to eliminate or minimize it through LA abrasion, the hardening of adhered mortar
was carried out using sodium silicate solution and cement slurry through their penetration
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in the porous adhered mortar for better hardening of the adhered mortar. The performance
of concrete was assessed through the physical and abrasion properties of RCA and the
properties of concrete. The major conclusions derived from the present study are:

(i) The maximum size of aggregate appeared to have little effect on the fresh and hard-
ened properties of concrete.

(ii) As the level of untreated RCA replacement increased, the splitting tensile and com-
pressive strengths of concrete decreased. The decrease in compressive strength was
more significant (32% to 58%) than the tensile strength (23% to 42%). The tensile
strength of RCA concrete was 9% to 12.5% of the compressive strength. The water
absorption of untreated RCA concrete increased significantly, almost seven times
more than the control specimens.

(iii) The optimum solution concentration percentage for the sodium silicate and cement
slurry treatments in terms of water absorption and mechanical abrasion was 40%,
while the optimum ball size and duration for the LA abrasion treatment was 60-mm
steel ball diameter and 5 min, respectively. For the treated RCA, the decrease in water
absorption was more apparent with a bigger aggregate size of 20 mm.

(iv) Although the slump value for the untreated concrete specimens was very low, es-
pecially at higher replacement levels, the RCA treatment methods increased the
workability of concrete by 15% (for cement slurry immersion) to 35% (LA abrasion).

(v) The improvement in the compressive strength for the LA abrasion treatment was
more pronounced (20% to 60%) than those of the sodium silicate and cement slurry
treatments. The improvement in the compressive strength was primarily due to the
removal of the porous mortar from the RCA. Splitting tensile strength of treated RCA
concrete showed almost a similar decreasing trend as compressive strength with the
exception of a slightly slower rate of decline. The LA abrasion treatment of RCA
caused a substantial drop in water absorption of concrete from 8% to 2%, irrespective
of the aggregate size.

(vi) The study shows that there is a potential for utilizing treated RCA in the production
of HSC. However, further research is needed to investigate the structural behavior of
this concrete.
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