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�e demand for virgin aggregates for concrete production worldwide has been increasing. At the same time, there is an increase in
the production of rubbles from construction-related activities. �e residues are produced either due to leftovers or from the
demolished structures. However, worldwide, the utilization of recycled concrete aggregate (RCA) material for structural concrete
has been limited, often considered inferior due to distorted surfaces. �e problems with RCA arise because it is a composite
aggregate made of natural aggregate and cement, and adhered surface mortar is the discontinuities on the surface that arise from
the production technique or the strength of the original concrete. �e development of hydrated calcium silicate binder in the
concrete matrix has been the critical desire of researchers to make better concrete material. �is research focuses on the treatment
of RCA from locally available rice husk ash with minimum pozzolanic cement. �e objective was achieved by conducting tests on
the properties of aggregates that include speci�c gravity and water absorption, aggregate crushing value (ACV), and aggregate
impact value (AIV). �e e�ectiveness of the treatment technique is assessed by the analysis of SEM imagery and XRD analysis of
the microstructure cement paste around the RCA. At 20% pozzolan concentration, RCA treatment yields comparable speci�c
gravities, water absorption, ACV, and AIV. Furthermore, the replacement of 5% rice husk ash (in 20% concentration) provided
the optimal proportion of treatment for RCA, resulting in a reduction of ACV by 31.4%, AIV by 30.0%, and water absorption by
12.7% compared to the untreated RCA. XRD showed that calcite (CaCO₃), quartz, and portlandite phases were the majority in the
untreated RCA. �e study indicates that pozzolanic cement with 15% can be used with 5% RHA to produce RCA with
characteristics almost similar to virgin aggregates. �is research presents a consistent methodology to achieve modi�ed RCA for
application in construction.

1. Introduction

Around the world, infrastructural development has been
measured by physical facilities such as good roads and
structural buildings. �ese facilities consume a lot of ag-
gregate and cement, which is the main binder of aggregates.
About 40 billion tons of natural coarse aggregates (NCA) are
used to make concrete worldwide, leading to the scarcity of
these resources [1]. �e consumption of natural aggregate
for the production of concrete has been very high; in fact, in
the year 2020, the Kenya National Bureau of Statistics

(KNBS) estimated that 20 billion metric tons were used
[2, 3], an increase of 20% from the year 2015. With over-
consumption and reliance on natural aggregates comes the
associated environmental degradation and depletion of the
resource [4–8].

�e construction industry is also considered the major
contributor of concrete waste, which comes from old,
demolished concrete structures [9, 10]. To constructively
utilize these wastes in construction, RCA is obtained by
manual or mechanical crushing of parent concretes [11].
However, RCA as a material is known to have compromised
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mechanical qualities than virgin aggregates. It is charac-
terized by high porosity and preexisting interior fractures
(due to crushing procedures). *is is likely to present a
significant variation of residual mortar and original virgin
aggregate amount, which therefore determines the key
properties of RCA [12]. According to Malešev et al. [13], the
amount of old cement mortar ranges from 25% to 65% by
volume of RCA. *e proportion also differs in certain
fractions where the smaller the fraction, the greater the
amount of cement mortar, as well as the level of water
absorption. *erefore, the amount of adhered mortar de-
pends mainly on the crushing method during the recycling
process [13].

Engineers and stakeholders have always shied away from
reusing RCA given its fragile nature being of low quality due
to the adhered surface mortar resulting in low performance
in concrete [12, 14, 15]. Indeed, according to Krezel et al.
[16], the aggregate consists of 24% cement paste residue and
fines content of approximately 2%, which can significantly
influence the characteristics of new concrete with RCA.*is
study seeks to modify the structure of RCA using a targeted
pozzolanic treatment of surface mortar for better perfor-
mance compared to NCA.

*e quality and source of RCA greatly influence its
performance in terms of compressive strength regardless of
the replacement ratio [17]. Shahbazpanahi et al. [1] sug-
gested that some of the critical aspects that affect the
properties of coarse RCA include water-to-cement ratio, age,
source of parent concrete and moisture content, amount of
adhered mortar within RCA, and the crushing method
adopted to retrieve the coarse RCA [18]. *e inherent
features of RCA, such as attached mortar, microcracks, and
old ITZ, adversely affect its quality compared to virgin
aggregate [19]. Various attempts of RCA are normally used
with the view that it will perform the same function and
contribute the same contribution as natural aggregates in
concrete production for structural performance. However,
the physical properties of RCA depend on the quality of
adhered mortar.

Nedeljković et al. [20] noted that the key limiting
properties of RCA are identified as high water absorption,
particle agglomeration, and surface-adhered mortar. *e
high absorption rate of water is a common phenomenon
mainly due to defects and fissures caused by the crushing
process during production [18]. *erefore, the continuous
quality of RCA is challenging to obtain, although they may
be more consistent in terms of chemical composition.
Furthermore, the recycling of mixed parent concretes causes
inconsistent quality, physical and compositional variations
in RCA concrete, the use of different recycling techniques,
and the storage of recycled material. However, some of the
key challenges in using recycled concrete aggregates have
been the source’s determination and the fractured surface,
which is composed of natural aggregate and attached porous
hydrated cement mortar.

To a large extent, the mortar on the attached surface
defines the properties and characteristics of the new ag-
gregate, which is high in water absorption, low density, low
impact, and crushing value, often resulting in reduced

performance of the new concrete. *e weak properties of
RCA could be due to the low quality and strength of the
original concrete or the attached mortar. A study by Lu et al.
[7] indicates that the old ITZ of RCA makes the new
concrete microstructure more fragile due to higher porosity
and cracks, which could have resulted from fractures at the
processing stage or low grade of parent concrete, thus acting
as the weak link.

Ostrowski et al. [21] suggested that aggregate-specific
parameters are crucial in defining the properties of the
concrete mix and the physical and mechanical properties of
hardened concrete. *ese crucial aggregate parameters are
not only limited to their type and particle size distribution
but also their surface morphology.*is is the case for normal
strength concrete (NSC), high-performance concrete
(HPC), self-compacting concrete (SCC), lightweight con-
crete (LWC), and concrete made from RCA [21]. In addi-
tion, aggregate shape morphology and properties are
influenced by the crushing method adopted [1, 13, 18] and
thus affected the compressive strength of the resulting
concrete [21].

An investigation of the effect of the aggregate types,
source, and origin on properties of concrete by Beshr et al.
[22] found that the quality of coarse aggregate has a sig-
nificant effect on the compressive strength, split tensile, and
modulus of elasticity of high strength concrete. *erefore, in
the author’s opinion, based on the study by Beshr et al. [22],
the condition of the aggregate surface will contribute sig-
nificantly to the physical and hardened properties of the
resulting concrete.

Prajapati and Karanjit [17] suggested that given that
approximately three-quarters (3/4) of the quantity of con-
crete is occupied by aggregate, its quality is of great im-
portance in concrete. Aggregate not only influences the
strength of concrete, but its quality also affects the durability
and structural performance of concrete. *e coarse aggre-
gate quality is controlled by its source, size, shape, unit
weight, and texture. Kalra and Mehmood [23] emphasized
that the quality of the mortar mix for better concrete per-
formance and the strength of the coarse aggregate are also
vital, as they dictate the strength of the resulting concrete.
Ahmad and Alghamdi [24] noted that the effect of the coarse
aggregate type is very low when the strength of the mortar
controls the compressive strength of the concrete mixture.
Indeed, this is the case for normal concrete, but in the case of
RCA, there is an additional interfacial transitional zone
(ITZ) created due to the attached mortar [7, 19, 20, 25–28].

According to Tang et al. [9], the hardened properties of
concrete utilizing coarse RCA depend on parameters that
include the percentage by the proportion of RCA used, RCA
sources, crushing method, and size and quality of RCA. In
addition, Shaban et al. [29] pointed out that themain issue of
RCA hindering its adoption as a construction material is
weak surface-adhered mortar, which is highly porous and
thus allows ingress of water within the concrete matrix. For
this reason, the aggregate produces a strength comparatively
lower than virgin aggregate due to weak ITZ, a key influ-
encer of mechanical properties. *erefore, in order to make
RCA more effective as structural concrete material, the
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quality and property of the weakly attached mortar must be
improved.

Various combinations of mixing approaches and surface
pretreatment methods with different pretreatment materials
(cement slurry and cement slurry plus silica solution) have
been developed and optimized to improve the compressive
strength of RCA [30]. According to Liang et al. [30], coating
RCA with a suitable pretreatment material can fill the pores
of the residual cement paste on the aggregate because the
pores of the residual cement paste can absorb large amounts
of water, leading to poor workability and low strength of
RCA. *erefore, the study by Liang et al. [30] adopted
various pretreatment materials and mix methods, namely
mortar mixing approach (MMA), sand enveloped mixing
approach (SEMA), and two-staged mixing approach
(TSMA), to improve the compressive strength of concrete
containing RCA. As a result, the study used water-to-cement
(w/c) ratios between 0.49 and 0.43 and achieved a com-
pressive strength of 27.6–43.3MPa, sufficient for structural
application.

Shaban [31] studied the properties of RCA soaked in
pozzolan slurries containing varied proportions of fly ash,
silica fume, and nano-silica fume. *e study concluded that
the aggregate water absorption was reduced by 50–55%,
while particle densities increased by 10-11%. *e improved
performance of the basic properties was attributed to the fact
that the pozzolan slurry soaking methods generally helped to
strengthen the weak adhered mortar around the RCA
surface. *is is achieved when pozzolanic materials react
with the hydrous compounds (C–H) in the adhered mortar
[5], leading to the formation of new hydrated compounds,
C–S–H (gel) [31].

Wang et al. [18] suggested that the mechanical and
durable properties of recycled concrete aggregate (RCA)
must be improved to make it effective for use in structural
concrete.*ey noted ways to improve RCA by strengthening
or improving the mortar matrix and the interfacial zone
(ITZ). One of the methods that prove to be cost-effective and
environmentally friendly is the chemical approach that uses
the pozzolanic treatment of themortar matrix and the ITZ of
RCA to reduce the defects in the structure of the RCA.

Indeed, Givi et al. [32] stated that pozzolanic reactive
material could be used to improve the surface area of the
interfacial transition zone (ITZ) between the microstructure
of cement paste and aggregate. *e production of calcium
silicate hydrates from the pozzolanic reaction contributes to
the densification of the concrete microstructure to decrease
porosity and increase the strength of ITZ. Golewski [33]
suggested that an improvement in ITZ is positively influ-
enced by mineral additives such as fly ash (FA) which is rich
in silica, and can change the morphology of ITZ of RCA.
RHA has high silica in the amorphous phase [32], so it will
only be effective to perform the pozzolanic activity by
reacting with a cementitious binder. RHA is a hydrophilic
material (maximizes the physical contact with water) with a
reducing affinity for water compared to an equivalent
quantity of cement beyond 25% [32].

To improve quality and durability, it was observed that
the use of supplementary cementitious materials (SCM)

delays the ingress of water and gasses into concrete with
RCA [20]. In this research, the treatment method is pro-
posed using pozzolanic cement (CEM II) and rice husk ash
(RHA) through a pozzolanic reaction on the surface of RCA.
Treatment with pozzolanic slurry changes mainly the mi-
crostructure of the old cement mortar around the original
natural aggregate. Surface properties were determined by
SEM and XRD analysis of the treated and untreated mortar
around the surface of the RCA to determine the presence
and proportions of compounds of calcium hydroxide and
silicates through the hydration process induced by the
treatment slurry. *is was done to determine the chemical
activities that contribute to its physical and mechanical
performance.

1.1. Research Significance and Objectives. Research, to date,
on the use of RCA has been more geared to the usage of the
aggregate in concrete. Existing research has reported and
evaluated the viability of the aggregate in concrete. However,
reduced performance has been observed, citing drawbacks
related to surface characteristics that consist of adhered
mortar loosely held on virgin aggregate and fractures
resulting from the aggregate production process. In addi-
tion, the mechanical properties of RCA are generally lower
than those of conventional concrete due to the higher po-
rosity, lower density, and higher water absorption of the
recycled concrete aggregate. *erefore, prior treatment of
RCA is essential before the aggregate is used for structural
performance. *is study focuses on the modification of the
RCA surface through an induced chemical reaction process
to improve the microstructure properties around the
aggregate.

*is research proposes a method for producing hydrated
calcium silicate using a pozzolanic slurry containing cement
and RHA to treat the surface of RCA. *e RHA contains
amorphous silica, and hence it contributed to the en-
hancement of various concrete properties [34, 35]. Fur-
thermore, the induced reaction (hydration of cementitious
elements) results in increased quantities of hydrated calcium
silicate (C–S–H) gel production that fills the gaps and
strengthens the fractures within and around RCA. Finally,
an optimum content of cement and RHA is established in
the treatment slurry that results in an aggregate with ade-
quate physical properties to guide the usage of treated ag-
gregate in the construction industry.

2. Materials and Methods

2.1. Coarse Aggregate Sourcing and Preparation. In this re-
search, RCAs were obtained from laboratory concrete lumps
of normal strength concrete samples in the form of flexure
beams, cubes, and cylinders. One of the challenges with
RCAs is ascertaining consistent quality from sources.
*erefore, the virgin coarse aggregates for normal strength
concrete samples were prepared and are of sizes ranging
between 5 and 20mm, sourced from a local supplier,Warren
Concrete Limited (K), in Kiambu County, Kenya.*e parent
RCA laboratory-based concrete was class C30 with a mix
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proportion, as shown in Table 1. *e strength of the parent
concrete used was determined using Universal Testing
Machine (UTM) with a capacity of 1500 kN, and other
crucial details of virgin aggregates (denoted as NCA) and
RCA are shown in Table 1. *e laboratory-tested concrete
samples were manually crushed using a small claw hammer
crusher into RCAs in the size range of 5–20mm.*e particle
sizes passing through a 5-mm standard sieve were discarded
as were composed fine particles.

To ensure all the coarse aggregates in this research meet
the required sizes, sieve analysis for particle gradation was
done according to BS 882 [36], as shown in Figure 1. *e
coarse aggregates (NCA and RCA) were classified as well
graded as the particle distributions were within the grading
envelop as provided in ASTM: C33/C33M−13 [37]. *is
meant that the coarse aggregates used in concrete for this
investigation met the necessary criteria and could thus be
utilized to produce concrete for the research without the
need for blending. *e particle size distribution of RCA is
similar to the sieve curve of NCA, with little variation.

Apart from the aggregate size distribution, the prelim-
inary physical and mechanical properties of the aggregates
were determined. Table 2 presents the results of coarse
aggregates’ physical and mechanical properties. *e aggre-
gates used were confirmed to comply with BS 882 [36],
which details necessary tests before being used (see Table 2).
Comparatively, there is a clear distinction between the
general properties of NCA and RCA. *ese differences can
be explained by the weaknesses within the additional mass of
adhered cement paste on the original natural aggregate.

Figure 2 displays the physical feature of the natural and
recycled concrete aggregates used in this study. Natural
coarse aggregate is composed of the pure status of virgin
aggregate, while the RCA is composed of original natural
aggregate and attached mass of hydrated cement paste
clinging on the surface of natural aggregate. From visual
inspection of the RCA, the adhered mortar has voids and
ducts within its matrix. *e presence of adhered cement
paste is responsible for most of the distinctive features (given
in Figure 2) of the two types of aggregates.

2.2. Properties of Pozzolanic Cement and Rice Husk Ash.
Pozzolanic cement (PC) and rice husk ash (RHA) were used
to treat the surface of RCA in a liquid slurry form. *e
cement class C32.5 was procured from the local distributor
of Bamburi Cement Company Ltd in Kenya. Figure 3(a)
shows that RHA is more brownish with loosely held grains,
while cement is dark grey coloration in Figure 3(b). *e rice
husk ash was obtained from Mwea, Kirinyaga County,
Kenya and was prepared by burning rice husks for 2 hr at
450°C. *e material was allowed to cool before RHA powder
was sieved through a 300-μm sieve.

*e RHA and cement were taken for chemical analysis to
ascertain their crucial mineral compositions, which are given
in Table 3. Table 3 shows that RHA has a high content of
amorphous silicon, SiO₂ (at 88.18%), while the pozzolanic
cement (CEM II) has a high calcium oxide (CaO, at 54.95%).
*e RHA used in this research was classified as class N

pozzolan, because of silica, SiO₂, the proportion is greater
than 70% [39]. *ese components are essential in the hy-
dration process during the surface treatment of RCA. *e
hydration process is enhanced because the surface of the
RCA also contains Ca(OH)₂ in addition to those produced
by the hydration of the pozzolanic cement, which would fill
the gaps in the RCA [40]. *erefore, RHA cannot be used
alone but together with pozzolanic cement (PC) facilitates
the binding effect in a proportion of cement through the
hydration process.

Figure 4 illustrates the microstructure analysis of RHA
and cement used to prepare the slurry solution for the
treatment of RCA. *e ground RHA and cement images
were captured using a scanning electron microscope (SEM)
at a 1000x magnification scale. Figure 4(a) for RHA shows a
highly porous and honeycombed structure composed of
numerous residual pores distributed within the ash samples
indicating that the silica is active. Figure 4(b) shows a more
compact structure of closely held particles within the cement
matrix. *e interparticle voids are seen to be smaller in
cement than in RHA. Images suggest that the particles are
more loosely bound, making them highly amorphous and
reactive.

2.3. Surface Treatment Method of RCA. To strengthen the
surface of RCA, the adhered mortar, and the improved
properties of RCA using cement slurry and RHA, the
treatment process was achieved in two phases. First, cement
slurry was used to treat in five (5) different treatment
concentrations at an interval of 20% by weight of RCA (see
Table 4). *is was to determine the optimum cement slurry
to treat the aggregates (RCA) effectively. Second, RHA
proportions were used to replace content cement at an
interval of 5%, as shown in Table 4.

Figure 5 demonstrates the treatment of RCA where
cement slurry was prepared by first applying 20% of the
mixing water to RCA to achieve SSD condition and then
applying the remaining 80% to the pozzolanic slurry. RCA
was introduced to the slurry, stirred for 5 minutes, and then
the mix was soaked for 15 minutes.*e aggregates were then
removed from the treatment bath in amoist state.*e coated
aggregates were further air-dried at room temperature of
20°C for 3 days. Finally, the hardened RCA was sieved to
remove the fine particles before carrying out the material
tests. *is process was adopted for both phases of the
treatment process: for pure cement slurry and that con-
taining cement and RHA slurry.

Table 1: Mix proportion and compressive strength of the parent
concrete used to produce RCA.

Specifications Values
Water-to-cement ratio 0.54
Cement (kg/m3) 389
Water (kg/m3) 210
Fine aggregates (kg/m3) 645
Coarse aggregates (kg/m3) 1052
Average compressive strength (MPa) 34± 4.49
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2.4. Scanning Electron Microscope Analysis. *e surface-
adhered cement paste has been identified as the main
drawback of RCA [20, 28, 41]. *e surface modification
using cement and RHA slurry was done to strengthen the
adhered mortar and, by extension, the properties of RCA.
Microstructural analysis using SEM was employed to ana-
lyze the surface structure of RCA. SEM produces images by
probing the samples with a focused beam of electrons, which
interacts with atoms on the surface to produce various
signals that contain information about a material. *is study
used JCM-7000 NEOSCOPE, the fourth generation, which
can allow navigation through optical images at an increased
maximum magnification of 100,000x. For the microstruc-
ture analysis of the mortar matrix, backscattered electron

images (BSE) were performed to detect with a low accel-
eration voltage at 15.0 kV and display images captured at
magnifications of 2500x (2.5 μm) and 5000x (5 μm). Samples
of approximately 10 grams of mortar were extracted from
the surface of the original parent aggregate for SEM analysis.
Using carbon tape, the powder mortar was mounted on a 15-
mm thick metallic disk.

SEM was performed on the treated and untreated RCA
aggregates to capture the effectiveness of the treatments of
adhered mortar around the original natural aggregates. *e
microstructural development process was captured by visual
observation of digital images to study the surface mor-
phological and textual changes of RCA by SEM image
analysis of the aggregate surfaces. Noticeable pores can be
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Figure 1: Sieve analysis for coarse aggregates: (a) particle distribution for NCA and (b) particle distribution for RCA.

Table 2: Physical and mechanical properties of coarse aggregates.

Properties NCA RCA
Specific gravity (SSD condition) 2.54± 0.07 2.4± 0.06
Specific gravity (ovendry condition) 2.45± 0.12 2.25± 0.08
Bulk density (g/cm3) 1.6± 0.08 1.42± 0.09
Voids (%) 40.1± 3.12 44.2± 6.35
Water absorption (%) 3.36± 0.17 6.44± 0.36
Fineness modulus 2.78± 0.08 3.33± 0.18
Water content (%) 2.82± 0.03 3.3± 0.10
Aggregate impact value (%) 8± 1.20 19.2± 2.07
Aggregate crushing value (%) 14.8± 1.37 24.4± 2.19

(a) (b)

Virgin aggregate
Cement paste

Figure 2: Coarse aggregates: (a) NCA and (b) RCA.
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identified from the grayscale contrast. Since the images are
black and white, in terms of grayscale, the darkest areas of
the image are recognized as porous areas.

2.5. X-Ray Diffraction (XRD) Analysis. *e chemical min-
eralogy was examined by XRD, a technique in which the
scattering of X-rays by atoms of a crystal produces an in-
terference effect so that the diffraction pattern gives unique
information about the structure and identity of the crystal.
Various minerals diffract X-rays at their preferred orien-
tations of the specified atoms but at varying intensity peaks.
*e intensity signifies the orderliness and quantity of the
particles available, producing more light at the preferred
orientation.

*e X-ray diffraction (XRD) technique was recom-
mended to provide information on the phase composition
that forms during the hydration activities around the surface
of RCA. In this research, the analysis was performed based
on an Empyrean Diffractometer System with CuKα radia-
tion (λ�1.5406 Å). *e electric current was 40mA, and the
working voltage was 45 kV. *e specimens were scanned
from 5° to 75° (2θ) with a 0.026° (2θ) step size and an ac-
cumulated time per step of 23.97 sec.

Similar to SEM analysis, sample proportions of about 10
grams of hydrated cement paste covering the original natural

aggregate were retrieved for XRD analysis. *e paste was
then milled and then placed in a vacuum drying oven for 2
hours to allow possible moisture to evaporate before being
sealed off.

3. Results and Discussion

3.1. Apparent Specific Gravity and Aggregate Water
Absorption. Aggregate-specific gravity and water absorp-
tion properties are key aspects to suggest the structural
formation of aggregate matrix. High specific gravity and low
water absorption could mean a more compact structure of
aggregate, an indication of a stronger comparatively.
However, low specific gravity and high water absorption
could indicate a more heterogenic material mass with many
weak points. *erefore, the specific gravities and water
absorption test for coarse aggregates were carried out
according to EN 1097-6 [42].

Figure 6 shows that the specific gravity range is between
2.56 and 2.71, where untreated RCA gave the lowest value of
2.56. On a contrary trend, the water absorption fluctuates
depending on the type of aggregate but the values are within
the limits 5–15% for lightweight aggregates, according to
Zulkarnain and Ramli [43]. Among the RCA category, R-20
and R-40 show the lowest water absorption of 6.95 and
6.83%, respectively, which are still lower than the untreated
RCA by 29.4% and 30.7%, respectively. *e comparatively
low values can be explained by a reduction in the network of
voids and cracks within the paste by the hydration product
C–S–H.

*e presence of water from the treatment slurry initiates
a pozzolanic reaction on the surfaces, pores, and micro-
cracks of RCA involving the utilization of Ca(OH)₂ to in-
soluble C–S–H gel. *is improves the aggregate structure of
the aggregate matrix by reducing the network and the size of
pores and cracks within the recycled concrete aggregate. In
addition, this increases the packing of elements by bonding
loosely held particles together, reducing water absorption
within the aggregate.

Table 3: Chemical analysis of RHA pozzolan and pozzolanic
cement.

Content PC (%) RHA (%)
Silicon dioxide, SiO₂ 29.36± 0.01 88.18± 0.09
Potassium oxide, K₂O 2.62± 0.01 3.85± 0.01
Calcium oxide, CaO 54.95± 0.03 2.94± 0.02
Aluminium oxide, Al₂O₃ 4.62± 0.01 —
Iron oxide, Fe₂O₃ 4.74± 0.02 0.92± 0.01
Others 3.71± 0.01 4.11± 0.01
∗LOI (%) 4.19± 0.02 4.59± 0.01
∗LOI� Loss of ignition according to BS EN 196-2 [38].

(a) (b)

Figure 3: Pictorial photograph of rice husk ash and cement powder used.
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For samples treated with 20% pozzolanic concentration,
Figure 7, the specific gravity ranged between 2.66 and 2.71,
while water absorption showed a steady increasing trend up
to 10% replacement, then drops at 15%. *e drop of water
absorption at 15% replacement can be attributed to in-
creased unhydrated pastes and precipitates of CaCO₃, which
serves no strength gain but rather filler substance within the
pores of cement paste. *e increased water absorption
within the aggregate structure could be explained by the
reduction in pH beyond the equilibrium concentration
acidic condition. *is leads to the dissolution of C–S–H and
C–A–S–H by the actions of Ca(OH)₂ in the pore solution of
the hydrated cementitious face of the matrix. *is condition
facilitates deterioration within the concrete, creating more
pores that accumulate water in the aggregate matrix [44].

Works in literature have agreed that the main hydration
products that occur on the surface of RCA are C–S–H and
Ca(OH)₂ [45, 46], which are nanoscale materials with the

highest proportion, 60% having a density of 2.604mg/m3

[47]. *is explains the insignificant difference in apparent
specific gravity of the samples treated at 20% and 40%
concentrations using the pozzolanic cement and rice husk
ask slurry. *e apparent specific gravity ranged from 2.60 to
2.71. Similarly, low specific gravity and high water ab-
sorption compared to NCA have also been reported by Padhi
et al. [15]. *e attached mortar contains a large amount of
Ca(OH)₂ [31]. *e silica content in RHA facilitates the
reaction with Ca(OH)₂ to form more C–S–H that increases
the density of RCA [31] and fills the voids in the adhered
mortar in RCA.

3.2. Aggregate Impact and Crushing Value. *e impact and
crushing resistance test of coarse aggregates represent the
toughness and fracture resistance of aggregate against the
applied forces on the aggregate. Since coarse aggregate

Porous needle-
like structure

10 m15.0 kVx1000SED-STD

(a)

Compact
structure

15.0 kVx1000SED-STD 10 m

(b)

Figure 4: SEM imagery of rice husk ash and cement: (a) RHA and (b) PC 32.5.

Table 4: Proportion of treatment slurries.

Notation Treatment slurries Pozzolan
concentration (%)

Binder (kg/
m3) RCA (kg/m3) Water (kg/m3) Binder to water ratio

PC RHA
RCA — 0 — — — — —
R-20 20% PC 20 20 — 100 100 2 :10
R-40 40% PC 40 40 — 100 100 4 :10
R-60 60% PC 60 60 — 100 100 6 :10
R-80 80% PC 80 80 — 100 100 8 :10
R-100 100% PC 100 100 — 100 100 10 :10
R-40|0 40% PC+ 0% RHA 40 40 0 100 100 4 :10
R-35|5 35% PC+ 5% RHA 40 35 5 100 100 4 :10
R-30|10 30% PC+ 10% RHA 40 30 10 100 100 4 :10
R-25|15 25% PC+ 15% RHA 40 25 15 100 100 4 :10
R-20|0 20% PC+ 0% RHA 20 20 0 100 100 2 :10
R-15|5 15% PC+ 5% RHA 20 15 5 100 100 2 :10
R-10|10 10% PC+ 10% RHA 20 10 10 100 100 2 :10
R-5|15 5% PC+ 15% RHA 20 5 15 100 100 2 :10

2 min 

Mixing

15 min

Coating
80% water Pozzolanic

slurriesPC and RHA RCA
(at 20% SSD) treated RCA Curing

period+ +

Figure 5: Schematic treatment process for RCA with pozzolanic cement and RHA slurry.
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constitutes more than 50% of the volume of concrete [48], it
plays a role in determining the strength of concrete. Normal
and high strength concrete is defined by the ability of the
aggregate and cement paste to coalesce the resulting crack
within the concrete matrix. In the case of RCA, the crack
path may go through the mixing mortar or the attached
mortar on the natural aggregate; hence the impact and
crushing resistance are key to determining the strength of
RCA.

*e test for aggregate impact value (AIV) and aggregate
crushing value (ACV) was carried out according to BS 812-
112 [49] and BS 812-110 [50], respectively. Figures 8(a) and
8(b) give the experimental results of aggregate impact and
crushing values for the RCA treated with varying concen-
trations of cement slurry. For the aggregate samples tested
for impact resistance (Figure 8(a)), the results show that the
impact was 8% for NCA, clearly lower than the untreated
RCA, 27.4%. As expected, the natural aggregate falls under
the category of exceptionally strong aggregates, as stated in
IS 2386 (Part IV) cited by Das et al. [51]. RCA is known to be
retrieved from used concrete, and the mechanical produc-
tion process initiates tiny weaknesses within the ITZ zone.
*is explains the reduced resistance to impact and crushing
effect.

However, the modification of RCA using cement slurry
resulted in an approximate decrease in impact value by
21.9%, 22.6%, 24.5%, 31.8%, and 24.1% for R-20, R-40, R-60,
R-80, and R-100, respectively. *ese outcomes were also
depicted by the aggregate crushing value test, although with
a slight variation in the trends across all types of aggregates
(Figure 8(b)). Here, the ACV values for treated aggregates
decreased to 21.9%, 22.6%, 24.5%, 31.8%, and 24.1% for R-
20, R-40, R-60, R-80, and R-100, respectively, was observed
for ACV. Aggregates treated with 20% and 40% gave the
lowest values among the categories of recycled concrete
aggregates.

*is decrease is certainly due to surface treatment that
improves the structure and surface of the RCA by filling the
pores and voids with new hydrated products such as the
C–S–H gel, which can reduce the stress singularity caused by
them and thus increase the strength. Among the treatment
concentration of the cement slurry, the results of the treated
aggregates did not show significant change from the 95%
confidence level, especially for impact values. However, for
aggregates crushing value, samples treated with 20% and
40% concentration comparatively resulted in a significant
reduction in the crushing value of 24.7% and 23.7% (see
Figure 8), categorized as satisfactory [51].

*e introduction and replacement of cement content in
treatment slurry with proportions of rice husk ash were done
to increase the quantity of silicon oxide (SiO₂) that facilitates
the production of C–S–H gel. *e reduction in impact re-
sistance was 11.7%, 31.4%, 24.1%, and 19.0% for R-20|0,
R-15|5, R-10|10, and R-5|15, respectively. Interestingly,
there was a reduction in performance on further increase in
concentration to 40%, the decrease in impact resistance was
generally less than 20%. In Figure 9, it is observed that the
impact value was reduced by 15.3%, 10.9%, 20.4%, and
24.8% for R-40|0, R-35|5, R-30|10, and R-25|15, respectively.
*is decline is particularly surprising considering the in-
crease in cement within the slurry.*is decrease is explained
due to the reduced SiO₂, within which there is less C–S–H
formation.

*e treatment of RCA with 15% PC and 5% RHA
produced the best impact resistance. *is, therefore, sug-
gested that the treatment methods and material had in-
creased the strength and quantity of RCA. *is is consistent
with the findings by Wang et al. [27]. Furthermore, almost
similar research by Saran and Magudeswaran [52] showed
that silica fume and RA mixed with Ca(OH)₂ led to the
production of more C–S–H, which fairly improves the
strength of concrete.

Again in Figure 9(b), the test results for crushing value
for the treatment decrease by 28.0%, 30.0%, 26.6%, and
25.7% for R-20|0, R-15|5, R-10|10, and R-5|15, respectively.
Increasing concentration to 40%, the decrease in impact
resistance was generally lower than 20%. From Figure 9, it is
observed that the impact value was reduced by 20.9%, 23.6%,
18.1%, and 17.1% for R-40|0, R-35|5, R-30|10, and R-25|15,
respectively.

*ese results demonstrate that treatment with pozzo-
lanic material is effective in improving surface strength.
Pozzolanic materials can react with Ca(OH)₂, the main
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component of the adhered mortar, forming new hydrated
components, especially Ca(OH)₂, that solidify and occupy
cracks and fractures within the mortar and enhance strength
and the anti-crushing capability of RCA [31]. *is could be
explained by the fact that replacement of the cement pro-
portion with an RHA with a high siliceous content that
reacts with Ca(OH)₂, one of the by-products of initial ce-
ment hydration, results in an additional C–S–H gel, which
results in increased strength [53]. Surprisingly, from both
Figures 9(a) and 9(b), even though there was a slight de-
crease in 5% replacement of RHA with cement content in
treatment slurry, a further increase beyond 5% resulted in
increasing values of AIV and ACV accordingly.

3.3. Scanning Electron Microscope Analysis. Figure 10 il-
lustrates the SEM imagery of cement paste drawn from
untreated RCA. *e image is marked with a large pore
network within the paste matrix. Numerous pores are ob-
served between the hydrated mass of elongated elements of
C–S–H. *is is likely an indication of pores that would be
occupied by water, and other solutions are likely to be

detrimental to concrete. RCA is characterized by high water
absorption, which would eventually be stored within the
pores.

*e low density of the gel-like hydrated calcium silicates
mass is observed on the pastes. In the same instance, nu-
merous small particles of Ca(OH)₂ and calcium carbonate
(CaCO₃) precipitates are sporadically observed on the
surface of hydrated calcium silicate gel (C–S–H). As ex-
pected, the formation of Ca(OH)₂ is preceded by the hy-
dration of cement to form C–S–H and Ca(OH)₂, which is
transferred into a crystalline-like phase. Calcium hydroxide
is an efflorescence in nature that escapes and diffuses to the
exposed surfaces and pores within the cement paste.
However, given the volatility of Ca(OH)₂ in the presence of
CO₂, it is transformed to a whitish precipitate of CaCO₃
observed on the surface of C–S–H, as shown in Figure 10.

Figure 11 shows the imagery of cement paste from RCA
treated with 20% cement slurry.*e paste is characterized by
the formation of C–S–H lamps ranging from small to big
size. *e lamped shapes of the gel could be seen throughout
the mix. However, the surface of the hydrated paste looks
like a marginal whitish formation, signifying the possibility
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Figure 8: Effect of cement slurry on aggregate strength: (a) aggregate impact value and (b) aggregate crushing value.
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Figure 9: Effect of cement and RHA slurry on aggregate strength: (a) aggregate impact value and (b) aggregate crushing value.
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of diffusion of portions of Ca(OH)₂ and CaCO₃ on the
surface of the hydrated paste.

*e formation of CaCO₃ could result from the car-
bonation process due to exposure to CO₂ from the air. *e
mix resulted in a more compact and homogeneous paste
with lamps of hydrated gel, C–S–H, observed distributed
throughout the paste. In addition, the number of pores is
reduced compared to the untreated RCA. *is could be
explained by the better formation of C–S–H from the
pozzolanic reaction of 20% cement slurry and excess
Ca(OH)₂ from RCA. *us, the paste was more homoge-
neous, and the strips of C–S–H were overly observed within
the paste matrix. *is indicates the formation of hydrated
calcium silicates for the paste mix on the surface of ag-
gregates. As a result, the surface looks more compact than
untreated RCA, with fewer gaps or pores being observed.

In Figure 12, a homogeneous surface texture was ob-
served with a series of grey elements of C–S–H. *e mixture
was more compact than R-20|0 and untreated RCA. *is
shows more conversion of the Ca(OH)₂ to form more hy-
drated pastes that fill the pores of the untreated RCA. *e
addition of 5% rice husk ash contributed more SiO₂ (silicon
oxide) in silicic acid form, H₂SiO₃, reacted with Ca(OH)₂,
leading to the formation of C–S–H. In this mix, more
Ca(OH)₂ was contributed from the reaction of cement and

water together with excess Ca(OH)₂ present on the surface of
RCA. *e hydrated paste of C–S–H acts like a gel that fills
the surface gaps and fractures on the aggregate surface. *e
SEM imagery showed that replacing the cement portion in
the treatment slurry of 20% concentration with 5% of RHA
improved the microstructure, attributed to the equilibrium
pozzolanic reaction of the reacting components of
hydration.

Figure 13 reveals the effect of replacing the proportion of
cement with 15% RHA in the 20% slurry concentration for
the treatment of RCA. It is observed that a large amount of
unhydrated (UH) paste particles was formed. UH and hy-
drated paste particles are overly distributed, showing that at
15% RHA as pozzolan hindered the hydration process at the
time of examination. As a result, few C–S–H lamps were
formed, accompanied by a high proportion of unhydrated
paste and CaCO₃. *is phenomenon could result from in-
complete hydration of Ca(OH)₂, given that the treatment
slurry contains a high proportion of hydrophilic RHA,
which absorbed water meant for the hydration process.
Eventually, excess CaO from the cementitious treatment
slurry instead reacts with CO₂ leading to the formation of
calcite (CaCO₃). *is, therefore, implies that the quantities
and the volume of Ca(OH)₂ are tremendously reduced
within the cement paste and treatment slurry because of the

(a)

C–S–H 

CaCO3

Pore
C–H 

(b)

Figure 10: SEM analysis for RCA (untreated).

(a)

C–S–H 

Pore

CaCO3

(b)

Figure 11: SEM analysis for R-20|0: (a) Mag. 2500 and (b) Mag. 5000.
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consumption to form more C–S–H. A similar observation
was made by Wang et al. [18].

From the SEM imagery shown in Figure 14, a complete
hydration is observed with a high formation of C–S–H on
the surface of the paste. *e mix was characterized by layers
of C–S–H shapes observed well distributed in the formation
of lamps within the paste. *is is a clear indication of
maximum hydration achieved around the aggregate matrix.
Increased formation of CaCO₃ because of increased ce-
mentitious elements and fewer C₃S, and less water con-
tributing more CaO that could quickly be converted to a
more stable compound, CaCO₃. However, there was a high
formation of paste C–S–H lamps.

Figure 15 represents SEM imagery after replacing 5%
RHA with proportions of the cement slurry at 40% poz-
zolanic treatment concentrations of RCA. *e sample
showed a more hydrated C–S–H mass even though pores
were observed.*is could indicate the hydration of Ca(OH)₂
forming C–S–H, but due to the presence of RHA, there were
spots of reactions that occurred, leaving voids between
hydrated mass.

Figure 16 displays the SEM image of cement paste for
RCA treated with 25% cement and 15% RHA slurry. To a
large extent, C–S–H formation reduces compared to the
previous mixes with less RHA content. *e additional 15%

of RHA can absorb water from paste, thus hindering the
formation of Ca(OH)₂. Fapohunda et al. [54] reported that
the lime-consuming agent is indeed composed of a high
amount of SiO₂ that will react with amorphous Ca(OH)₂ to
produce the C–S–H gel, and this has the effect of lowering
the amount of Ca(OH)₂ in cement paste.

Reduction of Ca(OH)₂ formation facilitates the increase
in the acidic condition by lowering pH within the matrix.
*is effect leads to two critical scenarios occurring within
concrete. First, the existing Ca(OH)₂ on the surface of RCA
are quickly converted to CaO and, finally, stable compound,
CaCO₃. As a result, the precipitate of CaCO₃ deposits and
accumulates in the pores of cement pastes. Second, more
unhydrated cement paste and ettringite (C–A–S–H) for-
mation increases.

3.4. X-Ray Diffraction (XRD) Analysis. X-ray diffraction
(XRD) was used to study the mineral composition and
difference of the cement paste around the RCA.*e samples
in Figures 17–19 show that the samples were predominated
by calcite and the portlandite mineral content of the paste
was quartz, calcite, and portlandite as the primary minerals.
*e minerals have peaks at 2θ∼26.5°, 2θ∼29.5°, and 2θ∼31°
for quartz, calcite, and portlandite, respectively. However,
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(b)

Figure 12: SEM analysis for R-15|5: (a) Mag. 2500 and (b) Mag. 5000.
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Figure 13: SEM analysis for R-5|15: (a) Mag. 2500 and (b) Mag. 5000.

Advances in Civil Engineering 11



the number of peak intensities for the samples differs
depending on the content and concentration of the treat-
ment slurry. *e treatment slurry for the sample taken for
XRD analysis contained cement and RHA in concentrations
of 0%, 20%, and 40%. *e XRD results show that all paste
samples contain residual calcite. *is is due to carbonization
during the handling and preparation of the samples. *e
degradation leading to high intensity of calcite is probably
due to the age factor that initiates the decomposition process

of Ca(OH)₂ formed during hydration, as shown in the
following equation [55].

Ca(OH)2(s)⟶ CaO(s) + H2O(g) (1)

Calcite is a stable phase that contributes to a better filling
effect [56] in the cementitious matrix around RCA, and the
following equation (2) sows the carbonation process [55].

(a)

Pore

C–S–H CaCO3

(b)

Figure 14: SEM analysis for R-40|0: (a) Mag. 2500 and (b) Mag. 5000.
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Figure 15: SEM analysis for R-35|5: (a) Mag. 2500 and (b) Mag. 5000.
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Figure 16: SEM analysis for R-25|15: (a) Mag. 2500 and (b) Mag. 5000.
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CaO(s) + CO2(g)⟶ CaCO3(s) (2)

*e XRD pattern of the untreated RCA samples from
laboratory waste is shown in Figure 17. In Figure 17, the

laboratory-generated RCA samples, paste shows that the
mineral crystal only constitutes calcite and portlandite. *e
analysis indicates the predominance of calcite peaks, and the
proportion of portlandite, Ca(OH)₂, was the highest in the
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Figure 17: X-ray diffraction pattern for untreated RCA.
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Figure 18: X-ray diffraction pattern for treated RCAwith 20% slurry concentration: (a) XRD analysis for R-20|0, (b) XRD analysis for R-15|
5, and (c) XRD analysis R-5|15.
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untreated RCA (at more than 500 counts). Figure 17 shows
that the paste could be initially be dominated by Ca(OH)₂.
However, upon exposure to atmospheric conditions, CO₂
diffuses through the paste and reacts with portlandite,
forming more calcite [56]. *is could be explained by the
time factor in which recycled concrete aggregate waste has
not been exposed to a long-term period or exposure to CO₂
from the environment. *is observation is supported by the
Scanning Electron Microscope (Figure 10), which revealed
overbearing whitish calcite pigments on the surface of the
hydrated paste.

Figure 18 shows the XRD for the 20% concentration of
pozzolans in the treatment of RCA. For samples treated with
higher proportions of RHA in a 20% slurry concentration,
beyond 5%, the intensity of calcite increases with an increase
in RHA in the cement slurry; this is due to unhydrated
products as water is drawn from the paste with the intro-
duction of RHA. *is is because the SiO₂ contributed by
RHA reacts with Ca(OH)₂, but the activity reduces, allowing
Ca(OH)₂ to react with CO₂ producing more CaCO₃.

*e sample shows a high formation of calcium carbonate
and albite, a likely indication of an incomplete hydration

process by the content of the treatment slurry. In addition,
the high proportion of these compounds could be attributed
to incomplete hydration since excess rice husk ash pro-
portion draws more water meant for hydration from the
mix. Consequently, this has the overall effect of facilitating
the conversion of Ca(OH)₂ to quicklime (CaO) and even-
tually carbonates precipitate, CaCO₃.

For further increase of the pozzolanic slurry concen-
tration to 40%, the results for the chemical analysis on the
mortar paste are as shown in Figure 19. *e increased
treatment concentration of 40% resulted in a higher pro-
portion of CaCO₃. *is formation can be explained by a
higher proportion of CaO from the cement within the
treatment slurry. In addition, just like in the treatment of
RCA with 20% concentration, the existing Ca(OH)₂ and
additional Ca(OH)₂ contributed by the pozzolanic reaction
of cement were consumed. However, CaO production was
high, resulting in their conversion to carbonate precipitates,
as depicted in the XRD histogram (Figure 19).

Although SEM analysis seems to indicate the increased
formation of C–S–H, the intensity of calcite increased for
RCA treated with a 40% concentration of cement slurry.*is
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Figure 19: X-ray diffraction pattern for treated RCAwith 40% slurry concentration: (a) XRD analysis for R-40|0, (b) XRD analysis for R-35|
5, and (c) XRD analysis for R-25|15.
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could be due to an increase in the unhydrated compound.
*is phenomenon facilitates the reaction of CaOwith CO₂ to
form CaCO₃, given the increased demand for water due to
an increase in the RHA content. A similar trend was ob-
served for the inclusion of rice husk ash in the pozzolanic
slurry, as seen from a 20% concentration of pozzolans. *is
means that the maximum consumption of RHA in the
substitution of cement should not go beyond 5% in the
concentration.

3.5. Consideration for Practical Application. *e experi-
mental results have shown that coarse RCA can be treated by
pozzolanic slurry containing 15% cement and adding rice
husk ash in proportion not exceeding 5% to produce ag-
gregate of comparable characteristic to virgin aggregates.
*is study points out insights into the potential applications
and utilization of RCA and RHA wastes as raw, renewable,
and sustainable building materials for producing eco-
friendly concretes. In addition, the concrete containing
treated RCA can be used in areas that experience less ex-
treme loads, such as low-rise structures. However, it is
important to note that the water demand, volume stability,
and durability of treated RCA remain a critical issue of
concern that may negatively influence the full aggregate
adoption in engineering practice.

Based on the findings, the aggregates have shown a slight
increase in water absorption. *erefore, RCA needs to be
effectively presoaked before applying pozzolanic slurry
treatment to ensure the efficient formation of C–S–H that
seals the voids and cracks around the RCA surface. For this
to be realized, the quality control to achieve treatment of
RCA as done in the laboratory may be more demanding and
rigorous compared to the actual field applications. Some of
the primary concerns include the unknown origin of RCA,
upscaling, and lack of guidelines to achieve systematic
methodology, as highlighted in this research. *is can be
best achieved with the participation of construction experts
and engineers to establish the source of the RCA to ensure
consistency and uniformity of the aggregates.

4. Conclusion

*e results obtained from this study explain the prospects of
the proposed surface treatment technique to strengthen the
structure of the adhered fractured mortar in RCA and
improve RCA’s physical and mechanical characteristics.
Based on the results and discussion, significant conclusions
have been drawn as follows:

(i) Surface treatment using proportions of cement and
RHA materials in slurry significantly strengthened
weak adheredmortar in RCA and thereby effectively
improved RCA’s micro and macro properties. *is
is attributed to resulting hydration products
(C–S–H) from reaction with Ca(OH)₂, thus filing
pores and voids in the fractured adhered mortar

(ii) Generally, using a 20% concentration of the cement
slurries and 5% replacement of RHA (containing
15% PC and 5% RHA) was considered optimal in all

surface treatment conditions. *is was considered
the best, given the low cost and environmentally
sustainable advantage.

(iii) Mechanical properties of RCA treated with 15% and
5% RHA slurry resulted in a 31.4% and 30.0% re-
duction of AIV and ACV, respectively, compared to
RCA (untreated).

(iv) Generally, aggregate treated using 15% cement and
5% RHA showed insignificant change in apparent
specific gravity. *e findings for apparent specific
were within the 2.5–2.7 standard requirement, while
aggregate water absorption was reduced by 12.7%
over the untreated RCA.

(v) SEM tests observed that the surface texture of un-
treated RCA was rough, irregular, nonhomoge-
neous, and porous. While the treated RCA surface
using 15% cement and 5% RHA was more homo-
geneous and had fewer pores and voids.

(vi) XRD showed that the calcite, quartz, and por-
tlandite phases were the majority in the untreated
RCA. In these samples, the XRD results showed
quantities of calcite (CaCO₃) and complete leach of
portlandite (Ca(OH)₂).

4.1. Future Research Needs. In this research, treated RCA
samples’ microstructure and physical and mechanical
properties were investigated and cured at a uniform room
temperature of 20± 2°C. However, under practical civil
engineering, treated aggregates need to be subjected to the
long-term duration of exposure to varied environmental
conditions and analyzed the consequences of such on
concrete structures. Aggregates must be inert and have
sound volumetric stability despite the change in exposure
conditions. In this regard, to better understand and use RCA
in concrete structures, the following investigation needs to
be conducted as follows: (i) effects of aggregate surface
conditions, angularity, and interfacial transition zone; (ii)
curing, environmental, and age effects (e.g., strength gain of
concrete).
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concrete as aggregate for structural concrete production,”
Sustainability, vol. 2, no. 5, pp. 1204–1225, 2010.

[12] F. Ahimoghadam, “Effect of Recycled Concrete Aggregate
Properties on the Behaviour of New Concrete,” 2018, http://
hdl.handle.net/10393/37588.
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E. Schlangen, “Use of fine recycled concrete aggregates in
concrete: a critical review,” Journal of Building Engineering,
vol. 38, p. 2021, 2020.

[21] K. Ostrowski, D. Stefaniuk, L. Sadowski, K. Krzywiński,
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