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Abstract: The replacement of virgin aggregate with recycled concrete aggregate (RCA) in concrete
mixtures offers an eco-strategy to mitigate the environmental limitations linked with traditional
recycling techniques of RCA. However, the inferior properties of RCA, in contrast to virgin aggregate,
present an obstacle to efficiently proceeding with this approach. Therefore, the aim of this study is to
enhance the characteristics of concrete that contains RCA using nano-ZnO particles. Virgin aggregate
was replaced with RCA in 30 wt.% and 50 wt.% ratios, followed by the addition of 0.5 wt.% nano-ZnO.
The performance of concrete mixtures was evaluated in terms of their physical, mechanical, and
durability properties. The addition of nano-ZnO particles to concrete with RCA resulted in refining
its pore structure and reducing its water absorption, where the impermeability of concrete with
30 wt.% and 50 wt.% treated RCA decreased by 14.5% and 18%, respectively. Moreover, nano-ZnO
treatment increased the compressive strength of mixtures with 30 wt.% and 50 wt.% RCA by 2.8%
and 4%, respectively. All mixtures underwent a reduction in their 28-day compressive strength after
exposure to a 5% sulphuric acid solution, where concrete with 30 wt.% and 50 wt.% RCA showed
20.2% and 22.8% strength loss, respectively. However, there was a 17.6% and 19.6% drop in the
compressive strength of concrete with 30 wt.% and 50 wt.% RCA and treated with nano-ZnO.

Keywords: recycled concrete aggregate; nano-materials; durability; sustainability

1. Introduction

The construction industry is currently experiencing an increasing demand to imple-
ment sustainable practices and mitigate its environmental footprint [1,2]. A significant area
of focus is manufacturing concrete, a crucial construction material linked to substantial
resource utilisation and carbon emissions [3,4]. Conventional concrete production heavily
relies on extracting virgin aggregates, resulting in habitat degradation, energy consumption,
and emissions associated with transportation [5,6]. CO2 emissions resulting from all activi-
ties associated with concrete production are around 10%, of which 8% is attributed to the
extraction of aggregates [7]. Moreover, using virgin aggregates in concrete significantly con-
tributes to their depletion and the erosion of soil and riverbeds, causing a major disruption
to the ecosystem [8]. Therefore, using recycled materials, like recycled concrete aggregate
(RCA), as a possible alternative to natural aggregates has gained significant attention to
alleviate CO2 emissions caused by the construction sector [9]. This approach would reduce
the accumulation of waste in landfills and encourage the sustainable development of the
construction industry [9,10].

RCA is obtained by crushing and treating aged concrete structures that have reached
the end of their operational lifespan [11]. The resultant substance is commonly sorted
according to predetermined size specifications, enabling its use as aggregate in newly
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prepared concrete compositions. RCA can be classified into two primary variants: coarse
RCA, which substitutes natural coarse aggregates, and fine RCA, which supplants natural
fine aggregates or sand [3,12]. Moreover, many researchers investigated the integration
of coarse and fine RCA in concrete, with replacement ratios reaching 100% of natural
aggregates [13,14]. However, most of the conducted research indicated an adverse effect
of replacing natural aggregate with RCA on the durability and mechanical properties of
concrete, which get worse with increasing the replacement ratio [12–16]. This is attributed
to the two interfacial transition zones (ITZ) covering the RCA: the one from the old mortar
adhering to the aggregate and the one from the new mortar surrounding the RCA (as seen
in Figure 1), which create a weakening point, reducing the strength of concrete [14,16,17].
Adding to that, it is believed that RCA maintains higher porosity than natural aggregates,
which increases concrete’s absorption of water and chloride, degrading its long-term
performance [16].
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Many studies investigated the possibility of treating RCA prior to its utilisation in
concrete using different treatment techniques and materials. Those include removing
the mortar attached to the RCA with acid, heat, grinding, and microwave radiation or
strengthening the RCA with hydrophobic materials, pozzolanic materials, biocalcium
carbonate, and carbonation curing [13,18–22]. However, a marked lack of consistency is
observed within the existing literature regarding the most effective treatment process, its
influence on concrete’s properties, and the optimal RCA content that should be utilised in
concrete [13,23]. For instance, Kou and Poon [24] reported a maximum increase of 21% in
concrete’s strength that contains RCA and is treated with polyvinyl alcohol (PVA), whereas
Yaowarat et al. [25] noticed that concrete with RCA and treated with the same material
exhibited a maximum reduction of 24% in its strength. Moreover, not all the investigated
treatment methods reported in the literature managed to entirely hinder the undesirable
effect of RCA on concrete’s properties. Therefore, it is essential to explore other alternative
materials that can impede the undesirable effect of RCA on concrete.

Nanomaterials like nano-SiO2, nano-TiO2, nano-ZnO, carbon nanotubes, and many
other materials have been used in various fields like medical applications, the food industry,
electronics manufacturing, construction, and many other fields [26,27]. The implemen-
tation of nano-zinc oxide (nano-ZnO) in normal concrete has been discussed in a few
studies, with most indicating its efficiency in enhancing concrete’s mechanical and dura-
bility properties [28,29]. In a study by Arbabi et al. [30], when cement was replaced with
0.25–3.5 wt.% ZnO, the strength of concrete showed a maximum increase of 18.7% when
using 0.5 wt.% ZnO. Reshma et al. [31] replaced cement with a mixed additive of ZnO and
TiO2 in different dosages of 1–5 wt.%, and results revealed an optimum enhancement in
concrete’s strength and impermeability when using 4–5 wt.% ZnO. In another study by
Nayak et al. [32], cement was replaced with a combination of nano-ZnO and nano-SiO2 in
different dosages ranging between 0.5 and 1.0 wt.%, where the maximum enhancement
in strength was obtained when using 0.5 wt.% ZnO. Nochaiya et al. [33] used 1–5 wt.%
nano-ZnO as an additive in cement mortar, and they reported a strength enhancement
when using it in quantities less than 5 wt.%. The improvement in concrete’s properties
when using nano-ZnO, as explained by Silatikunsatid et al. [34] and Li et al. [35], refers
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to its role in filling the voids of concrete and its ability to produce Ca(Zn(OH)3)2·2H2O
that promotes the creation of calcium silicate hydrates (C-S-H) in concrete. Despite the
significant benefits that ZnO could bring to concrete, its use to improve the performance of
concrete with RCA has not been discussed before.

Hence, this study introduces an innovative approach to utilising nano-ZnO as a means
of enhancing the performance of concrete that incorporates RCA. Moreover, this work aims
to examine the influence of nano-ZnO on the fresh characteristics, porosity, compressive
strength, permeability, and acid resistance of concrete with RCA, ultimately contributing to
the advancement of sustainable construction materials and practices.

2. Materials and Methods of Testing
2.1. Materials and Specimens

Concrete mixtures adopted for this study were prepared using (1) ordinary Portland
cement (CEM I 42.5 N) adhering to the guidelines of the EN 196–1 standard [36], (2) crushed
limestone course aggregate (≤20 mm), and (3) silica fine aggregate (>99% SiO2) with a
nominal size of 2 mm. The recycled concrete aggregates (RCAs) were obtained from
crushing concrete cubes and cylinders (aged more than a year). The concrete cubes and
cylinders (used to extract the RCA) were produced from CEM I 42.5 N cement and achieved
an average 28-day compressive strength of 41 MPa. RCA was further crushed and sorted
according to the gradation of the used natural coarse aggregates to replace them in 30
wt.% and 50 wt.% ratios. The size gradation of the limestone and RCA coarse aggregates
is presented in Figure 2. Furthermore, a commercially available powder of nano-zinc
oxide (nano-ZnO) with an average size of 30 nm was integrated into concrete mixtures in
a 0.5 wt.% dosage of the cement weight. The amounts of RCA and the dosage of nano-
ZnO were chosen after conducting preliminary experimental work to choose the optimum
mixtures. Nano-ZnO was dispersed in the mixing water using an ultrasonic processor prior
to its addition to the mixture. Figure 3 shows an illustration of the main materials used in
this research. Table 1 illustrates the physical properties of the used nano-ZnO as provided
by the supplier.
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Table 1. Physical characteristics of the used nano-ZnO.

Purity (%) ≥99

Average diameter (nm) 30

Density (g/cm3) 4.8

Average specific surface area (m2/g) 34.2

Colour White

Concrete was divided into five mixtures consisting of a control group (CM0), a mixture
with 30 wt.% RCA (RM30), a mixture with 50 wt.% RCA (RM50), a mixture with 30 wt.%
RCA and 0.5 wt.% nano-ZnO (RMZ30), and a mixture with 50 wt.% RCA and 0.5 wt.%
nano-ZnO (RMZ50). All mixtures were cast into 75 cubic specimens of 150 mm3 size and
cured in a water bath at 20 ◦C. The mix constituents and quantities are shown in Table 2.

Table 2. Mix formulation of tested concrete mixtures.

Mixture
Coarse

Aggregate
(kg/m3)

Fine
Aggregate

(kg/m3)

Water
(kg/m3)

Cement
(kg/m3)

Coarse
RCA

(kg/m3)

Nano-
ZnO

(kg/m3)

CM0 1074 812 196 446 0 0

RM30 752 812 196 446 322 0

RM50 537 812 196 446 537 0

RMZ30 752 812 196 443.8 322 2.2

RMZ50 537 812 196 443.8 537 2.2

2.2. Experimental Setup

The workability of mixtures was tested to assess the effect of RCA and nano-ZnO
on their consistency using the slump test. This test was performed in accordance with
BS EN 12350-2 [37].

The porosity of concrete mixtures at 28 days was evaluated using the vacuum saturation
method [38]. The specimens were placed in an oven to dry at 110 ◦C until they reached a
consistent mass. Subsequently, they were put under 90 kPa of evacuation pressure in vacuum
saturation equipment for 3 h, followed by water immersion for 24 h while they were inside
the apparatus. Afterwards, the saturated surface dry mass of the specimens was determined.
The porosity of the concrete was then determined using the following formula:

Porosity (%) =
Ms − Md
Ms − My

where Md is the dry mass of concrete, Ms is the saturated surface dry mass, and My is the
buoyant mass.
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Furthermore, all specimens were subjected to the water absorption test after they com-
pleted 7- and 28-day curing periods in accordance with the BS 1881–122:2011 standard [39]
to assess the durability of mixtures. The specimens were dried at 110 ◦C until they reached
a constant mass. After drying, the specimens were weighed and subsequently soaked in
water. Their masses were then recorded after 24, 48, and 72 h of immersion. The percentage
of water absorption was determined as follows:

Water absorption (%) =
Mw − Md

Md

where Md is the dry mass of concrete and Mw is the wet mass.
After completing the 7- and 28-day curing periods, the compressive strength of the

concrete was determined as per the BS EN 12390-3 standard [40]. Specimens were placed
on the Controls AUTOMAX 5 50-C4652 compression tester (Controls, Milan, Italy) and
tested at a 0.01 mm/s loading rate.

The long-term performance of concrete was further tested in terms of acid penetration
resistance following the ASTM C1898 instructions [41]. Specimens aged 28 days were
soaked in a 5% sulphuric acid (H2SO4) solution for 60 days, followed by air drying for
3 days. Moreover, the change in mixtures’ compressive strength as a result of the acid
attack was evaluated.

3. Results and Discussion
3.1. Workability Assessment

As depicted in Figure 4, the workability of mixtures is noticed to decrease with
increasing the RCA content in concrete. Moreover, the workability of RM30 and RM50
mixtures was seen to decrease by 32% and 49%, respectively, which refers to the RCA’s
higher porosity compared to virgin aggregate, which in turn increases its absorption of
water, leaving less water in the mixture and reducing the workability [23]. Furthermore, the
higher absorption of RCA into water is due to the adhered mortar in RCA, which possesses
a higher porous structure [42].
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The inclusion of nano-ZnO within RCA-concrete mixtures has contributed to a further
reduction in their workability (Figure 4), where a 43% and 60% decrease in the workability
of RMZ30 and RMZ50 compared to control was observed. This is associated with nano-ZnO
particles’ high fineness and surface area, which require more water to wet their surfaces [33].
Moreover, the specific surface area of the used nano-ZnO particles is 34.2 m2/g (as shown in
Table 1), which is higher than the specific surface area of cement particles (around 136 times
higher). Accordingly, this would result in increasing the absorption rate of the nano-ZnO
particles into water, reducing concrete’s workability.
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3.2. Porosity of Concrete

The total porosity of concrete mixtures is illustrated in Figure 5. As shown in the graph,
integrating RCA in concrete increased its porosity by 33% and 62% for the RM30 and RM50
mixtures, respectively, compared to the control. Moreover, concrete’s porosity is noticed to
increase with increasing the substitution degree of virgin aggregate with RCA. This increase
in the porosity of concrete refers to the high porosity of the old mortar attached to the RCA.
In addition, the high demand for RCA for water works on absorbing more water during
the mixing of concrete, which reduces concrete’s workability (as seen in Section 3.1) and
makes the mixture stiffer, creating more air voids in the mixture [43,44].
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Remarkably, the use of nano-ZnO worked on reducing the porosity of RCA-concrete
mixtures, where the porosity of RMZ30 decreased by 7% compared to the RM30 mixture
and the porosity of the RMZ50 mixture decreased by 10% compared to the RM50 mixture.
This decrease in concrete’s porosity refers to (1) the refinement effect of the nano-ZnO
particles that work on filling the voids in the mixtures and reduce the size of pores [32,45],
(2) the promotion of nano-ZnO particles to create C-S-H gel in the mixtures at later ages [35],
and (3) the increased bond between the new mortar and RCA encouraged by nano-ZnO
particles [46].

3.3. Water Absorption Assessment

Water absorption rates of tested concrete at 7 and 28 days are illustrated in Figure 6a,b.
It is seen in Figure 6a that the control mixture (CM0) at 7 days showed the least water
absorption rate of 4.7%, followed by the RMZ30, RM30, RMZ50, and RM50 mixtures with
absorption rates of 7.9%, 8.6%, 9.1%, and 9.8%, respectively. Replacing virgin aggregate
with RCA is noticed to impose a negative influence on the permeability of concrete in
its early ages, where its absorption of water increases with increasing the replacement
ratio. The main reason for this high absorption rate is twofold: the high porosity of
the used RCA and the inadequate bonding between the RCA and the new mortar [23].
In addition, the hydration reaction of the concrete itself at 7 days is not complete, which
increases the concrete’s water absorption. However, the use of nano-ZnO as an additive in
RCA-concrete mixtures enhanced concrete’s impermeability at 7 days, where it reduced
the water absorption of RMZ30 and RMZ50 mixtures by 7.5% and 6.8% compared to
RM30 and RM50 mixtures, respectively. This can be attributed to the role of nano-ZnO in
refining concrete’s capillary pores [45].
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Considering Figure 6b, it is evident that the water absorption rate of mixtures at 28 days
followed similar trends to those at 7 days, with the control group (CM0) possessing the least
rate of 2.9%. Moreover, using RCA in concrete increased its water absorption compared
to the control, where RM30 and RM50 mixtures exhibited 6% and 7.2% water absorption
rates, respectively. This is attributed to the high demand for the old mortar in RCA for
water, associated with its porous nature. However, it is noticed that adding nano-ZnO to
concrete with RCA helped in enhancing its impermeability, where RMZ30 and RMZ50
mixtures attained absorption rates of 5.3% and 5.9%, respectively, with an improvement of
14.5% and 18% compared to RM30 and RM50 mixtures. This refers to the role of nano-ZnO
particles in filling the voids in RCA mixtures and enhancing the bond between RCA and
the new concrete’s constituents.

It is believed that ZnO particles work as a retarder to the hydration of cement at
early ages, where the formation of Zn(OH)2 during hydration works on delaying the
development of tricalcium silicate (C3S). However, with the progress of cement hydration,
Zn(OH)2 will react with Ca(OH)2 to create CaZn2(OH)6·2H2O, which will accelerate the
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hydration reaction at ages beyond 7 days [33,35]. This explains the modest enhancement in
the 7-day impermeability of RCA-concrete compared to 28 days after the addition of ZnO.

3.4. Compressive Strength of the Mixtures

The 7- and 28-day compressive strength outcomes are presented in Figure 7. It is no-
ticed that the control group (CM0) achieved the highest compressive strength at 7 days with
23.6 MPa, followed by RMZ30 with 21.8 MPa, RMZ50 with 20.6 MPa, RM30 with 19.3 MPa,
and RM50 with 17.8 MPa. The reduced compressive strength values of RCA-concrete
refer to the two interfacial transition zones covering the RCA, which create a weakening
point, reducing the strength of concrete [16,17]. Moreover, treating RCA-concrete mix-
tures with nano-ZnO resulted in a slight reduction in their compressive strength, where
RMZ30 and RMZ50 mixtures exhibited compressive strength values that are 1.6% and 2.2%
less than the strength of RM30 and RM50 mixtures, respectively. This can be attributed to
the contribution of nano-ZnO in retarding the hydration reaction of concrete at this early
age, hindering the formation of C3S, and reducing the strength [33,35].
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Along those lines, the strength of RM30 and RM50 concrete at 28 days exhibited a
10% and 15% drop, respectively, compared to the reference mixture (CM0). Moreover, this
adverse influence of RCA on the concrete’s strength is noticed to increase with increasing the
substitution dosage. This refers to the inferior mechanical properties of the old cement paste
adhered to RCA, which has a weak bond with the new mortar. The old mortar surrounding
RCA reduces the interlocking with natural aggregates, resulting in poor aggregate packing,
creating more voids within the mixture, and adversely affecting the overall strength of
concrete [47,48]. However, using nano-ZnO particles to treat RCA concrete enhanced the
28-day compressive strength of RMZ30 and RMZ50 mixtures by 2.8% and 4%, respectively,
compared to RM30 and RM50 mixtures. This modest improvement in strength is credited
to the enhanced bonding between the new mortar and RCA imposed by the nano-ZnO
particles and their function in boosting the creation of the hydration products at later ages.
The influence of nano-ZnO on the interfacial transition zone between coarse aggregates
and mortar has been discussed by Nivethitha and Dharmar [49], where they found that
ZnO particles increase the bonding between aggregates and cement, which enhances the
overall strength of concrete. Moreover, the enhancement in strength was noticed to be
marginal due to the presence of weak RCA in the mixture, which cannot be strengthened by
nano-ZnO. Instead, ZnO works on improving the bond between RCA and the new mortar
without strengthening the RCA particles themselves.
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3.5. Acid Attack Assessment

The loss in the concrete’s compressive strength as a result of the acid attack is shown
in Figure 8. As depicted in the graph, it is obvious that all mixtures underwent a drop in
their compressive strength values, with the control mixture (CM0) being the least affected,
with a loss of 16.8%. Moreover, RM30 and RM50 mixtures underwent a drop of 20.2% and
22.8% in their compressive strength, respectively. This reduction in strength is related to
(1) RCA’s higher porosity compared to virgin aggregate, which facilitates the ingress of acid
ions in the pores and dissolving calcium hydroxide and C-S-H gel in concrete, and (2) the
formation of a high content of gypsum in concrete due to the reaction between sulphates
and Ca(OH)2, resulting in concrete expansion and crack formation [50–52].
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Furthermore, the loss in the compressive strength of RMZ30 and RMZ50 mixtures was
noticed to be 17.6% and 19.6%, which is less than the drop in the strength of RM30 and RM50
mixtures. The presence of nano-ZnO particles in RCA-concrete would work on refining the
pore structure of concrete and enhancing the bonding between the new mortar and RCA,
which would decrease the ingress of sulphates in the mixture.

4. Practical Applications

It is undoubtedly true that using RCA in concrete mixtures as a substitute for coarse
or fine aggregates has numerous environmental and monetary benefits. Those include
lowering the CO2 emissions resulting from virgin aggregate production, reducing the ex-
haustion of natural resources, lowering the disposal of end-of-life and demolished concrete
into landfills, and reducing the cost of excavating natural aggregates. However, the inferior
properties of concrete produced by replacing virgin aggregates with RCAs might limit its
production and application on a large scale. The implementation of chemical treatments
in concrete containing RCA, especially those that do not involve any environmental con-
cerns like nano-ZnO, might reduce the adverse effect of RCA on concrete and enhance its
properties. This has been shown through this study, where an acceptable improvement in
the strength and durability performance of RCA-concrete was noticed. Replacing virgin
aggregate with 30 wt.% and 50 wt.% RCA and treating it with nano-ZnO resulted in con-
crete mixtures with compressive strengths of 33 MPa and 31.6 MPa, respectively, which
are considered suitable to produce structural elements. Moreover, those mixtures showed
high resistance to harsh environmental conditions in areas that are characterised by heavy
rainfall, a raised water table, and ground water and soil with high acidity, enabling the use
of those mixtures to construct durable structures that have the same life-span as concrete
with virgin aggregates.
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5. Conclusions

The use of recycled concrete aggregate (RCA) in the formulation of new concrete
mixtures is an environmentally friendly approach that supports the ecological goals of the
construction sector. This research aimed to verify the prospective usefulness of using nano-
ZnO particles along with RCAs to enhance their performance as coarse aggregates in new
concrete composites. A comprehensive evaluation was carried out to analyse the physical,
mechanical, and durability characteristics of RCA concrete before and after incorporating
ZnO particles. This investigation yielded the subsequent significant discoveries:

• Replacing coarse aggregates with 30 wt.% and 50 wt.% RCA reduced the workability
of concrete by 32% and 49% compared to control due to the high absorption of RCA
in water. Moreover, the addition of nano-ZnO particles to mixtures with 30 wt.%
and 50 wt.% RCA further reduced their workability by 43% and 60% due to the high
surface area of ZnO particles.

• The porosity of concrete with 30 wt.% and 50 wt.% RCA increased by 33% and 62%,
respectively, owing to the porous nature of RCA. However, using nano-ZnO particles
in those mixtures refined their pore structure, resulting in their porosity dropping by
7% and 10%, respectively.

• The replacement of natural aggregate with 30 wt.% and 50 wt.% RCA increased the
permeability of concrete, achieving absorption rates of 6% and 7.2%, respectively,
whereas the control mixture achieved an absorption rate of 2.9%. However, treating
RCA mixtures with nan-ZnO managed to reduce their absorption rate by 14.5% and
18%, respectively.

• The 28-day compressive strength of RCA mixtures exhibited a 10% and 15% drop (for
mixtures with 30 wt.% and 50 wt.% RCA) compared to the control mixture, which is
due to the inferior mechanical properties of the old mortar attached to RCA. However,
using nano-ZnO particles to treat RCA-concrete mixtures worked on enhancing their
compressive strength by 2.8% and 4%.

• All concrete mixtures exhibited a drop in their compressive strength after exposure to
the H2SO4 solution, with the control mixture being the least affected. Mixtures with
30 wt.% and 50 wt.% RCA showed 20.2% and 22.8% loss in their compressive strength,
respectively, due to their porous nature. However, the drop in the compressive strength
of concrete with 30 wt.% and 50 wt.% RCA and treated with nano-ZnO was 17.6% and
19.6%, respectively.

Based on the results obtained in this research work, concrete mixtures containing RCA
and nano-ZnO have the potential to be used for structural purposes, depending on the
employed mix design. However, further testing is still needed to validate the interaction
mechanism between RCA and concrete in the presence of ZnO. Also, the change in the
microstructure of RCA-concrete mixtures due to ZnO treatment should be studied.
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