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Abstract

The recycling of locally collected concrete waste is being promoted toward reducing the carbon footprint. In the preparation
of concrete, recycled concrete aggregates (RCA) are encouraged instead of natural aggregates (NA), as they can help
reduce the consumption of virgin materials, the extraction and transportation of which can be costly and environmentally
damaging. In this context, we conducted an experimental study on various concrete mixes to evaluate the effect of using
RCA instead of NA on the physical and mechanical properties of fresh and hardened concrete. The main novelty of our
study lies in meeting one of the principles of circular economy, i.e., reducing the carbon footprint, by recycling concrete
waste collected locally. We prepared and investigated test specimens containing 0%, 20%, 40%, and 60% of fine and
coarse recycled concrete aggregates. Results for fresh concrete were determined for temperature, consistency, air content,
and density, while on the other side, in hardened concrete, results were determined for compressive strength, tensile
splitting strength, and density. All results were determined experimentally and then compared. Our results showed that,
with the use of RCA in the concrete mix, construction companies can significantly reduce their carbon footprints and help
conserve natural resources. RCA can help create a more sustainable and affordable construction industry and is better
suited to meet future challenges. Our study can serve as a basis for advancing the application of RCA in the preparation of
concrete for sustainable construction.

Keywords: Concrete; Recycled Concrete Aggregates; Natural Aggregates; Admixtures; Mix Design; EN 206.

1. Introduction

Concrete is the second-most commonly used material in the world after water. Its usage fuels the growth of the
construction industry. However, the cement industry is energy-intensive [1, 2], and cement production generates
substantial amounts of carbon dioxide emissions. The cement industry currently represents approximately 7% [3] of
global CO, emissions. According to Eurostat, in 2020 alone, the construction sector was responsible for 37.5% of all
waste generated by economic activities in the European Union (EU27). This corresponds to 1,733 kg of waste per capita
within the EU27, an increase of 12.5% since 2004.
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Kosovo, a potential EU candidate, produces 1,414 kg of waste per capita, an increase of approximately 7.3% since
2010, and in this share, 4.4% of the waste is classified as hazardous [2]. Global CO, emissions from energy generation
and industrial processes rebounded in 2021 to reach their highest ever annual levels, an increase of up to 6% from 2020
[4]. To mitigate the impact of climate change resulting from such emissions, the EU has put forward the European Green
Deal (EGD), a set of policy initiatives to transform the EU into a modern, resource-efficient, and competitive economy
[5], with objectives such as a 55% reduction in emissions by 2030 and net-zero emissions by 2050. However, the UNEP
2022 Global Status Report has shown that the building sector will remain off-track in its contribution toward
decarbonization by 2050. This has placed significant pressure on the economy in order to comply with the policy of net-
zero emissions. Nevertheless, there is an opportunity to realize the need to react urgently to meet this objective.
According to the International Energy Agency (IEA), global cement production in 2006 was 2.55 billion tons, whereas
in 2021 [6], it increased to 4.4 billion tons, an increase of 72.5%.

All three pillars of sustainability, namely the environment, society, and economy, must be considered, and the best
approach to decreasing carbon emissions is to apply the principle of circular economy. The novelty of this study lies in
the application of one of the principles of CEP: reducing the carbon footprint through the recycling of locally collected
concrete waste.

This paper presents the results of an experimental study conducted on the effects of replacing natural fine and coarse
aggregates (NCA) with recycled fine and coarse aggregates (RCA) on the properties of fresh and hardened concrete.
The adoption of RCA promises not only environmental benefits but also economic advantages. As the global community
intensifies its commitment to sustainability, the construction industry must adapt and innovate. RCA represents a
promising avenue to achieve the dual objectives of reduced environmental impact and enhanced economic viability.
This paper endeavors to shed light on the transformative potential of RCA, providing insights for policymakers,
engineers, and stakeholders alike. Through rigorous analysis and case studies, it seeks to underscore the role of RCA as
a cornerstone in the foundation of a more sustainable and resilient construction industry. As we navigate this terrain, it
becomes apparent that RCA is more than just a construction material; it is a stepping stone toward a greener and more
economically efficient future for the construction industry.

2. Materials and Methods
2.1. Materials
Cement

The cement used in this study was Portland limestone cement (CEM II/A-LL 42.5 R), supplied by COLACEM and
commercially available in Kosovo. The specific density of the cement was 3.02 g/cm?. Table 1 presents its chemical
properties. Table 2 presents its mechanical and physical properties.

Table 1. Chemical composition of Portland limestone cement (%) (supplied by COLACEM, CEM II/A-LL 425 R)

CaO Si0, AlLO; Fe0s MgO SO;  K,O Na,O Specific mass (g/cm®)  Specific surface area (cm?%g)

67.09' 21.32* 480" 3.06' 226' 0.90 - - 3.02! 4200*
62.662 17.62> 4.40%> 274> 127* 277* 0822 0.25 2.97° -

! Data declared by the producer; ? Data provided by the authors of the paper.

Table 2. Mechanical and physical results and requirements of the cement in accordance with EN 197-1 [7]

Strength class Compressive strength (MPa) Initial setting time (min)  Soundness (Expansion)

Early strength  Standard strength - -

2 days 28 days - -
425R
25! 47t 180! 0!
24.62 48.5? 175° 12
>20? >42.5% <62.5° >60? <10?

! Data declared by the producer; 2 Data provided by the authors of the paper.

Mixing Water

Water is an important ingredient in concrete, as it actively participates in the chemical reactions with the cement.
Because water helps achieve the strength of the cement gel, its quantity and quality must be carefully investigated [8—
10]. The primary role of water in the concrete mixture is threefold: first, it interacts with the cement powder, producing
hydration products; second, it serves as a lubricant that aids in the handling of fresh concrete mixtures; and third, it
ensures the necessary space in the paste for the development of hydration products. Drinking water remains the best
method for mixing concrete. For all the concrete mixtures, drinking water was used to produce concrete in accordance
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with EN 1008 [9]. Drinking water can be used in concrete mixes without testing or qualification [10]. There is a rule of
thumb to determine whether water is suitable for mixing with concrete: If the water is considered potable, i.e., safe and
suitable for human consumption, except for certain types of mineral water and water containing sugar, it is also
considered appropriate for use in concrete production. The amount of water present in concrete and the water-to-cement
ratio are perhaps the most essential elements for ensuring high-quality concrete production. However, an excessive
amount of water can compromise the strength of concrete, whereas too little water can render concrete unmanageable.
Consequently, to achieve a balance between the strength and workability of cement, the cement-to-water ratio and,
consequently, the total amount of water should be appropriately selected during concrete manufacturing.

Admixtures

CEMENTOL® HIPERPLAST 235 LT (produced by TKK d.o.0. Srepenica of Slovenia) was used in all the concrete
mixes. It is a new-generation, highly effective, special superplasticizer, particularly suitable for the preparation of ready-
mixed concrete of higher consistency classes, which must have a longer workability time, or in the preparation of
concrete used for higher-temperature applications. Dosages in the range of 0.4%-0.7% of the weight of cement are
suitable for the most commonly used types of concrete (pumpable concrete of consistency class S4). Cementol
Hiperplast 235 LT is particularly effective when a finer composition of the aggregate is used for the preparation of the
concrete mix. The Cementol Hiperplast 235 LT plasticizer meets the requirements of the EN 934-1 [11] and EN 934-2
[12] standards (see Table 3).

Table 3. Chemical composition of Cementol Hiperplast 235 LT

Property Values as declared
Appearance Yellowish brown liquid
Density, 20° (1.06+0.02) kg/dm3

pH 6.0+1.0

Water-soluble chloride content (CI-) Chloride free
Alkali content (equivalent Na,O) <3.0%

Natural Aggregates

Aggregates are important constituents of concrete. They constitute the body of the concrete, reduce shrinkage, and
affect the overall cost of concrete. In this study, broken fine aggregate (0/4; Gf85) and coarse aggregates (4/8 and 8/16)
(manufacturer: VVéllezérit e Bashkuar, Prizren, Kosovo) categorized as G¢85/20 by EN 12620 [13] were used. Tables 4
and 5 present analyses of some of the physical and mechanical properties of the aggregates.

Table 4. Particle density and water absorption

Apparent particle Particle density on an Saturated and surface- Water absorption

Fraction d/D (mm)

density (mg/m?®) oven-dried basis (mg/m?) dried basis (mg/mq) (%) WA,
NA: 0/4 2.72 2.66 2.68 0.80
NA: 4/8 2.72 2.68 2.70 0.50
NA: 8/16 2.72 2.70 2.71 0.30
RCA: 0/4 2.61 2.53 2.59 345
RCA: 4/8 261 2.52 2.60 1.95
RCA: 8/16 261 2.64 2.60 1.82

Table 5. Loss Angeles (L. A) abrasion loss values (% of mass loss) of RCA and NA reported by different researchers [14]

L. A. abrasion mass loss (%)

References

RCA NA
Snyder et al. (1994) [15] 20-45 15-30
Verian (2012), and Verian et al. (2013) [16, 17] 34-36 29-31
Li (2009) [18] 27.3 115

Wen et al. (2014) [19] 20-29 15
Yehia & Abdelfatah (2016) [20] 21-35 19-25
Hansen & Narud (1983) [21] 22-41 20-30

Ravindrarajah & Tam (1985) [22] 37-41 18
Ait Mohamed Amer et al. (2016) [23] 51.5 38.9

Kurda et al. (2017) [24] 43 28

Liu et al. (2011) [25] 42 31

Kryeziu et al. (2018) [26] 28.8 26
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Recycled Aggregates

Several types of materials can be recycled and used as substitutes for natural aggregates (NA) during construction
[14]. Recycled aggregates are obtained from the processing of inorganic materials previously used in construction. The
British Standard specifies requirements for coarse RA only, excluding the use of fine RA in concrete production. Annex
E, BS EN 206, recommends the use of coarse recycled aggregates with d >4 mm. [27]. Recycled aggregates are derived
by crushing inert construction and demolition (C&D) waste. It may be classified as a recycled concrete aggregate (RCA)
when it comprises primarily of crushed concrete, or more generally as a recycled aggregate (RA) when it contains
substantial quantities of materials other than crushed concrete.

Currently, only the use of coarse aggregates originating from construction or demolition waste is recommended for
new concrete construction. In this study, RCA was used as the recycled aggregate (Figure 1). The use of RCA instead
of NA has a positive impact on the environment and economy [14, 28]. After this analysis, the physical and mechanical
properties of the recycled aggregate were determined in accordance with EN 12620 [13]. Figure 2 shows the
granulometric curves of the natural fine and coarse aggregates, and of the recycled fine and coarse aggregates.

Figure 1. Process of crushing and fractionation of existing concrete to produce RCA

Particle size distribution of NA and RCA by EN 933-1

100
90 4 —®—NA0/4
go4 - ®- RCA 0/4
704 —® NA4/8
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Figure 2. Particle size distributions of NA and RCA in accordance with EN standards

The basic difference between recycled and natural aggregates is the presence of old mortar attached to the recycled
aggregate (Figure 3) [29]. The presence of old mortar, which is a part of the recycled aggregate, significantly influences
the properties of both the recycled aggregate and the resulting fresh and hardened concrete. Specifically, the amount of
adhered old mortar has a notable influence on the density and water absorption characteristics of recycled aggregates.
Zega et al. (2010) studied the effect of different types of coarse aggregates and water-to-cement (w/c) ratios on the
properties of recycled aggregates [30].
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Figure 3. a) Recycled aggregate, and b) pictorial representation of concrete cross-section with NA and RCA

The grading of the recycled aggregate did not depend on the wic ratio of the concrete from which the recycled
aggregate was derived nor on the shape and texture of the parent concrete aggregate [28, 29]. In a concrete system, the
use of RCA with a surface containing adhered mortar layers creates two types of interfacial transition zones (1TZs): an
old ITZ zone and a new one, as shown in Figure 3. The ITZ is the region of cement paste around the aggregate particles
that is perturbed by the presence of the aggregate. Its origin lies in the packing of cement grains against the much larger
aggregates, leading to a local increase in the porosity and the predominance of smaller cement particles in this region.
The porosity distribution in the new ITZ is significantly influenced by the initial moisture condition of the RCA and the
strength of the RCA source concrete [14].

3. Concrete Mix Design

The reference concrete mixture Mix I: NA+0% RCA was prepared by applying an effective water-to-cement ratio of
0.53 and a cement content of 340 kg/m?. The other mixes were designed using the same amount of cement and an
effective water-to-cement ratio of 0.53, with varying amounts of water for each mix. The amount of added water was
the amount necessary to be absorbed by the RCA, i.e., the amount of water that does not participate in the cement
hydration process according to the EN 206 standard [27]. Therefore, it was not considered in determining the w¢/c
ratio. Figure 4 shows an overview of the constituent components in the concrete mixes.

COLAEEM
CEM II/ASBL 42.5R

Mixtures; EN 934-2:2009
ast 235 LT

Figure 4. Constituent materials in concrete mixes
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Figure 5 shows the optimal granulometric curves of the mixtures for all mix designs. A careful observation of the
optimal granulometric curves of the mixtures revealed that they followed the same trend in almost all the cases. This
has more to do with the similarity of the fractions and their granulometry because they were broken using the same stone
crusher (see Figures 2 and 5). The Hiperplast 235 LT admixture content was increased from 0.4% for Mix I: NA+0%
RCA up to 1.0% for Mix IV: NA+60% RCA, as shown in Table 6. This increase was made to maintain the consistency
of the concrete. The properties of the concrete containing recycled aggregates were compared with those of the control

concrete made of NA.
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Figure 5. LG (OP) for all mix designs by DIN 1045-2 [31]
Table 6. Mixture proportions for all mix designs
. ) Natural (or virgin) Recycled concrete
- 3 3
Fraction: d/D CEM II/A L|3_ Total Water3 EﬁeCth-e Hlpel’PlaSt 235 aggregate (NA)’ (kg/m ) aggregate (RCA)‘ (kg/m )
42.5 R (kg/m?) content (kg/m?) weg/C ratio LT (%)
0/4 4/8  8/16 0/4 4/8 8/16
Mix I.: NA+0%RCA 340 189 0.53 0.40 1000 190 640 0.0 0.0 0.0
Mix II.: NA+20%RCA 340 201 0.53 0.55 800 152 512 200 38 128
Mix I1l.: NA+40% RCA 340 207 0.53 0.75 600 114 384 400 76 256
Mix IV.: NA+60% RCA 340 215 0.53 1 400 76 256 600 114 384

3.1.1. Properties of Fresh Concrete

Based on the work plan, all the concrete mixes were prepared with the same cement-to-concrete volume ratio.
Initially, the mix design was prepared and mixed with the mix code I: NA+0% RCA, which was the mix containing only
NA aggregates, with the following percentage of fractions: 0/4 = 55%, 4/8 = 10%, and 8/16 = 35%. Figure 5 shows the
contents of such fractions in the other mixed compositions, such as Mix 1I: NA+20% RCA, Mix I1l1: NA+40% RCA,
and Mix IV: NA+60% RCA. The properties of fresh concrete with different percentages of RCA replacing NA were
evaluated against those of standard concrete by examining the fundamental characteristics such as the consistency, air
content, and density of the concrete. Once the concrete components were fully mixed, the resulting mixture reached a
rheological state, which determines its plasticity. This state is crucial in different construction practices, including
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transportation, placement, compaction, and finishing, during the early stages and can influence the properties of
hardened concrete. Since recycled aggregates from RCA differ very little from NA, their inclusion in the mix should not
significantly change the properties of fresh concrete prepared using RCA; this, however, remains to be seen.

3.1.2. Workability/Slump Behavior

The workability of fresh concrete is an important property that controls the various other properties of concrete in its
fresh and hardened states, such as density, air content, and strength. Workability is a property of concrete in its fresh
state and includes batching, mixing, placing, compacting, and finishing operations. The workability of concrete depends
on the properties of its constituents. The workability of concrete containing RCA has been widely studied because the
various properties of RCA that control the workability of concrete do not match those of NA. Concrete made with RCA
has a lower slump than that made with NC at the same wi/c ratio [14]. The workability of concrete can be determined
using various methods, the most versatile of which is the slump test. With regard to workability, various authors have
discussed the role or influence of chemical additives. Because of the relatively high-water absorption of RCA and
sometimes rougher surfaces, more water is required to maintain the same maneuverability as that observed under an
equivalent NA composition. By controlling the quantity of the superplasticizer, it is possible to obtain a concrete mix
with the same total wic ratio as that of the control NA and to compensate for a part of the loss in compressive strength
owing to the use of RCA [32]. The reviews presented in this paper were conducted according to the theory reported by
Prakash and Krishnaswamy. Figure 6 shows the process of mixing the concrete and measuring its temperature using a
digital thermometer.

o oty

Figure 6. Actual image of mixing concrete using a laboratory mixer and measuring the temperature of fresh concrete

3.1.3. Consistency of Concrete

The consistency of concrete refers to the aspect of workability that represents the following features of concrete in
its fresh state. For most common applications, the consistency is specified by the slump class, which is measured using
the slump test in accordance with EN 12350-2 [33]. The consistency is a measure of the wetness of a concrete mixture,
which is commonly evaluated in terms of the slump (i.e., the wetter the mixture, the higher the slump) [34]. In this study,
concrete mixes were prepared under laboratory conditions in the RH range of 55%-60% and air temperature (T,;,-) range
of 20-23 °C. Generally, each time after mixing the concrete, the temperature of the fresh concrete was first measured,
which showed values from t ., = 18.4 °C10 tf cone. = 23 °C.

The consistency of the concrete was measured using the slump test method in accordance with the EN 12350-2
standard [33]. Time steps TO (initial state), T1 = 30 min, and T2 = 60 min were used to observe the loss of consistency
as a function of time. Figure 7 shows images corresponding to different moments during the consistency measurement
for mix 1V: NA+60% RCA. Table 7 presents the measured consistency values for all the mixtures.

Figure 7. Measurement of concrete consistency at times T0, T1, and T2, which correspond to the initial slump, slump after
30 min, and slump after 60 min, respectively
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Table 7. Measured consistency values of all the mixtures in accordance with EN 12350-2 [33]

Slump (mm) Mix I.: NA+0%RCA  Mix I1.: NA+20%RCA  Mix I11.: NA+40%RCA  Mix IV.: NA+60%RCA

TO - Initial slump 210 220 220 220
T1 - After 30 min 170 180 160 150
T2 - After 60 min 140 150 130 110

3.1.4. Air Content

Typically, the appearance of air bubbles in fresh concrete can be attributed to the presence of air in the mixing water
and the energy produced during the mixing operations, which is likely to create a liquid—air interface [34]. In this study,
the air entrapped in the concrete mix was determined using the manometer method described in EN 12350-7 [35] and
measured immediately after mixing. The test involved placing the concrete sample (Figure 8) with an unknown volume
of air in a sealed air chamber, which was used to apply a known volume of air and pressure.

Figure 8. Air entrainment meter employed in the test in accordance with EN 12350-7 [35]

Figure 9 shows the porosity value of the concrete with an air content of 1.8% for mix I1: NA+20% RCA. The higher
air content in the recycled concrete mixtures is typically attributed to the presence of adhered mortar; this is because a
higher porosity favors the occlusion of air in its pores (Kobayashi and Kawano, 1988). In our case, we did not observe
any significant change in the air content. This is because during concrete preparation, the consistency of the concrete
was maintained at the same level by adding a higher amount of the admixture (Hiperplast 235 LT). Figure 9 shows a
graph of the values of the air content in all the examined concrete mixes.

Air content of fresh concrete in accordance with EN 12350-7

25 @
Mix I.: NA+0% RCA @
- Mix IV.: NA+60% RCA

L5 Mix 11.: NA+20% RCA
Mix 111.: NA+40% RCA

Air content, (%)

Figure 9. Values of the air content in concrete with and without RCA

3.1.5. Density of Fresh Concrete

The density of fresh concrete is a parameter that can be used to determine whether a concrete mix is appropriately
designed. The unit weight or density of typical concrete is approximately 2400 kg per cubic meter. According to EN
206, normal-weight concrete is defined as concrete under oven-dry conditions with a density greater than 2000 kg/m3
but not exceeding 2600 kg/m?® [28]. In this study, the fresh densities of all the mixtures were determined in accordance
with EN 12350-6 [36]. The specific values were 2310, 2330, 2360, and 2370 kg/m? for Mix IV: NA+60%RCA, Mix IlI:
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NA+40%RCA, Mix II: NA+20%RCA, and Mix I: NA+0%RCA, respectively. This shows that increasing the RCA
content in the concrete decreases the density of fresh concrete. Table 8 shows the fresh density values of each concrete
mixture prepared in the study as well as the relative reduction in the density of the recycled concrete mixtures compared
with the conventional concrete used as a reference. Figure 10 shows actual images of the testing and curing processes
of the specimens.

Table 8. Fresh density values of concrete mixtures

Density (kg/m®  Relative reduction (%)

Mix I: NA + 0%RCA 2374 /
Mix 11: NA + 20%RCA 2362 0.5
Mix I11: NA + 40%RCA 2333 17
Mix IV: NA +60%RCA 2311 2.7

Figure 10. Preparation and curing of the specimens for strength tests

3.1.6. Properties of Hardened Concrete

Concrete is a multiphase material containing cement paste (unhydrated and hydrated compounds), fluids, aggregates,
and discontinuities. The overall mechanical and physical properties of such a composite system depend on the volume
fractions and properties of the different constituents and the mechanisms of interaction, whether mechanical, physical,
or chemical, between the separate phases [37]. In the following, we consider the properties of hardened concrete with
and without the RCA, including its density, compressive strength and tensile splitting strength.

3.1.7. Compressive Strength of Test Specimens

Whenever the strength is used as the basis for the acceptance of concrete, specimens should be cast and cured in
accordance with EN 12390-2 [38] for all mixes, as planned in this study. In accordance with the EN 12390-2 standard,
eight concrete cubes with dimensions of 150 mm x 150 mm x 150 mm were used for each mixture, as shown in Figure
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10. After 24 h, all the specimens were placed in a hardening bath at a temperature of 20£2 °C, where they were stored
until the day of the test. Based on the test plan and in compliance with the EN 12390-3 standard, two cube specimens
were examined after three days of casting, another two after seven, and two others after 28 days (Figure 11). The results
for all specimens examined in compressive strength are expressed as average values (Figure 12). It should be noted that
two of the eight specimens for each mixture were tested after 28 days for tensile splitting strength according to EN
12390-6 [39], the obtained results are expressed as an average value.

Figure 11. Compressive strength after 28 days of curing in accordance with EN 12390-3 [40]

Compressive strength in accordance with EN 12390-3

100 -
m 3 days
g
g 80 - m7 days
% 28 days
“_o"
= 60 -
=2
(&)
& 40.50 40.09 4342 42.03
ER
[72}
83
S
g 20
O
0

Mix I.: NA+0% RCA Mix I1.: NA+20% RCA Mix I11.: NA+40% RCA Mix IV.: NA+60% RCA

Figure 12. Graphical representation of results of the concrete compressive strength for all the mix-designs
3.1.7. Tensile Splitting Strength

The direct tensile strength is rarely determined by testing, and there is no European or International Standard.
Nevertheless, when the tensile strength is determined by a tensile splitting test, in accordance with EN 12390-6 [40],
EN 1992-1-1 allows tensile strength calculation from the tensile splitting strength f, ,,, as follows [41]:

fer =09 X% fct,sp 1)

A tensile splitting strength test was performed on hardened concrete to determine its tensile strength. Concrete cube
specimens were tested in accordance with EN 12390-6 [40] (Figure 13). After 28 days of hardening in the bath, the
concrete specimens were fully cured, removed from the water, and prepared for the tensile splitting strength test. Before
the tests were conducted in compliance with the EN 12390-7 [42] standard, the density of the hardened concrete was
determined. Table 9 presents the obtained values.
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Figure 13. Images of the tensile splitting strength test conducted on the specimen

Table 9. Physicomechanical properties of hardened concrete after 28 days

Mix design Me_lss of the Density of the harde3ned Tensile splitting strength
specimen m (g) concrete D (kg/m?®) fetsp (MPa)

Mix I: NA+0%RCA 8012 2374 3.58
Mix 1I: NA+20%RCA 7982 2365 3.73
Mix I1l: NA+40%RCA 7871 2332 2.93
Mix 1V: NA+60%RCA 7802 2312 2.64
Minimum value 7802 2312 2.64
Maximum value 8012 2374 3.73
Average 7917 2346 3.20

The tensile splitting strength can be obtained using the formula [40]:

2'F
fee =13 @)

where f; is the tensile splitting strength in MPa or N/mm2, F is the maximum load, in N, L is the length of the line in
contact with the specimen (mm), d is the designated cross-sectional dimension in mm.

Table 9 presents the results of the mass of the specimen, density and tensile splitting strength of the hardened concrete.

4. Discussion

In this section, we present and discuss the test results. The experimental results place particular emphasis on
examining how the combined use of RCA and NA affects the characteristics of fresh and hardened concrete.

4.1. Slump Test

The consistency values of all the mixtures remained consistent throughout the testing, with no significant deviations
from the design requirements. The loss of consistency from production time TO to 60 min was within the standard
requirements. At TO, all the measurements indicated that the consistency of the concrete reached the upper limit of class
S4 in accordance with EN 206. However, there was a loss of consistency after 30 min. Mixes | and 1l had a loss of 40
mm, whereas Mixes Il and IV had losses of 60 and 70 mm, respectively. These results were obtained by comparing the
results for each mixture. After 60 min, the concrete with 60% RCA exhibited the greatest loss of consistency, changing
from class S4 to class S3. Mix 11, with 40% RCA, had a loss of 41%, corresponding to the S3 class, whereas Mix Il had
a loss of 31.8%, exceeding 220 mm. At TO at 150 mm after 60 min, Mix | (NA + 0% RCA) showed a loss of 33.3%,
also corresponding to consistency class S3. The greater water absorption capacity of the RCA had a significant impact
on the water added to the mix, which can affect the workability of concrete, as shown in Nistratov et al. [43] and Matias
et al. [44]. According to the American Concrete Institute (ACI) guidelines for the design of concrete mixes (ACI
Committee 211, 2002), the air content expected for mixes containing 215 kg/m? of water and a maximum aggregate size
of 20 mm is approximately 2.00%, as indicated in Rodriguez [45].
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4.2. Air Content

The volume of concrete mortar plays an important role in determining the air content. Because the RCA has a higher
mortar content, it affects the air content in the concrete. Thus, when selecting the target air content of the RCA concrete,
the existing air content of the mortar must be considered. Based on the particle sizes (granulometry) presented in this
study, the air content of the mixtures remained the same in all the cases. Therefore, the air content of the concrete
depends on the grain size of the aggregates and the degree of compression. Although RCA was used in the concrete mix,
the air content was lower than that of the concrete made with NA. In Mix I, for example, the air content was 0.5%,
which was lower than that of Mix I, whereas in Mix I, it was 0.6% lower than that of Mix | and 0.2% lower than that
of the concrete made of only NA.

4.3. Density of Hardened Concrete

The density or unit weight of the hardened concrete decreased for mixtures with RCA compared with concrete
containing NA, while in Mix | the value of density is D = 2374 kg/m?, an almost negligible decrease was observed in
the case of Mix Il with only 9 kg/m? less than Mix I, whereas Mix 11l and Mix IV with 32 kg/m?® and 62 kg/m?®
respectively, less compared with Mix 1.

4.4. Compressive Strength

The compressive strength results showed that the early strength or three-day strength exhibited an increase of 14.4%
in Mix IV compared with Mix I, an increase of 14.03% in Mix Il compared with Mix I, and an increase of 7.37% in
Mix Il. After seven days, there was still an increase but with a lower growth rate. Thus, Mix IV showed an increase of
9.36%, Mix Ill showed an increase of 6.92%, and Mix Il showed an increase of 1.32% compared with Mix I. The 28-
day compressive strength showed largely the same result for all the mixtures; a slight difference was observed in Mix
Il compared with the other mixtures. This increase was approximately 7.2% compared with Mix I.

4.5. Tensile Splitting Strength

Depending on the requirement, it may be necessary to increase or decrease the tensile strength. For example, a high
tensile strength is required to resist cracking. The factors influencing the tensile strength are as follows:

Compressive strength: Typically, the tensile strength varies proportionally with the compression (this assumption
does not apply in the case of concrete containing RCA). The relative volumes of the cement paste and aggregate have
little effect on the tensile strength (this assumption does not apply in the case of concrete containing RCA).

Coarse aggregate type: Concrete containing high-quality crushed rock coarse aggregates tends to have a higher
tensile strength than concrete prepared with RCA. However, crushed RCA can result in a low tensile strength owing to
the poor bonding between the RCA and NA surfaces. The tensile splitting strength results showed that the mixtures with
RCA generally exhibited a lower tensile splitting strength owing to the lower adhesion of the aggregate particles to the
cement matrix. Mix | showed that NA was better than RCA. Thus, Mix Il with 20% RCA showed a slightly higher
value, almost equal to that of Mix | with NA, whereas Mixes Il and 1V exhibited a decrease in resistance of 18.15%
and 26.25%, respectively, compared with that of Mix I.

5. Conclusions

The use of RCA in concrete mixes resulted in a decrease in the unit weight or density of fresh concrete, primarily
because of the higher water content of RCA concrete resulting from the absorption capacity of the RCA.

Our tests indicated that the replacement of normal aggregates with recycled aggregates generally brought about a
slight improvement in the overall performance of the concrete. However, the tests also revealed that increasing the
percentage of recycled aggregates in the mix can lead to a significant reduction in workability, a slight decrease in the
tensile strength, and only a slight improvement in the compressive strength.

At a constant degree of workability or slump class, the amount of water required for the concrete mix based on RCA
was approximately 6% to 14% higher than that required for the concrete mix without RCA. The consistency values of
the concrete for all the mixes were consistent throughout the tests, and the loss of consistency between the production
time and after 60 min was within the standard requirements.

Increasing the amount of superplasticizer admixture in the mix was found to improve the physicomechanical
properties of the concrete, which helped mitigate the negative effects of using RCA. However, increasing the RCA
content in the mix led to a deterioration in the splitting tensile strength of the concrete; this can be offset by increasing
the amount of superplasticizer, which has shown to slightly increase the tensile and compressive strengths; the higher
the water reduction power of the superplasticizer, the higher the concrete strength [44].
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The results pertaining to the use of RCA as a partial replacement for NA may indicate that the RCA is an
environmentally friendly material. It is nevertheless important to carefully consider the environmental impacts of the
entire construction process, including transportation and other factors, to determine the true environmental impact of
RCA usage. This study showed that the use of RCA in concrete mixes is a viable option for sustainable construction,
provided good design and construction practices are followed.
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