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Abstract

The construction industry generates tons of waste annually worldwide, causing a significant impact on the environment. The
massive accumulation of construction and demolition waste exacerbates this problem, particularly in countries like Peru
where the construction industry is rapidly growing. This research proposes addressing this challenge by substituting natural
aggregates in concrete production with recycled concrete aggregates (RCA), treated beforehand. The main objective is to
assess the feasibility of using RCA in concrete as a partial substitute for coarse aggregate and to analyze the physical and
mechanical properties of concrete incorporating RCA to address its use in the Peruvian context. Within the methodology
employed, five types of samples with recycled concrete at proportions of 10%, 20%, 30%, and 40% by weight of coarse
aggregate were prepared, and physical and mechanical properties were evaluated at 7, 14, and 28 days. The results showed
that the optimal RCA content was 20%, where slump, unit weight, and air content decreased but remained within permissible
ranges. Additionally, it was observed that mechanical properties remained stable without significant variations. The
compressive strength did not exhibit values lower than 21 MPa compared to the reference concrete. Likewise, the modulus
of elasticity, tensile strength, and flexural strength decreased, showing a consistent trend. Consequently, it can be concluded
that recycled aggregates are viable as effective substitutes for natural aggregates in the production of sidewalks, slabs,
pavements, etc., offering a sustainable and environmentally friendly alternative.
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Introduction more than 500 million tons annually [1], and this is also
supported by Cimentada et al. [2], stating that the annual
generation of construction and demolition waste (CDW)
is approximately 1 ton per inhabitant, where construction

waste represents between 30 and 40% of the total urban

Developed and developing countries have significantly
increased the proportion of construction and demolition
waste, as is the case of the United States, which generates
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waste, the annual amount of construction waste deposited
has exceeded 400 million tons [3].

Materials resulting from the construction and demolition
of buildings constitute an important solid waste stream
with a considerable amount released annually [4]. As a
fundamental part of this issue, the total volume of cement
production worldwide amounted to 4.1 billion tons in 2022
[5]. Indeed, the most commonly used building materials are
cement and concrete [6, 7], which account for approximately
5-8% of total global CO, emissions [8, 9]. In addition, the
European Union, the United States and China produce
approximately 0.93, 0.57 and 1.8 billion tons of CDW,
respectively [10]. Also, the World Bank has predicted that
the generation of CDW will be about 2590 million tons in
2030 and will further increase to 3400 million tons in 2050
[11]. In South America, specifically in the country of Peru,
construction and demolition waste can be converted into
recycled aggregates, and can be used for the construction
of civil works such as pavement, bicycle paths or sidewalks
[12]. However, there is still not much variety of in-depth
studies to know their behavior, so it is necessary to study
them with materials from the area for scientific and
environmental purposes.

Therefore, the use of recycled aggregates from
CDW instead of conventional aggregates has a double
environmental benefit: it decreases the land required for
waste disposal and reduces the consumption of natural
resources [13]. The construction industry [14], in terms
of CDW, generates between 45 and 60% of the total waste
going to informal landfills [15], which causes environmental
imbalances [16].

The environmental pollution generated by CDW is
alarming, so the use of recycled aggregates to produce
concrete is the ideal solution to this problem, since less
natural aggregates are consumed, and the construction
aggregates would have a better destination due to the
demand for infrastructure [17-20]. Continuing research has
established that concrete is a versatile material in which
different wastes can be consumed for environmentally
sustainable development [21, 22].

Regarding the physical properties of concrete with the
incorporation of recycled concrete aggregates (RCA),
according to Hemant et al. [23], they evidenced a decrease
in workability of 11.67%, when replacing natural coarse
aggregate (NCA) with RCA by 25%. This is the effect of
the absorption capacity of the stone material that directly
influences a good workability [24]. Likewise, Harish et al.
[25], used the same percentage of substitution achieving
only 20% reduction in the workability of the reference
concrete; in addition, they observed a minimal reduction
in the unit weight of the concrete, being 2.9%. Generating
internal porosity, due to the diversity of recycled concrete
granular material forming internal cavities in its hardening
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stage [26]. On the other hand, Simsek et al. [27], achieved
their best results when they substituted 20% of NCA for
RCA, obtaining a variation of 2% in the unit weight of the
samples, they also pointed out an increase of the air content
by 6%, and indicated that the temperature did not present
significant changes for any percentage of substitution. Still,
there are gaps on the behavior of the RCA material on the
physical properties of concrete, so it is necessary to continue
studying them in different conditions and design.

There is current scientific evidence that RCA influences
the mechanical properties of concrete, mentioning some
relevant research. Based on the research of Vu et al. [28],
in which they compared the compressive strength of a
standard concrete and one with 10% substitution of natural
coarse aggregate for RCA, where its strength varied by
only 6.1%. Olofinnade et al. [29], mentions that with a 20%
substitution of NCA by RCA, they obtained a variation of
11.5%, corroborating this improvement in compressive
strength according to [30-32]. According to the results of
the research conducted by Khaleel et al. [33], where the
values of modulus of elasticity (MOE) were compared
between a reference concrete and another one incorporating
35% RCA, a variation of 14% in MOE was observed. Other
investigations when comparing their information, had
better results where they achieved a significant variation
[34, 35]. The MOE of concrete presents a reduction for all
percentages of substitution with RCA [36].

According to the results of Lesovik et al. [37], they
performed a comparison between the tensile strength of a
reference concrete and another one incorporating 33.3%
RCA, a minimum variation of only 0.15% was obtained.
The use of recycled concrete material is shown to be useful
and significant compared to the excessive use of natural
aggregates [26, 35]. Regarding flexural strength, the study
of Monisha et al. [38], substituted NCA for RCA by 20%
obtaining a minimum variation of 0.45%, similarly, the study
of Hemant et al. [23], who substituted NCA for 25% RCA,
produced flexural strengths only 8. 8% lower than that of
the reference concrete, with great difference with respect
to the percentage of substitution when using 100% RCA,
where better results were obtained in flexural strength with
a difference of 3.9% with respect to the reference concrete
[39], The decrease in mechanical properties depends on
the interaction between the old bonded mortar and the new
cement mortar [40].

From the review carried out, it can be seen that numerous
studies have been carried out on the incorporation
of recycled aggregates into concrete, and that their
characteristics are similar, regardless of their origin.
Several studies have shown that it is feasible to use them
in proportions lower than 50%, which contributes to reduce
the uncontrolled extraction of natural resources and the
massive CO, emissions generated by this process. Unlike
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other research, this proposal stands out for extracting the
best of previous studies, since it carries out an exhaustive
analysis of the existing literature, synthesizing the most
relevant findings and selecting the most accurate and reliable
information, in addition to proposing a more precise range of
substitution percentages, since it works with 4 substitution
percentages with a minimum variation of 10%, which allows
more reliable results to be obtained.

Emphasizing that there are no studies in the country of
Peru on these issues being an important point to encourage
research in Latin American countries. Technological
advances are also essential to find permanent solutions to
economic and environmental challenges, as well as offering
new jobs and promoting energy efficiency. Other important
ways to facilitate sustainable development are the promotion
of sustainable industries and investment in scientific research
and innovation in line with the Sustainable Development
Goals (SDGs).

The main objective of this study is to evaluate the
feasibility of using RCA in concrete as a partial substitute
for coarse aggregate at the following percentages 10%, 20%,
30% and 30%. The physical and mechanical properties of
a reference concrete were analyzed, which served as a
guide for comparison with the different samples that had
the incorporation of RCA. The physical and chemical
properties of the recycled aggregates were also studied, for
a mix design with a minimum strength of 21 MPa, in order
to obtain the appropriate proportion for the concrete.

Fig. 1 Granulometric curve—
fine and coarse natural aggre-
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Materials and methods
Materials
Portland cement

In the present study, Portland cement of common use (Type
I), commercialized in Peru, was used, which was adequate
to join other ingredients to solidify the concrete and to
contemplate the considerations described in ASTM C150
[41].

Aggregates, recycled concrete aggregates and water

The coarse aggregate was extracted from the Pacherrez
quarry and the fine aggregate from the Patapo—La Victo-
ria quarry, both located in the Lambayeque Region—Peru.
Figure 1 shows the granulometric curve of the fine aggre-
gate and coarse aggregate, the fine aggregate was yellow
sand with dimensions in the range of 4.8 mm-75 pm with a
fineness modulus of 2.97, while the maximum nominal size
of the coarse aggregate was 25.4 mm according to ASTM
C136 [42].

Likewise, the physical and mechanical characteristics
of the aggregates were also identified, such as fineness
modulus, unit weight or specific gravity, according to the
standards detailed in Table 1. The recycled aggregate with
a nominal maximum size of 19 mm was extracted from
the crushing of laboratory-tested specimens; the chemical
properties of the RCA are shown in Table 2. Potable water
extracted from the laboratory was used for the preparation
of the concrete and later for curing the hardened samples
according to ASTM C1602M [43].
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Table 1 Physical characteristics
of aggregates

Experimental tests Aggregates Standard ASTM
Fine Coarse RCA

Modulus of fineness 2.97 - - ASTM C136 [42]

Loose dry unit weight (g/cm3) 1.600 1.207 0.985 ASTM C29 [44]

Dry-rodded unit weight (g/cm?) 1.735 1.374 1.095

Apparent specific gravity (g/cm?) 2.405 2.667 2.043 ASTM C128 [45]

Absorption capacity (%) 1.115 1.369 1.484 ASTM C127 [46]

Natural moisture content (%) 0.66 0.18 1.91 ASTM C566 [47]

Methods

Table 2 Chemical composition of RCA

Parameter (mg/Kg) MQL RCA

Aluminum—Al 0.023 9125.22
Calcium—Ca 0.124 116,405.78
Iron—Fe 0.023 10,709.33
Potassium—K 0.051 2210.22
Magnesium—Mg 0.019 3877.55
Sodium—Na 0.026 1120.47
Lead—Pb 0.004 3172.18
Sulfur—S 0.091 2830.39
Silicon—Si 0.104 12,859.12
Silicon oxide—SiO, 0.222 27,505.65

MQL maximum quantifiable limit

Table 2 shows the chemical composition of the original
concrete, which subsequently formed part of the aggre-
gates. These tests were performed according to the I[CP—
OES test and the general proportion of salts, chlorides and
sulfates. The elements with the highest concentration are
Ca, Sio,, Si and Fe, this behavior could be due to the fact
that these elements are the main constituents of Portland
cement. The chemical analysis reflects the composition of
the recycled aggregate itself after processing.

Fig.2 RCA selection process

@ Springer

To obtain the recycled concrete aggregate, it was decided to
use laboratory concrete specimens previously subjected to
compressive strength tests, with design strengths of 21 MPa
and 28 MPa. These specimens were crushed in a specific
way to obtain particles with dimensions between % and
% inches. In the course of this process, the elimination of
impurities was carried out in order to obtain a pure RCA.

In addition, a granulometric analysis was carried out to
evaluate the granulometric distribution of the resulting mate-
rial, as shown in Fig. 2. In order to carry out the evaluations
by inductively coupled plasma (ICP) and to perform the
analysis of chlorides and sulfates in the recycled concrete
aggregate sample. The material was crushed and sieved
through mesh No. 50. It is important to note that the param-
eters of the recycled aggregates remained within the limits
allowed by ASTM C136 [42].

A number of 18 cylindrical specimens with dimensions
of 150 X300 mm were prepared, distributed in 5
groups, which constituted a set of 90 specimens for the
evaluation of compressive strength, tensile strength and
modulus of elasticity. Likewise, the flexural strength
of the concrete was analyzed, 9 prismatic specimens
of 530 x 150 x 150 mm were prepared, organized in 5
groups, totaling 45 specimens. The aggregates, carefully
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selected for their size and granulometry, were combined
with the cement in the optimum proportions according to
the designed mix, the precision in the dosage, carried out
by electronic weighing, guaranteed the uniformity and
quality of the concrete. No superplasticizer was used in
any experimental mix.

The mix was kneaded in a high-speed mechanical
mixer, controlling the time for 6 min and the speed
to obtain a homogeneous, lump-free paste. For the
preparation of the samples, the inside of the molds was
lubricated, then filled in three layers and compacted with
a needle vibrator, ensuring a dense and resistant concrete.
After 24 h of setting, the specimens were demolded and
cured in a controlled environment for 1 day. Finally, they
were immersed in potable water for 7, 14 and 28 days,
completing the curing process and maximizing their
compressive strength.

The determination of the proportions of the materi-
als was performed under the international standard ACI
211.1 [48], the mix designs (MD) can be seen in Table 3,
where the amount of cement, water and fine aggregate
was kept fixed for all mixes and additions were made
for each percentage of RCA with respect to the weight
of coarse aggregate. The proportion of the materials was
determined based on the characteristics obtained from the
coarse and fine aggregate, as well as the design proper-
ties of the concrete in the fresh state. The methodology
of the study is shown in Fig. 3, with specific details on
the process of obtaining, performing tests and interpret-
ing results.

Workability, temperature, unit weight and air content

The workability of fresh concrete was determined accord-
ing to ASTM C143M [49]. According to ASTM C1064M
[50], the temperature of freshly mixed concrete was meas-
ured, as well as the loose and compacted unit weight
according to ASTM C29 [44]. According to ASTM C231
[51], the air content of the freshly mixed concrete was
defined, excluding any air that may exist inside the voids
within the aggregate particles, Fig. 4 shows the tests per-
formed on the fresh concrete.

Compressive strength, elastic modulus, flexural strength,
and tensile strength

Figure 5 shows the mechanical tests performed on the con-
crete with the different RCA substitution percentages, where
the compressive strength was performed according to ASTM
C39 [52], the elastic modulus calculation was performed
according to ASTM C469 [53], the flexural strength was
performed according to ASTM C78 [54], and the tensile
strength was performed according to ASTM C496 [55].

Results and discussion

Effect of RCA on the workability and temperature
of concrete in the fresh state

As shown in Fig. 6, the reference concrete presented an aver-
age workability of 3.5 inches, which is within the accept-
able range for the specific mix; however, the slump of the
other mixes remained below the range of 3—4 inches for
good workability. Three samples were taken for each test
and for each addition percentage to analyze their variability,
obtaining a variance of 0.01. When using 20% RCA, a slump
decrease of 27.8% was observed with respect to the reference
concrete sample.

This result is like those obtained by Martinez et al. [30],
who showed a slump reduction of 28.57% when using
the same percentage of substitution. Within this range
of slump reduction with 22.08% was Hemant et al. [23],
who reported it with a 50% replacement of RCA. With this
same percentage of replacement Harish et al. [25], obtained
less favorable results, evidencing a reduction of 80% with
reference to the standard concrete. This drop in settlement
for any replacement rate proves some of the hypotheses put
forward, since it is mainly due to the absorption capacity of
the RCA, which is 8.4% higher than that of NCA. For the
case of temperature varies from 27.5 to 30.7 °C, indicating
according to ASTM C1064M [50], which is within the
allowable ranges, this result agrees with the research of
Simgsek et al. [27]. The results of temperature and slump are
shown in Fig. 6.

Table.3 P.roportions of raw Mix design Water (Lt/m®) Cement (kg/m3 ) w/c Aggregates (Kg/m3) RCA (%)
materials in the blend with
different RCA levels Fine Coarse RCA
MD-0 258 368 0.7 885 904 - Reference
MD-1 258 368 0.7 885 813.6 90.4 10
MD-2 258 368 0.7 885 723.2 180.8 20
MD-3 258 368 0.7 885 632.8 271.2 30
MD-4 258 368 0.7 885 542.4 361.6 40

@ Springer
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Fig.3 Research flowchart

Fig.4 a Workability, b temperature, ¢ unit weight and d air content

Unit weight and air content

Figure 7 shows that when replacing the recycled concrete
aggregate with natural aggregate in proportions of 10%,
20%, 30% and 40%, there is a decrease in its unit weight of
0.41%, 1.06%, 1.54% and 1.63%, respectively, compared to
the reference concrete; likewise, 3 tests were carried out for
each addition percentage to analyze its variability, obtaining

@ Springer

a variance of 14.78. This effect that produces a reduction is
due to the porosity originated by the RCA, since the density
of this material is lower than that of the fine aggregate and
coarse aggregate, directly influencing this property and the
resistance.

Similar results were obtained by Simsek et al. [27], who
reported a 2% decrease in unit weight when replacing 20%
with RCA, likewise, B. A. Harish et al. [25], indicated
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Fig.5 a Compression test and
modulus of elasticity, b tensile
test and ¢ bending test
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Fig.7 Variation of air density and percentage of air as a function of
RCA replacement percentage

a 2.9% reduction in unit weight when replacing 50%,
compared to conventional concrete, similarly, Elhadi et al.
[26], when replacing 50% of NCA by RCA, evidenced
a 3.9% decrease in unit weight compared to standard

concrete, this explanation is given because RCA has a
density 20.3% lower than natural aggregates.

In the case of air content, it varies from 1.52 to 0.41%
with respect to the reference concrete when the percentage
of replacement of NCA by RCA increases from 10 to
40%. This increase in air content is directly seen in the
physical properties of RCA compared to NCA, which has
a higher density and lower absorption capacity. Generating
internal cavities where air is trapped, thus generating the
increase in the results of this test. This result agrees with
the investigations of Simgek et al. [27], that according to
ASTM C231 [51], this is within the permissible ranges.
This decrease is due to the fact that the absorption capacity
of RCA decreases the fluidity of the mixture in which air
bubbles could easily integrate and generate voids in the
concrete. The results of unit weights and air content can be
seen in Fig. 7.

Compressive strength

As shown in Fig. 8, regarding the compressive strength after
28 days, of the different sample designs constituted by the
substitution of 10, 20, 30 and 40% RCA, a decrease of 0.92,
2.13,9.28 and 14.33% respectively is reflected, showing the
optimum RCA content of 20%, according to the Anova Unif-
icatory test and Tukey's multiple comparison tests, where it
is obtained (p value =0.38772748 > 0.05) determined that
this variation of the strength is not significant, ensuring the
viability of its use. The reduction in compressive strength
is not significant because it is not lower than the strength of
the design mix (21 MPa), in fact, the incorporated materi-
als have an importance on this property even though the
strength is below the reference concrete strength.

Similar results were presented by Martinez et al. [30],
who with 20% RCA showed a decrease of 2.3% with
respect to the standard concrete, similarly, Vu et al. [28],
showed a drop of 6.1% with the same percentage of RCA

@ Springer
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Fig. 8 Variation of compressive 7 days
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Table4 Compressive strength values of experimental mixtures
according to days to failure

Mix design Compressive strength (MPa)

7 days 14 days 28 days
MD-0 18.83 22.36 25.34
MD-1 18.27 21.50 25.11
MD-2 18.13 21.17 24.80
MD-3 16.63 19.15 22.99
MD-4 15.97 17.39 21.71

substitution, these findings contrast with those investigated
by Olofinnade et al. [29], who, when using RCA in per-
centages of 20 and 40%, evidenced a decrease in strength
of 11.5 and 26.8%, respectively. Similarly, with a percent-
age of 50% RCA substitution, Harish et al. [25], noted
a decrease of 8.6%, compared to the standard concrete.

Experimental samples

The average values of compressive strength are shown in
Table 4.

Modulus of elasticity

As shown in Fig. 9, in relation to the modulus of elastic-
ity, comparable results to standard concrete were observed,
showing a minimum decrease of 0.8%, 2.55%, 5.52%, and
7.23% when RCA was substituted by 10%, 20%, 30%, and
40%, respectively. It is highlighted that the optimum RCA
content is 20%, according to the results of the Anova Uni-
factor test and Tukey's multiple comparison tests, where it
was obtained (p value of 0.06052731 > 0.05), indicating that
this variation in the resistance is not significant, likewise it is
observed that when the setting time increases, the modulus
of elasticity also increases, these results were expected since
this is also presented in the different investigations reviewed.
The bond efficiency between the recycled aggregate and the
cement paste may not be as optimal as in the case of natural

Fig.9 Variation of the modulus 7 days
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aggregate, affecting the load transfer and, consequently,
decreasing the overall strength of the concrete.

This finding coincides with the research of Martinez et al.
[30], who reported a decrease of 0.95% when using 20%
RCA, without this variation being statistically significant, on
the other hand, Zhang et al. [34], employed 50% RCA and
observed a drop of 6.26% compared to standard concrete.
With this same percentage of substitution, Zhang et al. [35],
obtained comparable results, registering a decrease in the
modulus of elasticity of 9.76%. A comparison shows that,
although Younis et al. [33] used 35% RCA, they obtained
less favorable results, with a decrease of 14% compared
to standard concrete. The average values of modulus of
elasticity are shown in Table 5.

Tensile strength

As shown in Fig. 10, regarding the tensile strength after
28 days, it is reflected that the samples with RCA addi-
tions of 10, 20 and 30% present a decrease of 0.64, 1.94
and 8.84%, respectively. According to the results of the
Unifactorial Anova test and Tukey's multiple comparisons
tests, where it was obtained (p value of 0.06657203 > 0.05),

Table5 Modulus of elasticity values of experimental mixtures
according to days to failure

showing that the variation in tensile strength is not signif-
icant for any of the three percentages evaluated. In sum-
mary, the reduction in concrete strength when using recycled
aggregate in proportions lower than 40% can result from
quality variability, the presence of impurities, reduced stiff-
ness, bonding problems, and the partial contribution of recy-
cled aggregate to the mechanical properties of concrete.

These results are similar to those obtained by Lesovik
et al. [37], who reported a decrease in tensile strength
of 0.15%, replacing 33.3% of RCA, however, there are
significant differences in the variation of this property, this
could be due to different variables such as the origin of
the aggregates, the mix design and the parameters used to
control the samples from their preparation to the moment of
testing. Thus, when compared with the researches of Harish
et al. [25], and Zhang et al. [35], who noted a decrease of
12.32 and 14.36%, respectively, when replacing RCA by
50%, another similar study was performed by Elhadi et al.
[26], who using the same percentage of RCA, showed a
decrease in tensile strength of 19.76% compared to standard
concrete. The average values of tensile strength are shown
in Table 6 below.

Flexural strength

As shown in Fig. 11, the flexural strength remained stable,
the samples with 10 and 20% addition showed a minimum
drop in strength of 0.71 and 2.08%, respectively, according
to the Anova Unificatory test and Tukey's multiple compari-
sons tests, where it is obtained (p value =0.54314294 > 0.05)
determined that this variation in strength is not significant.
The stiffness of recycled aggregate can be lower than that
of natural aggregate, which directly impacts the mechanical
response of concrete, reflected in a decrease in modulus of
elasticity and tensile and flexural strength.

14 days 28 days
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e

@@@@ =
.

Mix design Modulus of elasticity (GPa)
7 days 14 days 28 days

MD-0 20.15 22.32 23.19
MD-1 19.83 22.13 23.01
MD-2 19.62 21.53 22.60
MD-3 19.34 21.14 21.91
MD-4 18.69 20.69 21.51
Fig. 10 Variation of tensile 7 days
strength at 7, 14 and 28 as a 3.5
function of the percentage of
RCA replacement
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Table 6 Tensile strength values of experimental mixtures according
to days to failure

Table 7 Flexural strength values of experimental mixtures according
to days to failure

Mix design Tensile strength (MPa) Mix design Flexural strength (MPa)

7 days 14 days 28 days 7 days 14 days 28 days
MD-0 2.05 2.50 3.05 MD-0 3.19 3.69 4.54
MD-1 2.08 2.53 3.03 MD-1 3.12 3.58 451
MD-2 2.03 2.51 2.99 MD-2 2.99 3.49 4.44
MD-3 1.81 227 2.78 MD-3 2.93 3.42 423
MD-4 1.66 2.10 2.60 MD-4 2.86 3.39 4.04

These results are comparable with those obtained by
Monisha et al. [38], who replaced the NCA by 20% RCA
obtaining a minimum variation of 0.45%, similarly, the study
conducted by Hemant et al. [23], who replaced the NCA by
25% RCA, producing flexural strengths only 8. 8% lower
than that of the standard concrete, with great difference
with respect to the percentage of substitution Sastri and
Jagannadha [39], who using 100% RCA, obtained better
results in flexural strength with a difference of 3.9% with
respect to the standard concrete. The average values of
tensile strength are shown in Table 7.

Conclusions

It is concluded that the substitution of natural coarse
aggregates by recycled aggregates has a significant influence
on the physical properties of concrete. The following
conclusions are presented with respect to the findings:

The physical and chemical properties of recycled materi-
als can show variations due to the diversity of their sources
of origin. This diversity can affect the consistency and qual-
ity of the recycled aggregate, having a direct effect on the
properties of the concrete.

The workability and the percentage of air decrease, due
to the absorption produced by the RCA being higher than
when using the NCA, affecting the fluidity of the mixture
and generating internal porosity in the fresh concrete.

It is concluded that using 20% RCA, the mechanical
properties remained stable, compressive strength showed
an insignificant decrease of 2.13%, modulus of elasticity
by 2.55%, tensile strength by 1.94%, and flexural strength
by 2.08%. These results were achieved using exclusively
recycled concrete aggregate, but do not ensure the same
optimal percentage for any other type of recycled aggregates,
thus suggesting that recycled concrete aggregates are viable
as effective substitutes for natural aggregates in concrete
production. It is a sustainable and environmentally friendly
alternative, as well as suggesting the use of durability
indicators to examine long-term properties.

The sample incorporating 20% RCA presented results
that statistically showed no significant divergence in the
mechanical properties of the concrete and remained within
the admissible limits for the physical properties. Therefore,
it is concluded that this level of substitution represents the
optimal choice, and visual examinations to characterize
differences in concrete texture or aggregate distribution at
RCA substitution levels are suggested for future work.

14 days 28 days

Fig. 11 Variation of flexural 7 days
strength at 7, 14 and 28 as a 5.0
function of the percentage of
RCA replacement
4.5
©
o
3
= 4.0
k=)
c
o
®
< 3.5
S
=
o
il
25

YRS

"

@éﬁéﬁ

MD-0 [MD-1[mD-2]MD-3[MD-4

MD-0 [MD-1[mD-2]MD-3[MD-4| [MD-0[MD-1][MD-2]MD-3[MD-4

@ Springer

Experimental samples



Innovative Infrastructure Solutions (2024) 9:204

Page110f 12 204

The 20% RCA concrete proposal complies with local
codes for application to works such as sidewalks, low traffic
rigid pavements and non-structural concrete.

The optimum level of 20% RCA could potentially be
applied to other recycled aggregates from the Lambayeque
region, because it has similar characteristics to quarries
near the coastal zone. However, other areas with different
characteristics, such as the Peruvian highlands and jungle,
should be further investigated.

Visual examinations to characterize differences in
concrete texture or aggregate distribution at different RCA
substitution levels are suggested for future work.
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