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Abstract. This experimental study evaluates the properties of concrete produced using natural coarse aggregate
(NCA) and recycled coarse aggregate (RCA) obtained from demolished structures, with a particular focus on how
RCA content influences compressive strength. The objective is to assess the feasibility of employing RCA as a
sustainable alternative to natural aggregate in structural concrete. A series of mixes incorporating four RCA
replacement ratios (0%, 50%, 75%, and 100%) was developed to produce an eco-friendly concrete that reduces
construction related waste and environmental pollution. The results show that concrete compressive strength
decreases as the RCA replacement ratio increases. At 28 days, the reductions in compressive strength were 7.80% for
50% RCA, 12.89% for 75% RCA, and 14.45% for 100% RCA compared with the natural aggregate control mix.
However, the reduction up to 50% RCA was relatively small, indicating that partial replacement can meet structural
performance requirements while supporting sustainability goals. The findings also confirm that compressive strength
increases significantly with curing age, although higher RCA content leads to lower early age and long-term strength.
Notably, the 0% and 50% RCA mixes retained more than 90% of their 28 days strength at 120 days. A parallel
numerical analysis conducted using ABAQUS demonstrated a consistent increase in axial deformation with higher
RCA replacement ratios, confirming the associated reduction in stiffness and aligning with the experimental
mechanical trends. Overall, the results highlight the importance of considering both curing age and RCA content
when evaluating the mechanical behavior of recycled aggregate concrete and demonstrate its potential for sustainable
structural applications.
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1. Introduction

The construction sector is one of the largest consumers of natural resources, making
sustainability a central priority in contemporary engineering practice. In recent years, environmental
concerns have intensified, leading to a growing emphasis on incorporating recycled materials into
engineering practices to enhance sustainability in the construction industry [1-2]. This shift is
particularly important in the building sector, which consumes vast quantities of natural resources
and contributes significantly to environmental degradation [3]. Recycling construction debris
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generated from demolitions and armed conflicts has therefore become a vital strategy for
minimizing waste and promoting sustainable development.

Frequent conflicts and recurring crises in many regions pose significant challenges to
infrastructure development and construction activities [4]. These events often lead to extensive
damage, leaving behind large quantities of debris that must be managed responsibly. Addressing
this issue requires the development of practical, sustainable methods for handling and reusing such
materials. Regions affected by prolonged conflict such as Syria, Iraq, Gaza, and Libya face
substantial challenges due to widespread infrastructure damage and the resulting accumulation of
rubble, making innovative waste-management approaches essential [5].

Given the global environmental and economic pressures, the pursuit of sustainable and
resource-efficient solutions has become increasingly urgent across all sectors. The construction
industry, in particular, plays a critical role due to its heavy reliance on natural materials and its
considerable ecological footprint [6-7]. Within this context, the recycling of construction waste
and debris from demolished structures and conflict-affected areas represents one of the most
effective pathways toward achieving environmental and economic sustainability. Addressing this
challenge demands integrated strategies encompassing collection, transportation, processing, and
disposal.

Managing demolition waste is a multifaceted challenge that demands coordinated efforts
involving collection, transportation, processing, and final disposal. As the volume of rubble
produced by conflicts and destruction continues to rise [8-9], the search for new approaches that
maximize environmental and economic benefits has become essential. One promising solution is
the recycling of concrete from demolished structures for reuse in new construction applications
[10-11]. As the quantity of demolition debris continues to rise, the need for innovative methods to
repurpose this material has become increasingly evident. One promising approach is the recycling
of concrete from damaged or demolished buildings for reuse in new construction applications.
This method not only reduces the environmental burden associated with waste accumulation but
also offers a practical solution for resource conservation and post-conflict reconstruction.

In response to current environmental and economic constraints, adopting sustainable practices
such as recycling construction and demolition waste has become increasingly important. These
practices help reduce waste generation, conserve available resources, and support sustainability
within the construction sector. This experimental study focuses on evaluating the influence of
recycled concrete aggregate (RCA) on the properties of concrete, with particular emphasis on
compressive strength [12-16].

Despite the environmental benefits of RCA, its mechanical performance particularly compressive
strength remains a major factor limiting its widespread structural application. Most existing studies
evaluate recycled aggregate concrete (RCA) at a single curing age, typically 28 days, which does
not adequately represent the long-term behavior of concrete incorporating recycled materials.
Since concrete continues to gain strength over time, and RCA often alters hydration and
microstructural development, understanding the time dependent evolution of compressive strength
is essential.

The methodology of this research is designed to achieve the following objectives:

1. Evaluating RCA effectiveness: Assess the suitability of recycled concrete aggregate as a
replacement for natural coarse aggregate in concrete production by comparing the compressive
strength of RCA based mixes with those containing natural aggregate.

2. Analyzing RCA replacement ratios: Examine the impact of different RCA proportions
(0%, 50%, 75%, and 100%) on concrete performance through compressive strength testing of
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prepared specimens.

3. Identifying the optimal RCA percentage: Determine the most effective replacement level
that balances mechanical performance with environmental and economic advantages, based on
experimental results and statistical evaluation.

Overall, this study aims to promote sustainability by presenting practical solutions that enhance
resource efficiency in the construction sector. The use of RCA contributes to waste reduction,
conserves local materials, and supports broader environmental and economic sustainability goals.

2. Review of literature:

Study of “Production and optimization of affordable artificial geopolymer aggregates containing
crumb rubber, plastic waste, and granulated cork based on machine learning algorithms”
investigates the development of lightweight, sustainable artificial aggregates using industrial and
municipal waste materials [17]. The researchers incorporated crumb rubber, plastic waste, and
granulated cork into geopolymer based aggregates to create an environmentally friendly alternative
to conventional natural aggregates. The work responds to the growing need for low cost, low
carbon construction materials that reduce reliance on natural resources and mitigate waste
accumulation. The study employed a geopolymer binder activated by alkaline solutions and
systematically varied the proportions of the three waste components. To optimize the aggregate
properties, machine learning algorithms particularly regression based predictive models were used
to evaluate the influence of each waste material on key performance indicators such as density,
water absorption, crushing strength, and overall mechanical behaviour. The integration of machine
learning allowed the authors to identify optimal mix combinations with improved accuracy and
reduced experimental effort.

Results showed that incorporating crumb rubber and plastic waste significantly reduced
aggregate density, producing lightweight aggregates suitable for non-structural and semi structural
applications. Granulated cork further enhanced thermal insulation properties. However, higher
waste content generally led to reduced mechanical strength, requiring careful optimization to
balance performance and sustainability. The machine learning models demonstrated strong
predictive capability, enabling the identification of mix designs that achieved acceptable strength
while maximizing waste utilization.

Overall, the study highlights the potential of geopolymer based artificial aggregates as a
sustainable alternative to natural aggregates, especially when enhanced through data driven
optimization. The findings support ongoing efforts to integrate waste materials into construction
products and demonstrate the value of machine learning in designing environmentally responsible
building materials.

Ziotkowski and Niedostatkiewicz presented a comprehensive review of how machine learning
(ML) methods can enhance and modernize the concrete mix design process [18]. Traditional mix
design relies heavily on empirical formulas, laboratory trials, and engineer experience, which often
results in time consuming procedures and variability in accuracy. The authors argue that ML
provides a powerful alternative capable of predicting concrete performance with high precision
while reducing the need for extensive experimental testing.

The paper evaluates several machine learning algorithms including Artificial Neural Networks
(ANN), Support Vector Machines (SVM), Decision Trees, Random Forests, and ensemble
learning approaches and compares their effectiveness in predicting key concrete properties such as
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compressive strength, workability, and durability. ANN models were highlighted as particularly
effective due to their ability to capture complex nonlinear relationships between mix components
and resulting mechanical behavior. The authors also emphasize the advantages of hybrid ML
optimization models, which combine predictive algorithms with optimization techniques to
generate cost efficient and performance optimized mix proportions.

The study concludes that machine learning significantly improves the reliability and efficiency
of concrete mix design. ML based approaches reduce experimental workload, minimize human
error, and enable rapid prediction of concrete properties using large datasets. The authors note that
ML is especially valuable for designing mixes incorporating recycled materials, alternative
binders, or nontraditional aggregates, making it a promising tool for advancing sustainable
construction practices.

The Department of Transportation, Washington, D.C., Using Recycled Aggregates in the
Production of Hydraulic Cement Mortar for Pavements.” The report reviewed several studies on
concrete mixes incorporating recycled aggregates and highlighted the following outcomes [19]:

Compressive Strength Concrete mixes containing recycled aggregate generally exhibited
slightly lower compressive strength compared to those made with natural aggregate. The reduction
was reported to be around 20%, although the exact value varied depending on the water to cement
WI/C ratio and the air content of the mix. Higher air content was consistently associated with lower
strength values.

Flexural Strength The inclusion of recycled coarse aggregate led to a decrease in flexural
strength of approximately 8% when compared at the same W/C ratio. The report emphasized that
the quality of the recycled aggregate plays a critical role in determining flexural strength and the
modulus of elasticity.

Modulus of Elasticity Mixes prepared with recycled aggregate showed a reduction in modulus
of elasticity ranging between 20-40% compared to conventional mixes with similar W/C ratios.
This decrease was attributed to the inherently lower stiffness of recycled aggregate relative to
natural aggregate.

3. Research methodology:

The experimental program designed to evaluate the effect of recycled concrete aggregate
(RCA) on the compressive strength of concrete consists of several sequential stages:

- Selection and testing of materials: RCA, NCA, and all construction materials were
selected and subjected to laboratory tests to verify compliance with required specifications and
sustainability criteria, as outlined by [20].

- Preparation of concrete specimens: Concrete mixes incorporating both RCA and NCA
were designed, and test specimens were cast in the form of cylinders (30 x 15 cm).

- Compressive strength testing: All concrete specimens were tested under compression to
determine their mechanical performance.

- Analysis of experimental and numerical results: The obtained laboratory data were
analysed to evaluate the compressive strength corresponding to each mix proportion.

3.1 Selection of RCA, NCA and construction materials:

3.1.1 Natural coarse aggregate (NCA)
NCA is a fundamental construction material and a primary component in conventional concrete
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Figure 1. Coarse Aggregate used NCA and RCA

mixtures. It is typically produced by crushing natural rock sources such as granite and basalt, as
illustrated in Fig. 1. High quality, well graded, crushed aggregates with sharp edges and medium
surface roughness were used. These aggregates were sourced from the Hasya quarries in rural
Homs and were verified to comply with the Syrian Standard Specification No. 332 (2007). The
maximum nominal size of the coarse aggregate adopted in all mixes was 25 mm. The particle size
of natural coarse aggregates typically ranges from a few millimeters to several centimeters,
depending on the intended concrete application. To ensure adequate mechanical performance,
aggregates must exhibit uniformity in size and shape, high crushing strength, and stable physical
properties. Additionally, NCA must be free from impurities, organic matter, and deleterious
substances that could negatively influence the fresh or hardened properties of concrete. The NCA
used was sourced from local industrial quarries, ensuring consistency in quality and compliance
with regional material standards.

3.1.2 Recycled Aggregate (RCA)

RCA is produced by processing demolition and construction debris, which is crushed and
reused as aggregate in new concrete mixtures. The use of RCA contributes significantly to
environmental sustainability by reducing construction waste, conserving natural resources, and
promoting the reuse of locally available materials.

Before incorporation into concrete, RCA undergoes several processing stages including
crushing, cleaning, and screening to ensure uniform particle size, proper grading, and removal of
contaminants. Laboratory tests and sieve analyses were conducted to verify the physical properties
and quality of the recycled aggregate. Similar to the natural aggregate, a maximum nominal size of
25 mm was adopted for the RCA, as shown in Fig. 2, to maintain consistency across mixes and
ensure acceptable concrete performance free from impurities.

3.1.3 Fine aggregate and cement:

Two types of locally sourced fine aggregates were used in this study: crushed sand and natural
sand. Ordinary Portland Cement (OPC) was employed as the primary binder, conforming to
Standard Specification-1 No. 3800 (2015), with a grade of 400 kg/m3 The cement was verified to
be free from lumps, excess moisture, and any signs of deterioration. Upon hydration, OPC reacts
with water to form a hardened matrix that binds the aggregate particles together, thereby
contributing to the overall strength and durability of the concrete.
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Figure 3. Prepare of NCA and RCA mixes

3.1.4 Plasticizer:

A high-quality chemical plasticizer was incorporated into the concrete mixtures to enhance
workability, particularly in mixes containing recycled coarse aggregate (RCA). Three dosage
levels 0.5%, 1.0%, and 1.5% of the cement weight were used to achieve the required functional
performance. The selected plasticizer improves the flow characteristics of fresh concrete without
increasing the W/C ratio, thereby supporting the mechanical performance and consistency of
RCA-based mixes.

3.1.5 Water:

A clean and free from harmful chemicals, dissolved salts, organic matter, or any impurities that
could adversely affect cement hydration or concrete performance. A constant water to cement ratio
(W/C) of 0.5 was adopted for all mixes to ensure consistency in workability and mechanical
behavior.

3.2 Designing concrete mixes using different NCA-RCA replacement ratios

The concrete mixes were designed using various replacement ratios of natural coarse aggregate
(NCA) and recycled coarse aggregate (RCA). The preparation process consisted of two main
stages.
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Table 1. NCA mixes properties

Material Coarse Aggregate Fine Aggregate 1 Fine Aggregate 2 Sand

% 0f m3 0.37 0.21 0.27 0.15
Volume of m3 259.37 147.21 189.27 105.15
Specific Weight 2.784 2.811 2.756 2.568
Weight of m3 722.09 413.81 521.63 270.03

Table 2. RCA mixes properties

Material Coarse Aggregate Fine Aggregate 1 Fine Aggregate 2 Sand

% 0f m3 0.28 0.16 0.16 0.21
Volume of m3 196.28 112.16 112.16 147.21
Specific Weight 2.70 2.70 2.70 2.653
Weight of m3 529.96 302.83 302.83 390.55

—
-

Figure 4. Casting of cylindrical samples

3.2.1 Construction material preparation:

All constituent materials including NCA, RCA, fine aggregates, cement, and water were
prepared and tested according to the specified mix proportions, as illustrated in Fig. 3. Thorough
hand mixing was performed to ensure a homogeneous blend and uniform distribution of
aggregates within the fresh concrete Table 1. The detailed proportions of the NCA used in the
mixes.

Different replacement ratios of recycled coarse aggregate (RCA) were incorporated into the
concrete mixes, specifically 0%, 50%, 75%, and 100%. Table 2 presents the detailed proportions
of the RCA used for each replacement level.

3.2.2 Casting of concrete specimens:

Concrete specimens were cast in cylindrical molds (30 x 15 cm) controlled laboratory
conditions at temperatures not exceeding 25 °C, as shown in Fig. 4. after casting, the specimens
were left undisturbed for 24 hours to allow initial setting before being removed from the molds.
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Figure 5. Compression strength test on concrete cylindrical

Following demolding all samples were submerged in potable water and cured until their
designated testing ages 7, 28, or 120 days to ensure proper hydration and to achieve reliable
compressive strength results.

3.3 Conduct the compression test:

Compressive strength tests were performed on all concrete specimens at the designated curing
ages of 7, 28, and 120 days. Each sample was removed from the curing tank, surface-dried, and
placed centrally between the platens of the compression testing machine to ensure uniform load
distribution. The hydraulic oil machine and the load velocity V=1 kN/s have been used Fig. 5.
Recording the maximum capacity of specimens’ compression strength and (c-€) behavior. The
load was applied continuously and without shock at a controlled rate until specimen failure. The
maximum load recorded at failure was used to calculate the compressive strength of each
specimen in accordance with standard testing procedures.

3.4 Analysis of experimental and numerical results

The results obtained from the compressive strength tests were analyzed to evaluate the
influence of different RCA replacement ratios on the mechanical performance of concrete. For
each curing age (7, 28, and 120 days), the average compressive strength was calculated from the
tested specimens, and the values were compared across all mix groups. The analysis focused on
identifying trends in strength development, assessing the reduction in strength associated with
increasing RCA content, and determining the extent to which RCA affects the long-term behavior
of concrete.

The experimental results of the compressive strength tests reflect the performance of concrete
specimens produced with varying replacement ratios of NCA and RCA (0%, 50%, 75%, and
100%). Descriptive statistics and graphical models were used to present and interpret the data, as
summarized in Table 3.

The results obtained from cylindrical specimens indicate that the use of plasticizer improved
the workability of RCA-based mixes, which in turn enhanced their stress-strain behavior under
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Table 3. Experimental results of lab tests
7-Day Average 28-Day Average 120-Day Average

0 -
% RCA WIC A)o/fczlr?qs:nctlzer Compressive Compressive Compressive Slu(rrgﬁ])Test
Strength (MPa) Strength (MPa) Strength (MPa)
%0 0.5 0.5 18.12 30.10 32.85 11.00
%50 0.5 0.5 17.55 27.75 30.05 9.50
%75 0.5 1.0 15.78 26.22 28.78 8.50
%100 0.5 1.5 14.15 25.75 27.20 7.00

Stress (o)

0 0.001 0.002 0.003 0.004 0.005

Strain (€)

Figure 6. Stress- Strain (o-g) behavior of Samples

axial compression. The fracture patterns and strength values show that the compressive strength of
RCA concrete is influenced by aggregate shape, RCA content, and the type and dosage of
plasticizer used. At lower RCA replacement levels, the compressive strength exhibited a slight
increase compared to the reference mix containing only NCA, demonstrating the beneficial effect
of combining limited RCA content with plasticizer.

Although the plasticizer contributed to improved workability and effectively reduced the
required water content, the overall strength development remained dependent on the percentage of
RCA in the mix. A reduction in compressive strength was observed at higher RCA replacement
ratios, even when the W/C ratio was kept constant. This reduction can be attributed to changes in
the internal structure of RCA-based mixtures Fig. 6, including weaker adhered mortar and higher
porosity. Therefore, the results suggest that optimal performance is achieved when using lower
RCA replacement ratios combined with a moderate plasticizer dosage while maintaining a stable
WI/C ratio.

In addition to the experimental program, a numerical analysis was conducted using the finite
element software ABAQUS (V6.14-3) to simulate the axial behavior of the concrete specimens.
The numerical models were developed to validate the experimental observations and to further
examine the influence of different RCA replacement ratios on axial deformation.
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Figure 7. Numerical model analysis using ABAQUS simulations
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Figure 8. Stress- Strain (c-g) behavior of Samples

The numerical results indicate a clear increase in axial deformation with higher RCA content,
as illustrated in Fig. 7, this trend aligns with findings reported in previous research and
corresponds closely with the outcomes of the ABAQUS simulations, for which the adopted
analytical model will be presented in a subsequent section. The axial deformation values of the
cylindrical specimens at RCA replacement levels of 0%, 50%, 75%, and 100%, demonstrating the
progressive reduction in stiffness associated with increasing RCA content.

It is evident that incorporating recycled aggregate (RCA) leads to measurable changes in the
mechanical behavior of concrete, as axial deformation increases progressively with higher RCA
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Figure 9. Strength Reduction Percentage for RCA Replacement Levels (50%, 75%, and 100%) / 0%

replacement levels. The increase in RCA content led to a noticeable reduction in concrete
performance, as reflected in the stress-strain (c-€) behavior shown in Fig. 8. this behavior reflects
the reduced stiffness associated with the higher porosity, weaker adhered mortar, and less dense
microstructure characteristic of RCA. The observed trend underscores the importance of optimizing
the replacement ratio to balance sustainability objectives with mechanical performance requirements,
ensuring that the use of RCA does not result in excessive deformation or undesirable reductions in
structural stiffness.

4. The research findings and discussion

A comparison of the recycled aggregate replacement ratios (50%, 75%, and 100%) with natural
aggregate concrete (0%) across the three curing ages demonstrates a consistent reduction in
cylindrical compressive strength as the RCA content increases. At 7 days, the strength decreased
by 3.15%, 12.91%, and 21.91% for the 50%, 75%, and 100% replacement levels, respectively,
highlighting the sensitivity of early-age performance to the presence of adhered mortar and higher
porosity in RCA. At 28 days, the reduction became less pronounced for the 50% mix (7.81%),
while the 75% and 100% mixes continued to show greater losses of 12.89% and 14.45%,
respectively. This indicates that although RCA negatively affects strength, the 50% replacement
level maintains a relatively acceptable performance at the standard design age. By 120 days, the
reductions increased again to 8.52%, 12.39%, and 17.20%, confirming that natural aggregate
concrete retains superior long-term strength due to its lower water absorption and higher intrinsic
stiffness.

When comparing higher replacement levels (75% and 100%) to the 50% mix, the strength loss
reached 10.09% and 19.37% at 7 days, 5.51% and 7.21% at 28 days, and 4.23% and 9.48% at 120
days. This trend demonstrates that although all RCA mixes continue to gain strength with curing
age, higher replacement ratios consistently lead to more pronounced reductions, reflecting the
cumulative effect of weaker interfacial transition zones and increased micro cracking.

The difference between the 75% and 100% mixes was relatively small at early ages 10.33% at
7 days and 1.79% at 28 days, but became more noticeable at 120 days (5.49%). This suggests that
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at high RCA contents, the mechanical behavior of the mixes becomes increasingly similar, with
only slight variations in long-term performance due to the comparable quality of the recycled
aggregates at these levels.

As illustrated in Figs. 9-11 natural aggregate concrete (C-0) achieved the highest cylindrical
compressive strength at all curing ages, reaffirming its superior mechanical performance,
particularly at early ages. However, recycled aggregate concrete especially at higher replacement
levels (C-75 and C-100) exhibited a clear upward trend in strength development over time. This
indicates that although RCA mixes initially show lower performance, they continue to gain
strength progressively and are capable of achieving acceptable long-term behavior, particularly
when used in applications where slightly reduced strength can be tolerated in exchange for
environmental benefits.

The results show that increasing the RCA percentage leads to a reduction in the compressive
strength of concrete, which is clearly reflected in the stress-strain (c-¢) behavior presented in Fig.
12, this reduction is primarily attributed to the altered physical properties of RCA compared with
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Figure 12. Stress- Strain (o-g) behavior of Samples

natural coarse aggregate (NCA). Therefore, for construction applications requiring high compressive
strength, it is advisable to limit the RCA replacement ratio to no more than 50%. The shape of the
tested specimens also had a notable influence on the measured compressive strength. Additionally,
the overall performance of RCA concrete depends on the quality of the recycled aggregate itself;
improved treatment methods can enhance RCA quality and help mitigate its negative effects on
compressive strength.

The Department of Transportation (Washington, D.C.) reported that recycled aggregate mixes
generally exhibited a compressive strength reduction of approximately 20%, with higher air
content exacerbating the decline. In contrast, the present study observed smaller reductions at 28
days, especially at moderate replacement levels. The losses of 7.81%, 12.89%, and 14.45% for
50%, 75%, and 100% RCA replacement, respectively. This indicates that the performance of RCA
concrete can vary significantly depending on aggregate quality and mix design may have mitigated
strength loss more effectively. This provides a broader mechanical perspective, showing that RCA
affects not only strength but also stiffness. While the Department of Transportation review also
highlighted decreases in flexural strength (8%) and modulus of elasticity (20-40%), the current
investigation focused primarily on compressive strength, underscoring the need for future work to
evaluate broader mechanical properties.

5. Conclusions

This study demonstrated that increasing the recycled coarse aggregate (RCA) replacement ratio
leads to a measurable reduction in compressive strength across all curing ages. Relative to natural
aggregate concrete (0% RCA), strength decreased by 3-22% at 7 days, 8-14% at 28 days, and 9-17% at
120 days, with the most significant losses occurring in the 75% and 100% RCA mixes. Despite these
reductions, all RCA mixtures continued to gain strength with age, indicating that recycled aggregate
concrete maintains acceptable long-term performance and can be used in applications where moderate
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strength reductions are permissible. This reinforces the importance of selecting an appropriate
replacement ratio to balance mechanical performance with sustainability goals.

The numerical analysis performed using ABAQUS (V6.14-3) confirmed the experimental trends,
showing a clear increase in axial deformation as RCA content increased. The finite element models
accurately reproduced the mechanical behavior observed in the laboratory, validating the influence of
RCA on stiffness reduction and deformation growth. This agreement between experimental and
numerical results strengthens confidence in the observed mechanical response and supports the use of
numerical modeling for evaluating RCA-based concrete behavior.

Overall, the findings indicate that RCA can be incorporated into concrete production, but its
proportion must be carefully controlled to avoid excessive reductions in strength and stiffness. Based
on both experimental and numerical evidence, RCA replacement levels should not exceed 50% in
applications requiring high compressive strength. Improving RCA processing through enhanced
crushing, better sorting, and effective impurity removal can further support its use in sustainable and
environmentally responsible construction. These improvements can help expand the practical use of
RCA while maintaining the mechanical reliability required for modern infrastructure.
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