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Abstract 
The reuse of construction and demolition 
waste (CDW) in concrete has been widely 
researched, but concerns remain regar-
ding its impact on mechanical performan-
ce. This study investigates the compressive 
strength of concrete made with recycled 
coarse aggregates. The mixtures were de-
signed according to ACI-211.1-91, complete-
ly replacing natural coarse aggregate with 
CDW, using a 3:1 ratio of brick to recycled 
concrete, in sizes of 3/8” and 1”. Various 
water-cement ratios (0.5 - 0.6 - 0.7) were 
evaluated. The results indicate that the 3:1 
ratio with a 3/8” size and a water-cement 
ratio of 0.5 improves compressive strength 
by 33% compared to previous studies. This 
increase in strength suggests that the use 
of CDW can produce concrete suitable for 
structural elements, contributing to the 
development of more sustainable concrete 
without compromising mechanical perfor-
mance. The findings of this study open new 
possibilities for using concrete with 100% 
replacement of natural aggregates by CDW 
while maintaining functional compressive 
mechanical performance.

Keywords: compression stress, light 
concrete, recycled coarse aggregates, re-
cycled concrete, total replacement of 
aggregates.

Resumen
La reutilización de residuos de construc-
ción y demolición (RCD) en concretos ha 
sido ampliamente investigada, pero persis-
ten preocupaciones sobre su impacto en la 
respuesta mecánica. Este estudio investiga 
la resistencia a la compresión de concretos 
fabricados con agregados gruesos recicla-
dos. Las mezclas se diseñaron de acuerdo 
con ACI-211.1-91, reemplazando completa-
mente el agregado grueso natural por RCD, 
utilizando una relación de 3:1 entre ladrillo 
y concreto reciclado, en tamaños de 3/8” 
y 1”. Se evaluaron diferentes relaciones 
agua-cemento (0,5 - 0,6 - 0,7). Los resultados 
indican que la relación 3:1 con un tamaño 
de 3/8” y una relación agua-cemento de 0,5 
mejora la resistencia a la compresión en un 
33% en comparación con estudios previos. 
Este incremento en la resistencia sugiere 
que el uso de RCD puede producir concre-
tos para el uso de elementos estructurales, 
contribuyendo al desarrollo de concretos 
más sostenibles sin comprometer el des-
empeño mecánico. Los hallazgos de este 
estudio abren nuevas posibilidades del uso 
de concretos reemplazados con el 100 % de 
agregados naturales por RCD, con respues-
ta mecánica a la compresión funcional.

Palabras clave: agregados gruesos re-
ciclados, concretos livianos, concretos re-
ciclados, esfuerzo de compresión, sustitu-
ción total de agregados. 
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INTRODUCCIÓN

The construction industry, continuously expanding due to the growing demand for 
housing and infrastructure, has a significant environmental impact, primarily due 
to the carbon footprint associated with its manufacturing processes [1], [2]. Among 
these, concrete production stands out as particularly polluting, accounting for 8% 
of global anthropogenic emissions in 2020, with an estimated consumption of 26 
billion metric tons annually [3], [4], [5].

Like other materials used in construction projects, concrete generates large volumes 
of construction and demolition waste, which accounts for up to 30% of solid waste 
generated worldwide [6], [7]. To reduce this impact, various strategies have emerged 
to increase sustainability in construction projects, including the use of recycled ag-
gregates from CDW. This strategy has gained relevance in recent decades, highligh-
ting the possibility of manufacturing concrete with partial or total replacement of 
natural coarse aggregates by CDW [8], [9], [10], [11]. This approach aims to reduce the 
exploitation of natural resources, such as aggregates extracted from alluvial depo-
sits, which have a significant environmental impact [12], [13], [14].

Previous studies have extensively investigated the use of construction and demo-
lition waste as a partial or total replacement for natural coarse aggregates in con-
crete mixtures, with results that raise serious doubts about its viability in terms of 
compressive strength. E. Santiago et al. [15] showed that using a mixture of recy-
cled brick ceramic and ethylene vinyl acetate (EVA) aggregates as partial substitutes 
for natural aggregates can increase compressive strength under specific conditions, 
such as 50% replacement. However, as the proportion of recycled aggregates increa-
ses, strength tends to decrease significantly. In cases where 25% of the aggregates 
are replaced with brick and 25% with EVA, compressive strength is reduced by more 
than 40%. Furthermore, J.S. González et al. [16], [17], [18] analyzed the impact of 
partially replacing natural coarse aggregates with recycled brick aggregates, finding 
that as the replacement increased from 35% to 70%, compressive strength decreased 
considerably. It was also observed that when using a heterogeneous mixture of CDW, 
compressive strength is even more affected, especially when 100% of the natural 
aggregates are replaced by CDW [19], [20]. This total replacement can reduce stren-
gth by up to 30%, casting doubt on the applicability of these concretes in structures 
requiring high mechanical performance.

The studies mentioned highlight a consistent pattern: the compressive strength of 
concretes with CDW decreases as the level of replacement of natural aggregates in-
creases, especially when it approaches or reaches 100% [21], [22]. This loss of stren-
gth has been mainly attributed to the porous nature of CDW, which absorbs more 
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water than natural aggregates, significantly altering the water-cement ratio of the 
mixture and affecting the quality of the final product [23]. Due to the inherent poro-
sity and variability of CDW, the interaction between the components of the mixture 
is compromised, limiting its ability to achieve the necessary density and cohesion to 
efficiently support compressive loads [24], [25]. Therefore, the use of CDW in concre-
tes has been considered problematic from a mechanical performance perspective, 
leading many researchers to question its use in structural applications that require 
high levels of compressive strength.

This study aims to explore new alternatives to improve the mechanical performan-
ce of concretes made with recycled aggregates, addressing the limitations observed 
in previous research. To this end, a combination of CDW with a 3:1 ratio of recycled 
brick to recycled concrete has been proposed to evaluate whether this ratio can miti-
gate the negative effects and improve compressive strength. Additionally, this study 
focuses on identifying the effects of different water-cement ratios (0.5 - 0.6 and 0.7) 
on the strength of these mixtures to optimize their design to maximize compressive 
strength and reduce the deficiencies observed in previous studies. It is expected that 
the results of this work will contribute to the development of more sustainable con-
cretes that can be used in structural applications, minimizing the carbon footprint 
without compromising mechanical performance. Furthermore, this research aims to 
provide a more robust methodological approach to evaluate and overcome the limita-
tions associated with the use of CDW, offering a viable solution for the construction 
industry in terms of sustainability and structural performance.

METHODS 

Statistical Analysis

For this study, a combined factorial statistical model was designed to evaluate the 
compressive strength of concrete made with recycled aggregates from construction 
and demolition waste. The experimental design included two main factors: the coar-
se aggregate size, with levels of 1” and 3/8”, and the water-cement ratio, with levels 
of 0.5 - 0.6, and 0.7. Each factor combination was evaluated with three independent 
replicates, resulting in 18 experimental observations. This design allowed for the 
calculation of an experimental error with 10 degrees of freedom, ensuring the statis-
tical robustness of the model. Statistical analysis was performed using a significance 
level of α = 0.05, and the proposed factorial model explained 95.9% of the variability 
in compressive strength (R² = 0.959). Additionally, interactions between the main 
factors were evaluated, showing that specific combinations, such as aggregate size 
and water-cement ratio, significantly influence the results. To ensure homogeneous 



242
Vol. 43 n.° 2, 2025
238-255 (on line)
Universidad del Norte 

Mechanical Behavior of Concretes with Total 
Replacement of Natural Coarse Aggregate 
from Construction and Demolition Waste

Robinson Rua-Patiño
Juan Ospina-Correa
Francisco Campillo-Machado

conditions, variables such as sample geometry, curing times, cement type, fine ag-
gregate, and curing temperature were kept constant, ensuring the reliability and 
reproducibility of the data [26], [27].

The mathematical model for the factorial design is Yijk = µ + αi + βj + (αβ)ij + εijk, 
where​ Yijk is the compressive strength, µ is the overall mean, αi and βj represent the 
effects of aggregate size and water-cement ratio, and (αβ)ij is the interaction between 
these factors [28]. Replicated tests on multiple specimens confirmed the repeatabili-
ty and reproducibility of the results. This analysis identified significant interactions 
between aggregate size and water-cement ratio, which notably influenced the com-
pressive strength of the concrete.

Figure 1 displays the residual plots that validate the robustness of the experimental 
design. Plot 1A confirms the normality of the residuals, as the points align closely 
with the theoretical line. In Plot 1B, the random dispersion of points around the 
reference line suggests homoscedasticity, indicating that the variance of errors is 
constant. Histogram 1C shows a symmetrical distribution, further reinforcing the 
normality of the residuals. Plot 1D verifies the independence of the residuals, as no 
systematic pattern is observed. These results ensure that key statistical assumptions 
are met, confirming the reliability of the experimental design and the validity of the 
results for rigorous analysis [29].

Source: own elaboration.

Fi g u r e 1. Normal Probability Plot (1A), Residuals vs Fitted 
(1B), Histogram of Residuals (1C), Residuals vs Order (1D)
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The Pareto chart of standardized effects in Figure 2 was used to identify the most in-
fluential main factors and interactions affecting compressive strength. This analy-
sis, conducted at a 95% confidence level (α = 0.05), highlights that factor C (curing 
days) has the highest standardized effect, followed by factor A (aggregate type) and 
factor B (water-cement ratio). Significant interactions, such as AB (aggregate type 
and water-cement ratio), also contribute to explaining the variability observed in 
the results. The inclusion of this analysis reinforces the robustness of the statistical 
model employed and validates the importance of analyzing both individual factors 
and their combinations in the experimental design.

Source: own elaboration.

Fi g u r e 2. Pareto chart of standardized effects 
for compressive strength analysis

The analysis of variance ANOVA confirmed that the main factors, such as aggregate 
size, water-cement ratio, and curing days, have significant effects on the compres-
sive strength of concrete (p < 0.05). The water-cement ratio had the greatest impact 
(F = 48.22), followed by aggregate size (F = 22.54) and curing days (F = 12.34). Additio-
nally, a significant interaction between aggregate size and water-cement ratio was 
identified (F = 5.00), indicating that smaller aggregates are more sensitive to lower 
water-cement ratios. The model explained 95.9% of the variability (R² = 0.959) and 
met the statistical assumptions of normality, homoscedasticity, and independence, 
validating the experimental reliability and robustness of the factorial design.
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Source Sum of Squares DF Mean Square F p-value

Aggregate Size (A) 250.3 1 250.3 22.54 <0.05

Water/Cement Ratio (B) 524.7 2 262.35 48.22 <0.05

Curing Days (C) 133.2 1 133.2 12.34 <0.05

Interaction (AB) 54.3 2 27.15 5.0 <0.05

Error 54.3 10 5.43

Total 962.5 15

Source: own elaboration.

Fi g u r e 3. Analysis of variance ANOVA

Characterization of the Aggregate

For this study, two mixes were prepared with a design strength of 28 MPa. One mix 
was made with natural coarse aggregate, while the other used recycled coarse ag-
gregate from CDW in a 3:1 ratio of recycled brick to recycled concrete, following the 
parameters of ACI-211.1-91 [30]. The concrete samples made with natural aggregate 
were labeled ML, while those made with CDW aggregate were labeled RCDW.

Density and absorption tests were conducted for both aggregates by ASTM C33/33M:2023 
and ASTM C127:2015 standards to characterize their behavior [31], [32]. Additionally, 
a sieve analysis was performed to determine the particle size distribution [33]. The 
gradation was evaluated based on the parameters of ASTM C136/C136M:2019, and 
only the fractions retained on the 1” and 3/8” sieves were used for the RCDW concre-
te samples.

Furthermore, the densities of the natural and recycled coarse aggregates were deter-
mined through laboratory testing, assessing key parameters such as specific gravity 
(SG), loose unit weight (LUW), and compacted unit weight (CUW). These parameters 
provided a comprehensive analysis of the quality and behavior of both natural and 
recycled aggregates within the concrete mixtures.

The samples were processed using an agate mortar with acetone immersion to mi-
nimize phase alterations during grinding. X-ray diffraction (XRD) was performed 
at room temperature, employing a Panalytical X’Pert PRO MPD diffractometer. The 
analysis utilized Cu Kα1/Kα2 radiation (λ = 1.5406 Å) generated by a source operating 
at 45 kV and 40 mA, combined with a graphite monochromator. Measurements were 
conducted across a range of 5° to 80° (2θ) with 0.013° increments and a counting du-
ration of 40 seconds per step [34].

The identification of crystalline phases relied on the X’Pert HighScore Plus v3.0c 
software and the Crystallography Open Database (COD). A quantitative assessment 
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of mineral compositions was achieved through Rietveld refinement, which adjusted 
structural parameters to align with COD standards. The refinement workflow in-
cluded two stages: the first focused on fundamental adjustments, such as scale fac-
tors, background corrections, sample displacement, and zero-point calibration; the 
second addressed advanced parameters like peak shape, asymmetry, lattice dimen-
sions, and orientation preferences. Four iterations of refinement were necessary to 
finalize the model, with a weighted R-factor below 10% and closely matching the 
expected statistical profile (R-expected) [34].

For microstructural and chemical characterization, a JEOL JSM 5910 LV scanning 
electron microscope, equipped with an OXFORD EDS solid-state detector, was utili-
zed. The analyses were carried out under backscattered electron (BSE) mode with 
an acceleration voltage of 20 kV and a data acquisition time of 210 seconds. Sample 
preparation included mounting polished sections and applying a thin coating of co-
lloidal gold [34].

RESULTS AND DISCUSSION

Mechanical Behavior

Plot 4A illustrates the densities of aggregates, comparing RCDW residues with ML 
aggregates. It is observed that ML aggregates, derived from natural sources, exhibit 
higher densities compared to RCDW aggregates, due to their more compact structure 
and lower porosity. The ML 1” aggregates achieve the highest total density while the 
RCD 3/8” and RCD 1” aggregates show a greater contribution of low-density com-
ponents, such as brick and recycled concrete residues, which increase their water 
absorption capacity.

Plot 4B highlights the significant water absorption capacity of the recycled RCDW ag-
gregates, with 14% absorption, in stark contrast to the natural ML aggregates, which 
show considerably lower absorption. This difference in water absorption capacity is 
attributed to the inherent porosity of recycled aggregates, which contain remnants 
of clay and other components that facilitate moisture retention. To mitigate this 
effect and adequately compare with natural aggregates, the RCDW aggregates were 
partially saturated for two minutes, reducing their water absorption from 14 % to a 
range of 2 - 3%. The inset in the top-right corner of Plot 4B shows the granulome-
tric curve of the RCDW coarse aggregates, which follows the parameters established 
by ASTM C136/C136M:2014, demonstrating that the particles retained in the 1” and 
3/8” sieves were selected for the preparation of RCDW concrete samples used in the 
compression tests performed at 7 and 28 days. This granulometric characterization 
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ensures the comparability and experimental validity of the results obtained in the 
compression strength tests [35], [36].

Source: own elaboration.

Fi g u r e 4: Aggregate densities (3A) and Aggregate absorption (3B)

After 7 days of curing, the ML concrete samples exhibit superior mechanical per-
formance across all aggregate sizes, reinforcing the well-established Hall-Petch rela-
tionship, which posits an inverse relationship between aggregate size and compressi-
ve strength. The data indicate that for water-cement (W/C) ratios exceeding 0.51, the 
compressive strength of ML concrete samples diminishes with increasing aggregate 
size. This reduction in mechanical strength can be attributed to the larger aggrega-
te’s tendency to create more significant discontinuities in the cementitious matrix, 
which act as stress concentrators under loading, thus reducing overall strength.

Conversely, the RCDW concrete samples demonstrate their best performance at 
a W/C ratio of 0.50. The compressive strength values of the 1” and 3/8” aggregate 
samples were found to reach 35% and 66.7% of their respective design strengths. 
However, these values remain significantly lower than the ML control samples, with 
reductions of 38% and 8%, respectively. This discrepancy is likely due to the irregu-
lar shape and rough texture of the RCDW aggregates, which hinder effective bon-
ding at the aggregate-matrix interface. The poor bonding leads to the formation of 
micro-pores, which act as precursors for damage propagation under compressive 
stress. Additionally, at this early stage of curing, only 50% to 70% of the calcium sili-
cate hydrate (C-S-H) gel, responsible for the majority of the concrete’s strength, has 
formed, particularly due to the partial hydration of tricalcium silicate (C3S) phases 
[37], [38]. The Hall-Petch behavior observed in RCDW samples, though less pronoun-
ced, supports the understanding that smaller aggregate sizes enhance matrix conti-
nuity and reduce the number of potential failure planes [39].
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Plot 5B presents the compressive strength results of ML and RCDW concrete samples 
at 28 days. The ML 3/8” control sample with a W/C ratio of 0.50 achieved the design 
strength, highlighting its superior mechanical properties. In contrast, the ML 1” con-
crete sample, also with a W/C ratio of 0.50, achieved only 89.3% of the design streng-
th. This shortfall may be attributed to increased porosity and the presence of larger 
interfacial transition zones (ITZ), which are more prevalent with larger aggregates, 
leading to weakened structural integrity. The other ML samples did not meet the de-
sign strength, averaging approximately 11.3% below the target strength. This highli-
ghts the importance of aggregate size in influencing the distribution and quality of 
ITZ regions, which are critical for strength development over time.

For the RCDW samples, the 1” and 3/8” aggregates with a W/C ratio of 0.50 achie-
ved compressive strengths of 12 MPa and 21.5 MPa, representing 42.9% and 78.5% of 
the design strength, respectively. The lower performance of RCDW concrete can be 
linked to the higher water absorption capacity of recycled aggregates and their in-
ferior mechanical properties compared to natural aggregates. The irregular surface 
texture of the RCDW aggregates exacerbates the formation of weak ITZ regions, re-
ducing the overall compressive strength. Moreover, the presence of adhered mortar 
on recycled aggregates contributes to increased porosity, which limits the develop-
ment of strength during hydration.

Plot 5C compares the compressive strength of RCDW concrete samples with 3/8” ag-
gregates at both 7 and 28 days. At 7 days, the sample reached 66.7% of its ultimate 
strength, reflecting early hydration progress. By 28 days, the sample had achieved 
78.5% of the design strength, illustrating the slower strength gain characteristic of 
recycled aggregates. This delayed strength development can be attributed to the in-
complete hydration of cement particles and the presence of microcracks within the 
recycled aggregate, which limit the material’s capacity to bear load during the ear-
ly stages of curing. The increase in strength from 7 to 28 days highlights the role 
of continued hydration and densification of the microstructure, although the final 
compressive strength remains below that of conventional ML concrete.

The other water-cement proportions and aggregate size failed to exceed 50% of the 
design resistance in the same time order. These results allow us to infer that in the 
range of 0.5 – 0.6, a greater rate of change occurs than in the field of 0.6 – 0.7. This 
behavior is due to the Hall-Petch ratio of the RCDW aggregate, which is more suscep-
tible to changes in its strength at low water-cement ratios. It is also possible to infer 
that the compressive strength of the concrete samples made with Ml and RCDW in 
the final curing stage varies depending on the water-cement ratio and the aggregate 
size. However, this phenomenon did not occur in the early curing stages for concrete 
samples made only with Ml.
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Plot 5C shows the compression test for the RCD 3/8” concrete samples. This aggrega-
te is smaller, significantly increasing the contact of the aggregate with the cementi-
tious matrix. This increase in the aggregate-matrix bond helps reduce failure zones, 
improving overall performance and preserving the characteristics of lightweight 
concrete. Under these conditions, and for a water-cement ratio of 0.7 - 39.3% the 
design strength was reached after 28 days. For the other states and high absorption 
conditions, just 56.6% of the design resistance was achieved in the same period. The-
se water-cement relations do not allow the adequate development of the CaO-SiO2-
H2O Hydrated Calcium Silicate gel, enabling the coalescence of pores and affecting 
its mechanical response [39].

Source: own elaboration.

Fi g u r e 5. Illustrates the compressive strength 
results for ML and RCDW concrete samples

Phases Characterization

Figure 6B shows the SEM/EDS analysis to characterize the microstructure of the 
RCDW concrete sample with a water-cement ratio of 0.5 with 3/8” coarse aggregate. 
Porosities occur at the interface of the cementitious matrix and the aggregate. Also, 
it is observed that the microstructure is denser and more homogeneous when there 
is less presence of aggregates. The EDX spectra at the RCDW concrete sample allow 
for estimating the decrease in calcium content that possibly slows down the reaction 
rate. Due to the structure of the aggregate, and despite the saturation treatment, 
the diffusion process was not completed, in which the Ca2+ ions move to places of 
lower concentration to obtain a uniform distribution, allowing the refinement of 
the H-C-S pores hydrated [39]. Figure 6A, which corresponds to the SEM image of the 
RCD concrete sample with a water-cement ratio of 0.5 with 3/8” RCDW thick aggrega-
te, allows us to observe how the interface between RCDW aggregate and the cemen-
titious paste presents some low adhesion, as well as pores that behave as precursors 
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of damage when the sample is mechanically failed in compression. The development 
of the pores is likely due to the physical characteristics of the aggregate that did not 
allow the C-S-H reaction to refine these voids.

The RCDW concrete sample with a water-cement ratio of 0.5, a decrease was identi-
fied in the main peaks associated with Ca (OH)2 in addition to very high CaCO₃ peaks, 
suggesting that the Ca (OH)2 did not react adequately due to the lack of water in the 
mixture since the water supplied in the dosage was taken due to the porous condi-
tion of the coarse aggregates of the RCD concrete sample, which affected the produc-
tion of the H-C-S gel and did not allow the achievement of the design resistance.

Source: own elaboration.

Fi g u r e 6. SEM images of the 3/8” RCDW sample with a 
water-cement ratio of 0.5 after 28 days curing

The main quartz peaks (SiO₂), as seen in Figure 6, indicate the presence of natu-
ral sand in the recycled aggregates, contributing to the concrete’s strength and 
chemical stability. Calcite (CaCO₃), derived from recycled concrete, acts as a filler, 
improving densification and reducing porosity. Portlandite (Ca(OH)₂) reflects the 
ongoing cement hydration, suggesting potential long-term strength improvements. 
Finally, CASH compounds (calcium aluminum silicate hydrate) strengthen the ce-
mentitious matrix, enhancing the cohesion and durability of recycled concrete for 
structural applications.
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Source: own elaboration.

Fi g u r e 7. XRD images of the 3/8” RCDW sample with a 
water-cement ratio of 0.5 after 28 days of curing

CONCLUSIONS

The development of new concretes with partial or total replacement of natural coar-
se aggregates with RCDW coarse aggregates allowed us to conclude that previous 
studies have reported that replacing 100% of the natural coarse aggregate with a 
heterogeneous mixture of RCDW coarse aggregate of concrete and recycled brick re-
duces compressive strength up to 30%, with a high density, up to 11.1% greater than 
concretes made with natural coarse aggregate. Furthermore, the replacement with 
RCDW coarse aggregate of recycled brick decreases the density of the concrete by up 
to 3 times. Still, it generates a notable deficiency in the final compressive strength of 
the material. In this sense, the literature recommends that the optimal replacement 
value of a natural coarse aggregate is 55% maximum since, above this value, there 
are considerable decreases in the final compressive strength, in some cases higher 
than 30%. The design of the 3/8” RCDW concrete proposed in this research obtained 
improvements in the results reported in the literature with a 100% replacement of 
the coarse aggregate. Compressive strengths were obtained with only 21.5% below 
the final resistance, obtaining an improvement of 33% in mixtures with 100% repla-
cement of the natural coarse aggregate with RCDW coarse aggregate. In addition, it 
reduces the density of the concrete by 46.1%, which implies that it is in the lightwei-
ght concrete category.
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These results were obtained for the RCDW concrete sample with a 3/8” thick RCDW 
aggregate with a ratio of 3:1 between brick and concrete, respectively, in addition to 
a water-cement ratio of 0.5. This 33% improvement in its mechanical behavior under 
compression is explained by the fact that the size of the aggregate presented a sma-
ller interface with the cementitious paste, which allowed greater continuity of the 
cementitious paste, and the material behaved as a homogeneous system. In addition 
to the saturation treatment of the RCDW brick and concrete aggregates, these would 
not affect the water-cement ratio of 0.5 and the reactions derived from this condi-
tion. Improving this saturation process of aggregates could enhance the compres-
sive mechanical response of RCD concrete. The results found in the development 
of this research allow the development of recycling processes and improvements 
of 33% in concrete with total replacement of natural coarse aggregate with RCDW 
coarse aggregate. Although the design strength of 28 MPa was not achieved, RCDW 
coarse aggregates are a viable option as a material replacement direction. These re-
sults also open a line of study of this type of material for constructing other kinds of 
construction systems. that are not structural but require relatively high mechanical 
resistance, such as regulated pavements.
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