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The increasing generation of construction and demolition waste has created
significant environmental challenges for the construction industry. Among these
wastes, brick debris produced from demolished masonry structures represents a
considerable portion that is often disposed of in landfills. Recycling such materials
in concrete production can contribute to sustainable construction and reduce the
consumption of natural aggregates. This study experimentally investigates the
mechanical performance and load-deflection behavior of concrete incorporating
crushed brick waste as a partial replacement for natural coarse aggregate. Five
concrete mixtures were prepared with brick waste coarse aggregate (BWCA)
replacement ratios of 0%, 10%, 15%, 20%, and 25% by volume of natural gravel.
The fresh and hardened properties of concrete were evaluated through slump,
compressive strength, splitting tensile strength, flexural strength, ultrasonic pulse
velocity (UPV), and load-deflection response obtained from flexural tests. The
experimental results showed that workability decreased with increasing BWCA
content due to the high-water absorption and porous nature of brick aggregates.
Moderate replacement levels improved certain mechanical properties. The
mixture containing 10% BWCA exhibited the highest compressive strength, with
an increase of approximately 15% compared with the control mixture. Splitting
tensile strength also showed slight improvement at lower replacement ratios,
while flexural strength gradually decreased as BWCA content increased. UPV
measurements indicated acceptable internal quality for all mixtures. SEM
observations confirmed that moderate BWCA incorporation enhanced matrix
densification and aggregate-paste bonding, whereas higher replacement ratios
increased porosity and weakened microstructures. The results suggest that a
moderate replacement level of approximately 10% BWCA provides a favorable
balance between mechanical performance and sustainability, making it a viable
alternative for partially replacing natural coarse aggregates in concrete
production.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Concrete is the most widely used construction material due to its structural versatility, availability
of raw materials, and relatively low production cost. It is extensively employed in a wide range of
engineering applications, including residential buildings, bridges, pavements, and other
infrastructure projects. The production of conventional concrete requires alarge number of natural
resources, particularly aggregates, which constitute the largest volume fraction of the mixture.
Continuous extraction of natural aggregates has raised serious environmental concerns related to

resource depletion, land degradation,

and energy consumption during quarrying and
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transportation processes [1,2]. In parallel with the rapid growth of the construction sector, the
generation of construction and demolition waste has significantly increased worldwide. A
considerable portion of this waste originates from clay bricks used in masonry structures. Clay
bricks have been widely utilized in building construction for centuries due to their durability,
availability, and favorable thermal properties [3]. Nevertheless, the demolition of old structures
produces large quantities of brick debris, which are often disposed of in landfills, creating
environmental and logistical challenges. Therefore, recycling such waste materials in new
construction applications has become an important strategy for promoting sustainable
construction practices. In recent years, researchers have increasingly focused on incorporating
waste materials into cement-based composites in order to improve sustainability and reduce the
environmental impact of construction activities. Various types of industrial and agricultural wastes
have been investigated as alternative to aggregate in mortar and concrete, including eggshell, brick,
and recycled plastic aggregates etc. [3-5]. These approaches not only reduce the consumption of
natural resources but also contribute to waste management and circular economy strategies in the
construction industry. Among the different recycling approaches, the use of crushed brick waste as
aggregate in concrete has attracted considerable attention. Recycled brick aggregates obtained
from demolished masonry structures can potentially replace natural aggregates in concrete
production. This practice offers several environmental benefits, including the reduction of landfill
waste and the conservation of natural aggregate resources. Due to the relatively porous structure
and higher water absorption of brick particles compared with conventional aggregates, the
incorporation of crushed brick aggregates may influence the mechanical and physical properties of
concrete [6]. Several studies have examined the feasibility of using brick waste as aggregate in
concrete. Bheel et al. [7] investigated the performance of concrete containing brick waste as a
replacement for natural coarse aggregates and reported that increasing the replacement ratio
generally led to reductions in compressive and flexural strengths. Similarly, Ji et al. [8] conducted
experimental and numerical studies on recycled brick aggregate concrete and found that higher
brick aggregate contents may reduce workability and density while altering the internal cracking
patterns of the concrete matrix. Liu et al. [9] also observed that moderate replacement levels of
brick waste could still produce concrete with acceptable mechanical performance for certain
structural applications. Other researchers have explored the recycling of brick materials in
different forms within cementitious systems. For example, brick waste has been successfully used
as a supplementary powder material to partially replace cement in mortar mixtures, demonstrating
its potential to improve sustainability while maintaining acceptable mechanical performance [5].
Previous investigations have shown that recycled aggregates derived from construction waste may
affect key properties of concrete such as density, durability, and water absorption due to their
higher porosity compared with natural aggregates [10].

The potential of recycled brick aggregates as sustainable substitutes for natural aggregates in
structural concrete has been further shown by recent research. A comprehensive review [11]
highlighted the growing research interest in recycled brick aggregate concrete while emphasizing
the need for integrated investigations combining mechanical performance, durability, and
sustainability assessment. Additionally, recent studies have looked at the combined mechanical
and transport characteristics of concrete that contains recycled crushed clay bricks [12]. Also,
a comprehensive linkage between aggregate dispersion, non-destructive evaluation, and structural
behavior; these recent discoveries suggest that more research is still needed in this regard [13].
The structural performance of reinforced concrete with recycled brick coarse aggregates has been
the subject of more recent experimental research, which has confirmed that moderate replacement
levels can produce acceptable mechanical behavior while encouraging the reuse of waste from
construction and demolition [14]. According to Joyklad et al. [15], the stress-strain response
structural performance of brick-waste aggregate concrete were significantly enhanced by
externally bonded, inexpensive Fiberglass Chopped Strand Mat (FCSM) sheet composites. This
suggests that the drawbacks of recycled brick aggregates can be successfully reduced with the right
strengthening methods. Additionally, Islam et al. [16] investigated the behavior of FRP-confined
concrete columns using brick aggregates and demonstrated that external confinement significantly
increased the ductility and load-bearing capability of recycled aggregate concrete. According to
Mansur et al. [17], utilizing crushed brick as aggregate is feasible and can produce acceptable
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mechanical characteristics at moderate replacement amounts. Yang et al. [18] examined concrete
that contained crushed clay bricks and recycled concrete aggregate, emphasizing the impact of
aggregate quality on durability and mechanical performance. Similarly, Poon et al. [19] showed that
recycled aggregates, such as brick aggregates, may be successfully used in concrete masonry
products, encouraging the recycling of waste from building and demolition. Both coarse and fine
crushed brick aggregates can be successfully added to concrete, according to Debieb and Kenai [20].
However, because brick aggregates are porous, high replacement ratios negatively impacted
strength. Hasan and Hama [21] investigated the use of waste brick fine aggregate as a partial
replacement for natural sand and reported that moderate replacement levels maintained
satisfactory fresh, mechanical, and durability performance.

Many research studies have been done on the use of recycled brick aggregates in concrete, but most
of them have mainly focused on the typical mechanical properties such as compressive strength,
tensile strength, or durability. Only a few studies have attempted to establish correlations between
non-destructive testing, microstructural characteristics and structural behavior. Moreover, the
quantitative evaluation of internal distribution of recycled brick aggregates by digital image
analysis has been very limitedly addressed. Therefore, the combined influence of BWCA on the
mechanical performance, ultrasonic pulse velocity, flexural load-displacement response,
microstructural characteristics, and aggregate distribution within concrete remains insufficiently
understood. In an integrated experimental program, the present study integrates destructive
testing, non-destructive evaluation, scanning electron microscopy (SEM) and Image]-based image
analysis to address these research gaps. The comprehensive strategy leads to a systematic
investigation of the relationship between the internal distribution of BWCA particles,
microstructural development and structural properties, thus providing a better understanding of
sustainable concrete containing BWCA than has been reported so far.

2. Experimental Works
2.1 Material and Mix Proportion

Ordinary Portland cement (CEM I) was used as the main binder in this study. The cement had a
specific gravity of 3.15 and complied with the requirements of the Iraqi Standard Specification LS.
No. 5/2019 [22]. Natural river sand was used as fine aggregate with a maximum particle size of
4.25 mm and a specific gravity of 2.62. The gradation of the sand satisfied the limits specified by
the Iraqi Standard Specification LS. No. 45/1984 for aggregates used in concrete [23]. Crushed
gravel was employed as the natural coarse aggregate. The aggregate had a maximum particle size
of 10 mm and a specific gravity of 2.67, and its particle size distribution conformed to the
requirements of [.S. No. 45/1984 [23]. Recycled brick waste was obtained from demolition sites of
municipal buildings located in Ramadi city. After collection, the brick debris was processed using a
mechanical crusher to produce brick aggregates.

Table 1. Sieve analysis results (% passing) of natural coarse aggregate and BWCA with Iraqi
Specification No. 45/1984 upper and lower limits

Sieve size Natural coarse BWCA (% Lower limit (I.S. Upper limit (I.S.
(mm) aggregate passing) No.45/1984) No.45/1984)
2.36 0 0 0 4
4.75 2 5 0 10
6.3 10 15 0 35
9.5 40 47 12 60
12.5 85 92 40 100

The crushed brick particles were then sieved to obtain the required size suitable for use as coarse
aggregate with a maximum particle size of 12 mm, water absorption of 15.85% and a specific
gravity of 1.64, as illustrated in Figure 1. Before mixing, BWCA was preconditioned to Saturated
Surface Dry (SSD) condition as per the standard concrete mixing practice. This pre-conditioning
reduced water absorption during batching and guaranteed a constant effective water/cement ratio
for all concrete mixes. A Constant 1% quantity of High-range water-reducing admixture
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(superplasticizer) of Type F has been utilized in accordance with ASTM (€494 [24]. The
experimental program consisted of several concrete mixtures, including a control mix without
BWCA and other mixes the BWCA were used as partial replacements for natural gravel. The
replacement ratios of BWCA were 0%, 10%, 15%, 20%, and 25% of the gravel volume. The detailed
mix proportions of all concrete mixtures are summarized in Table 2.

Table 2. Mix proportions in (kg/ m?)

Mix ID BWCA% Cement Fine Coarse BWCA Water Superplasticizer
Aggregate  Aggregate
BWCA 0 0% 422 821 1100 0.0 148 4.22
BWCA 10 10% 422 821 990 67.5 148 4.22
BWCA 15 15% 422 821 935 101.3 148 4.22
BWCA 20 20% 422 821 880 135.1 148 4.22
BWCA 25 25% 422 821 825 168.8 148 4.22

Vs DAL

Superplasticizers Water

Fig. 1. The materials used in this work

Brick waste Hand hammer Brick coarse aggregate

Fig. 2. Preparation of coarse waste brick aggregate procedure

2.2 Tests

The workability of the fresh concrete mixtures was evaluated using the slump test in accordance
with ASTM C143 [25]. The compressive strength of the hardened concrete was determined at the
age of 28 days. For each mixture, three cube specimens with dimensions of 100 x 100 x 100 mm
were prepared and tested according to the procedures specified in BS EN 12390-3 [26]. The
compression tests were performed using a hydraulic testing machine with a maximum capacity of
5000 kN. During the test, the load was applied at a constant loading rate of approximately 1800
N/s until failure occurred. The splitting tensile strength of concrete was measured using cylindrical
specimens with dimensions of 100 mm in diameter and 200 mm in height. After curing for 28 days,
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the specimens were tested following the requirements of ASTM C496/C496M [27]. Flexural
strength was determined using three prismatic specimens for each concrete mixture, following the
procedure specified in ASTM C78/C78M [28]. The flexural toughness of the specimens was
determined as the area under the load-deflection curve obtained during the flexural test. The
ultrasonic pulse velocity of hardened concrete was measured in accordance with ASTM
C597/C597M [29]. UPV readings were obtained at the age of 28 days to assess the concrete quality
and internal integrity.

T

Itrrnstiensl

2= _!ﬁk' -~
i -

Splitting tensile strehgfh tests Flexural test

Fig. 3. Laboratory testing conducted in this work

3. Results and Discussion

This section analyzes and discusses the experimental results of concrete mixtures incorporating
waste brick aggregate as a partial replacement for natural coarse aggregate. The influence of BWCA
content on the performance of concrete was evaluated through several parameters, including
workability, compressive strength, splitting tensile strength, flexural strength, flexural toughness,
and UPV. These properties were selected to provide a comprehensive understanding of both the
mechanical performance and internal quality of the produced concrete. The experimental results
for all mixtures are summarized in Table 3. In addition, the percentage variations of the measured
properties relative to the control mixture were calculated and are presented in Table 4 in order to
facilitate comparison between the different replacement levels. Particular attention was also given
to the load-deflection response obtained from the flexural tests, as it provides valuable information
about the post-cracking behavior and energy absorption capacity of the concrete. This analysis
allows a deeper evaluation of the structural performance of concrete incorporating recycled brick
aggregates. The results provide insight into how the incorporation of RBA influences the fresh and
hardened properties of concrete, as well as the internal integrity of the material as indicated by
UPV measurements.
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Table 3. Summary of results of tests that have been conducted in this work

Slump Compressive Flexural Splitting tensile UPV
BWCA% strength strength (fr) (km/sec.)
(mm) (f ) (MPa) (MPa) strength (MPa)
0.0% 90 35 3.68 3.5 4.6
10% 89.25 40.25 3.90 3.75 4.4
15% 86.6 40.0 3.75 3.68 4.25
20% 84.6 38.5 3.50 3.48 4.06
25% 80.8 35.8 3.42 3.36 3.86

Table 4. Summary of Percentage change in properties relative to the control mix

BWCA Slump Compressive Flexural Splitting UPV
% Change Strength Change Strength Change  Tensile Change Change
0% — — — — —
10% -0.83% +15.00% +5.98% +7.14% -4.35%
15% -3.78% +14.29% +1.90% +5.14% -7.61%
20% -6.00% +10.00% -4.89% -0.57% -11.74%
25% -10.22% +2.29% -7.07% -4.00% -16.09%

3.1 Workability

The workability of the concrete mixtures decreased gradually with increasing BWCA content, as
shown in Figure 4. The control mixture exhibited a slump value of 90 mm, which slightly decreased
to 89.25 mm, 86.6 mm, 84.6 mm, and 80.8 mm for mixtures containing 10%, 15%, 20%, and 25%
BW(CA, respectively. These values correspond to reductions of 0.83%, 3.78%, 6.00%, and 10.22%
relative to the control mixture.

The reduction in workability is primarily attributed to the rough surface texture, angular shape,
and irregular shape of the BWCA, which increase inter-particle friction and reduce the fluidity of
the fresh concrete mixture. Since the BWCA was used in an SSD condition, water absorption during
mixing was minimized, and the effective water/cement ratio remained essentially constant.
Therefore, the observed reduction in slump is mainly associated with the physical characteristics
of the recycled brick aggregates rather than a loss of mixing water. Similar observations have been
reported in previous studies on recycled aggregate concrete [30-33].
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Fig. 4. Slump vs. BWCA%
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3.2 Compressive Strength

The compressive strength results at 28 days for the different RBA replacement ratios are
summarized in Table 3 and Figure 5. The compressive strength results demonstrate that the
incorporation of BWCA significantly influences the mechanical performance of concrete. The
control mixture achieved a compressive strength of 35 MPa, while the mixtures containing 10%,
15%, and 20% BWCA showed improved strengths of 40.25 MPa, 40.00 MPa, and 38.5 MPa,
respectively. A further increasing the BWCA content to 25% resulted in a reduction to 35.8 MPa but
still close to the control mix.
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Fig. 5. Compressive strength vs. BWCA%

The rough surface texture of the recycled brick aggregates, which improves mechanical
interlocking and fortifies the aggregate-paste contact, is primarily responsible for the
improvement in compressive strength at low BWCA replacement levels (especially 10-15%).
Additionally, the presence of fine particles produced during the crushing process and the irregular
particle shape may enhance particle packing and aid in matrix densification. Previous
investigations have demonstrated similar improvements in bonding behavior for concrete with
recycled brick aggregate [7, 8]. The fundamental constraints of brick aggregates start to control the
concrete's mechanical reaction when the BWCA replacement level rises above 15%. Compared to
natural aggregates, brick particles usually have higher porosity and lower mechanical strength,
which may result in weak spots in the concrete and raise the possibility of microcrack formation
under load. As a result, even with the benefits shown at modest replacement levels, the overall
compressive strength starts to decline. Similar patterns have been documented in previous
research on recycled aggregate concrete, which found that modest replacement ratios were best
for preserving mechanical properties [8,9,34].

3.3 Splitting Tensile and Flexural Strength

The splitting and flexural tensile strength results are listed in Table 3 and Figure 6. The flexural and
splitting strengths showed a non-monotonic behavior as the BWCA content increased. For the low
replacement levels, the initial improvement in flexural strength was observed from 3.68 MPa of the
control mixture to 3.90 MPa (+5.98%), and 3.75 MPa (+1.90%) for 10% and 15% BWCA,
respectively. The flexural strength decreased to 3.50 MPa and 3.42 MPa for the 20% and 25%
mixes, respectively, when the BWCA replacement level was over 15%. The same trend was
observed for splitting strength. The decrease at higher replacement levels is mainly attributed to
the higher porosity, lower stiffness and lower intrinsic strength of the BWCA, which facilitates crack
initiation and propagation under bending loads. Such trends have also been reported in previous
studies on recycled brick aggregate concrete, where low replacement levels enhanced the flexural
performance, while excessive replacement led to reductions [8,9,32].
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Fig. 6. Indirect tensile strengths vs. BWCA%

Figure 7 illustrates the relationship between compressive strength (f;) and both flexural strength
(f) and splitting tensile strength (f;,) for the concrete mixtures containing different BWCA
replacement ratios. The results demonstrate a strong correlation between compressive strength
and the tensile-related properties of concrete. This relationship is expected since both flexural and
splitting tensile strengths are governed by the quality of the cementitious matrix, the aggregate
paste bond, and the development of microcracks within the concrete structure. To quantify this
relationship, polynomial regression equations were established based on the experimental results.
The flexural strength can be estimated as a function of compressive strength according to the
following equation:

f = 0.0559 f? — 4.1594 f, + 80.78 (R* = 0.9365) 35<f. <40.25MPa. (1)

Similarly, the splitting tensile strength can be predicted from the compressive strength using the
following relationship:

fip = 0.033f? —2.433f, + 48.189 (R* = 0.9703) 35<f, <4025MPa.  (2)

4
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S 35
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B
g y = 0.0559x2 - 4.1594x + 80.78 y =0,033x? - 2,4337x + 48,189
= R2 = 0.9365 R?=0,9703
5 3
(TS
@ Flexural strength B Splitting strength
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Fig. 7. Relation between flexural and compressive strengths for mixes with various BWCA%
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The relatively high coefficients of determination suggest that the compressive strength can be
utilized as a reliable parameter to estimate the tensile properties of concrete with crushed brick
waste coarse aggregate in the strength range investigated. Equations (1) and (2) are empirical
regression models based on the current experimental data and are valid only for concrete with
compressive strength ranging from 35 to 40.25 MPa, corresponding to the BWCA replacement
levels studied in this work. Therefore, these equations should not be extrapolated beyond this
range as polynomial regression models may give unrealistic predictions beyond their calibration
domain. As a result, even if the resulting coefficients of determination show a strong correlation
within the dataset under investigation, an independent experimental database has not been used
to confirm the equations. As a result, their applicability should be restricted to combinations with
traits comparable to those investigated in this investigation, and before to widespread use,
additional validation using bigger datasets is advised.

3.4 Load-Displacement Behavior and Flexural Toughness

The load-deflection curves obtained from the flexural tests provide important information
regarding the deformation characteristics, stiffness, and energy absorption capacity of the concrete
mixtures incorporating BWCA. As shown in Figure 8, all mixtures showed a typical flexural
response consisting of an initial linear elastic stage followed by a nonlinear stage until the peak
load was reached. In the initial stage, the load increased proportionally with deflection, indicating
elastic behavior of the concrete before crack initiation. After the formation of microcracks within
the cement matrix and along the aggregate-paste interface, the curves gradually deviated from
linearity, reflecting a reduction in stiffness and the onset of crack propagation.
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Fig. 8. Load-displacement relation for various BWCA%

To provide a quantitative interpretation of the flexural response, several structural parameters
were extracted from the load-displacement curves, including the peak load, peak displacement,
and energy absorbed up to the peak load. The calculated values are summarized in Table 5. The
addition of 10% BWCA resulted in the best structural behavior, as shown in Table 5, with the largest
peak displacement of 0.084 mm and the maximum peak load of 13.00 kKN. When compared to the
control mix this behavior shows an improvement in both load-carrying capacity and deformation
capacity. In addition, the absorbed energy increased by almost 10.1%, from 0.524 kN-mm for the
control specimen to 0.577 kN-mm, showing improved resistance to crack initiation and
propagation. Structural efficiency gradually declined as the BWCA replacement level was raised
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over 10%. For the 15%, 20%, and 25% combinations, the peak load dropped to 12.50, 11.60, and
11.40 kN, respectively. Similarly, for the 15% and 20% BWCA, the absorbed energy dropped to
0.406 and 0.330 kN-mm, respectively, indicating the concrete's diminished capacity to supportload
following crack start. Despite having the lowest peak load, the 25% BWCA mixture's absorbed
energy (0.446 kN-mm) was higher than that of the 15% and 20% mixtures due to its comparatively
larger displacement prior to failure. However, as is common with plain concrete without fiber
reinforcing, all combinations showed a brittle post-peak response marked by a rapid loss of load-
carrying capability.

Table 5. Structural parameters obtained from the load-displacement curves

BWCA% Peak Load (kN) Peak Displacement (mm) Energy to Peak (kN-mm)*
0.0% 12.27 0.070 0.524
10% 13.00 0.084 0.577
15% 12.50 0.0525 0.406
20% 11.60 0.049 0.330
25% 11.40 0.059 0.446

* The energy calculated here is the area under the load-displacement curve up to the maximum load using numerical
integration.

3.5 Ultrasonic Pulse Velocity

The ultrasonic pulse velocity test was performed to assess the internal quality and integrity of the
hardened concrete mixtures. UPV measurements were obtained at 28 days, and the results are
presented in Table 3 and Figure 9.
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Fig. 9. UPV vs. BWCA%

The quality of concrete based on ultrasonic pulse velocity can be classified according to commonly
accepted criteria. Concrete with UPV values greater than approximately 4.5 km/s is generally
considered to possess excellent quality, values between 3.5 and 4.5 km/s indicate good quality
concrete, while values between 3.0 and 3.5 km/s are typically classified as medium or doubtful
quality. Based on these criteria, the results obtained in the present study indicate that all tested
mixtures fall within the range of good to excellent quality concrete. The control mixture recorded
the highest UPV value of approximately 4.6 km/s, corresponding to excellent concrete quality,
while mixtures containing BWCA exhibited values between approximately 4.4 and 3.86 km/s,
which still fall within the range of good quality concrete. The relationship between ultrasonic pulse
velocity and compressive strength is presented in Figure 10. A strong correlation between these
two parameters was observed, indicating that higher compressive strength values are generally
associated with higher pulse velocity values. This relationship can be attributed to the fact that both
properties are influenced by the internal density and integrity of the concrete matrix. As the
microstructure becomes denser and the internal void content decreases, the propagation of

10
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ultrasonic waves becomes more efficient, resulting in higher UPV values. Regression analysis of the
experimental results produced the following relationship between compressive strength and UPV:

f o= —35.171 (UPV)? + 297.54 (UPV) — 589.02 (R* = 0.9157) (3)

where UPV is the ultrasonic pulse velocity expressed in km/s. In the same way, an empirical
polynomial relationship between UPV and compressive strength was established. The suggested
equation should only be regarded as appropriate to the materials and testing conditions used in
this investigation due to the small number of experimental data points.
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Fig. 10. Compressive strength vs. UPV for various BWCA %

3.6 Microstructure Assessment by SEM

Scanning electron microscopy (SEM) was conducted to investigate the internal morphology,
hydration products, pore structure, and interfacial transition zone (ITZ) characteristics of selected
concrete mixtures incorporating BWCA. Representative micrographs of the control mixture, 10%
BWCA, and 25% BWCA are shown in Figure 11. The control mixture (0% BWCA) exhibited a
relatively dense and homogeneous microstructure characterized by a compact cementitious matrix
with well-distributed hydration products and limited internal voids. The aggregate—paste interface
appeared continuous and well bonded, indicating efficient stress transfer between constituents.
Such dense morphology is consistent with the relatively high ultrasonic pulse velocity (4.6 km/s)
and stable mechanical performance obtained experimentally. For the mixture containing 10%
BW(CA, the SEM image revealed a denser internal structure with increased formation of secondary
hydration products partially filling micro voids. The rough and irregular surface texture of recycled
brick particles promoted stronger mechanical interlocking with the surrounding cement paste. In
addition, due to the porous nature of brick aggregates, absorbed water may have been gradually
released during curing, enhancing cement hydration through an internal curing mechanism. This
densification effect likely contributed to the improved compressive strength, splitting tensile
strength, and acceptable flexural behavior observed for this mixture. At higher replacement
content (25% BWCA), the microstructure became visibly more porous and discontinuous.
Numerous capillary voids, microcracks, and loosely packed regions were detected.

The progressive reduction in UPV values with increasing BWCA content can therefore be directly
attributed to the increase in internal porosity and reduced continuity of the cementitious matrix,
which hinder ultrasonic wave transmission. Similarly, the decrease in flexural strength at higher
replacement levels is strongly associated with crack-sensitive weak ITZ regions observed in the
SEM images. Overall, SEM observations confirm that moderate incorporation of BWCA (around 10-
15%) can beneficially modify the concrete microstructure through internal curing, improved
particle interlocking, and void refinement, whereas excessive replacement levels adversely affect
matrix integrity due to increased porosity and weaker interfaces. SEM analysis validated that

11
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moderate BWCA incorporation improved matrix densification and bonding, while excessive
replacement generated porous weak zones that reduced structural performance.
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3.7 Distribution of BWCA in Concrete by Image Analysis

The distribution of BWCA within the concrete matrix was evaluated using digital image analysis in
order to investigate the homogeneity of the mixtures and the spatial dispersion of recycled brick
particles throughout the concrete cross-sections. Hardened concrete specimens with dimensions
of 10x10x10cm were cut into seven consecutive slices along the specimen depth. A very fine white
powder was then carefully applied to the surface of each slice to enhance the visibility of the BWCA
particles and improve the accuracy of the image analysis process. The images of the prepared slices
were captured under constant lighting conditions and analyzed using the Image] software. Initially,
the original RGB images were imported into Image] and converted into 8-bit grayscale images to
facilitate particle detection. Since the recycled brick aggregates appeared in reddish while the
natural aggregates appeared in white tones, thresholding analysis was applied to isolate the BWCA
particles from the surrounding mortar matrix and natural aggregates. After applying the threshold
function, the detected BWCA particles were highlighted and converted into binary images suitable
for quantitative measurements. Representative images of the concrete sections before and during
the image-processing procedure are shown in Figure 12.
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Fig. 12. Sequential image-analysis steps for BWCA detection and area calculation using Image]

The same digital camera was used to take all of the images under the same lighting circumstances
and at a constant distance perpendicular to the sample surface in order to guarantee accurate
quantitative readings. With a resolution of 1280 x 960 pixels, each image was captured with enough
precision to differentiate BWCA particles from the surrounding mortar matrix.

Each image's spatial scale was adjusted in Image] before image processing using a reference
dimension that was taken straight from the concrete slice. In order to guarantee consistency across
all specimens, all measured areas were automatically transformed from pixels to actual geometric
dimensions. Image]'s Threshold function was used to identify BWCA particles. The threshold limits
were manually chosen for the first image in order to precisely isolate the BWCA particles because
the recycled brick aggregates had a distinctive reddish color while the natural aggregates appeared
light gray to white after the application of fine white powder. To ensure uniformity and get rid of
operator bias, the same threshold values were then applied to every slice made from the same
concrete mixture. The Analyze Particles tool was used to generate and analyze binary images
following thresholding. Before determining the predicted BWCA region, a minimum particle size
filter was applied to eliminate small, isolated pixels and image noise. Every image was analyzed
three times under the same processing parameters in order to assess repeatability. The adopted
image-processing method was found to have high repeatability, as evidenced by the variance
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between repeated measurements being less than 2%. For quantitative image analysis of concrete
cross-sections, the estimated overall measurement uncertainty was within +2%.

Subsequently, the “Analyze Particles” function available in Image] was used to determine the
projected area of BWCA particles within each slice. The percentage area occupied by BWCA was
calculated according to the following equation:

Area of BWCA particles 4
Area of BWCA(%) = ( Toral slice area ) X 100 (4)

The image-analysis results demonstrated that the BWCA particles were uniformly distributed
throughout the concrete sections with no obvious signs of segregation or particle accumulation in
specific regions. As illustrated in Figure 13, the percentage area of BWCA within the seven slices
showed only slight variations for all replacement levels, indicating that the recycled brick
aggregates were adequately dispersed during the mixing and casting processes. This behavior
reflects the good cohesiveness and internal stability of the concrete mixtures despite the
incorporation of recycled brick aggregates.
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Fig. 13. Sequential image-analysis steps for BWCA detection and area calculation using Image]

For the 10% and 15% BWCA mixtures, the obtained values were highly consistent among the slices,
which indicates excellent homogeneity and stable particle distribution within the concrete matrix.
Such uniformity suggests that the amount of BWCA at these replacement levels did not adversely
affect the workability or lead to segregation during casting. Moreover, the relatively smooth
variation between adjacent slices confirms that the BWCA particles were randomly distributed
within the specimen cross-sections. At higher replacement levels (20% and 25%), slightly greater
fluctuations in the BWCA area percentages were observed between the slices.

Table 6. Mix proportions in (kg/ m?)

BWCA Replacement of Coarse Expected BWCA Area in Concrete Image] Measured

Aggregate (%) Section (%) Area (%)
10 4.0 4.1
15 6.0 7.0
20 8.0 9.7
25 10.0 12.0

Table 6 presents a comparison between the area fractions derived from Image] analysis and the
theoretical projected BWCA area, which is computed from the volumetric replacement of coarse
material. Despite the inherent uncertainty associated with two-dimensional sectioning, the actual
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values nearly match predicted trend, indicating the uniform distribution of BWCA throughout the
concrete matrix. The measured area fractions agree reasonably well with the theoretical projected
area expected from the replacement of coarse aggregate. The slight increase observed at higher
replacement levels is attributed to local aggregate distribution, particle orientation, and the
inherent variability associated with two-dimensional stereological measurements.

5. Conclusion
The following conclusions can be made with consideration of the experimental results:

e All mixes remained workable without changing the water/cement ratio or superplasticizer
dose, indicating the practical validity of utilizing BWCA in conventional concrete production.
However, the addition of BWCA somewhat decreased the workability of fresh concrete.

e The best overall performance was obtained by substituting 10-15% BWCA for natural coarse
aggregate. Improved compressive, splitting tensile, and flexural behavior was demonstrated
by these mixes, and their structural response under flexural loading was acceptable. Splitting
tensile strength exhibited a slight increase at lower replacement levels, reaching its highest
value at approximately 15% BWCA. The improvement can be attributed to enhanced
mechanical interlocking and stronger interfacial bonding between the brick aggregates and
the cement matrix.

e Increasing the replacement ratio of ordinary coarse aggregate with BWCA to over 20%
resulted in a gradual decrease in mechanical and structural performance. However, even a
concrete mix containing 25% BWCA exhibited mechanical properties not significantly
inferior to those of the reference concrete, indicating that relatively high replacement ratios
are still feasible for applications with moderate strength requirements.

e The enhanced behavior of the 10-15% BWCA combinations was linked to a denser internal
matrix and a more uniform distribution of recycled brick aggregates throughout the concrete,
according to SEM observations and Image]J-based image analysis.

e Ultrasonic pulse velocity values ranged between 4.6 and 3.86 km/s, indicating that all tested
mixtures fall within the range of good to excellent quality concrete. A strong correlation was
also observed between UPV and compressive strength, confirming that UPV can be used as a
reliable non-destructive indicator for assessing the quality of BWCA concrete.

e From an engineering perspective, the findings show that substituting 10-15% of the natural
coarse aggregate with BWCA effectively achieves the right balance between sustainable
material use and structural behavior. Therefore, this replacement level can be regarded as a
reasonable choice for making structural concrete while lowering the usage of virgin natural
aggregates and encouraging the advantageous reuse of waste from building and demolition.

e For the concrete mixes under investigation, the suggested regression equations offer
empirical correlations. However, additional experimental data covering wider mixture
proportions and independent validation datasets are required before these relationships can
be generalized for practical prediction purposes.

e The present investigation was limited to short-term fresh, mechanical, microstructural, and
structural characterization. Long-term durability aspects, including water absorption,
sorptivity, chloride penetration, sulfate resistance, drying shrinkage, carbonation, freeze-
thaw resistance, and comprehensive life-cycle assessment, were beyond the scope of this
study and should be addressed in future research to further evaluate the long-term
performance and environmental benefits of BWCA concrete.
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