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ARTICLE INFO ABSTRACT
Keywords: The global increase in construction and demolition (C&D) waste due to natural disasters and
Aggregate substitution urban redevelopment presents a significant environmental challenge. This study evaluates the
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mechanical performance of reinforced concrete (RC) beams incorporating recycled brick aggre-
gates (RBA) as a sustainable alternative to natural aggregates (NA). Four concrete mixes were
tested: 100 % NA, 100 % RBA, and two hybrid combinations of fine and coarse aggregates. RC
beams were subjected to four-point bending tests, and companion cylindrical and prismatic
specimens were tested for compressive strength and modulus of rupture (MOR). Results indicate
that RC beams made with RBA can achieve shear capacities comparable to those made with NA.
While beams incorporating coarse brick aggregates showed a more pronounced reduction in shear
strength, with values dropping to 53.0 kN, the highest shear strength (71 kN) was observed in
mixes using brick fine aggregates and natural coarse aggregates, nearly matching the 70.8 kN of
the 100 % NA mix. However, 100 % RBA mixes exhibited a 24 % reduction in compressive
strength and a 16 % reduction in MOR compared to NA mixes. Despite these reductions, the
structural behavior and failure modes remained consistent across all compositions. From a sus-
tainability perspective, the use of RBA offers a dual benefit: reducing the demand for virgin ag-
gregates and diverting substantial volumes of brick waste from landfills. In regions where C&D
waste constitutes a significant portion of total solid waste, adopting RBA concrete could conserve
millions of tons of natural resources annually. This study demonstrates the feasibility of using
100 % recycled brick aggregates in structural concrete, supporting a circular economy approach
in the construction sector.

1. Introduction

The construction industry has long been a cornerstone of human development, evolving from ancient techniques to modern en-
gineering marvels such as bridges, skyscrapers, and transportation infrastructure [1]. Today, concrete remains the most widely used
construction material globally — second only to water in terms of consumption [2] — with an estimated three tons used per person
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annually [3]. Its widespread use is attributed to its strength, versatility, and cost-effectiveness. However, the built environment is
increasingly recognized as one of the major contributors to climate change, both in terms of energy consumption and environmental
impact [4,5]. As urbanization accelerates globally, the need to optimize the use of resources - particularly materials and energy — has
become a central concern for sustainable development [6,7].

This is especially relevant in the construction sector, which relies heavily on concrete, a material whose production is energy-
intensive and environmentally taxing. Indeed, the environmental footprint of concrete production, particularly that of cement, has
become a growing concern. Although comprising only 10-15 % of the concrete mix by volume, cement is responsible for approxi-
mately 8 % of global CO; emissions due to its energy-intensive manufacturing process [8,9]. Each ton of Portland cement produced
releases nearly one ton of CO; into the atmosphere [9]. With global cement production exceeding 4,100 megatons annually, the
environmental implications are substantial [10]. The increasing demand for cement also accelerates the depletion of non-renewable
resources such as limestone and clay, raising concerns about long-term sustainability [11].

In parallel, modern industrial, agricultural, and urban activities contribute to widespread environmental degradation through the
release of pollutants and improper waste management [12,13]. In response to growing environmental concerns, numerous physico-
chemical and biological methods have been developed to remediate contaminated water sources [14,15] and polluted soils [16-18].
These challenges have prompted a global shift toward green technologies and sustainable development practices [19-21]. In the
construction sector, this has led to growing interest in alternative materials and methods that reduce environmental impact without
compromising structural integrity and energy performance [22-27]. At the same time, it is becoming increasingly important to
maximize the durability and structural soundness of existing concrete buildings [28-30].

One promising approach is the partial or complete substitution of conventional concrete components with recycled or locally
sourced materials [31-34]. This not only conserves natural resources but also supports circular economy principles by repurposing
construction and demolition (C&D) waste [35,36]. As industry seeks to balance performance with sustainability, innovative solutions
such as recycled aggregate concrete are gaining traction as viable options for future infrastructure development [37].

In regions frequently affected by climate-related disasters, such as floods and earthquakes, the destruction of infrastructure gen-
erates vast quantities of C&D waste [38]. This waste, if not properly managed, contributes to pollution and environmental degradation
[39,40]. For example, in recent years, severe flooding events have led to the destruction of hundreds of thousands of homes, resulting
in large volumes of concrete and clay brick debris. These materials, traditionally destined for landfills, can instead be recycled and
reused in new construction projects [41,42].

Historically, recycled concrete aggregates (RCA) were used primarily as landfill material due to limited recycling facilities.
However, advancements in concrete technology have enabled their use in non-structural applications such as partition wall blocks,
flooring, foundation mats, road base layers, and paving blocks [23,43]. Despite this progress, the use of recycled brick aggregates
(RBA) in structural concrete remains underexplored. Recycled brick was first used with Portland cement concrete in the 19th century,
and its broader application emerged after World War II during reconstruction efforts [44].

Recent studies have investigated the mechanical performance of concrete incorporating recycled brick aggregates. Tek Raj Gyawali
[45] demonstrated that using 100 % recycled coarse aggregate can increase 28-day compressive strength by 4.5 %. Conversely, using
20 % brick aggregates in saturated surface dry (SSD) condition decreased compressive strength by 15 %, while oven-dry conditions
improved it by 10.1 %. Dey and Pal [46] found that flexural strength of concrete with crushed brick aggregates exceeded the Indian
code recommendation of 0.7+/fck. Bogdan Rosca [47] showed that replacing sand with brick fine aggregates reduced structural
strength by 17 %.

The shear capacity of reinforced concrete (RC) beams made with recycled aggregates has also been widely studied. Muhammad
et al. [48] identified key variables affecting shear capacity: shear span-to-depth ratio, compressive strength, and longitudinal tensile
steel ratio. Their findings indicated that increasing steel ratio and compressive strength enhances shear capacity, while increasing
span-to-depth ratio reduces it. Liu et al. [49] reported that increasing recycled brick coarse aggregate (RBCA) content decreases
compressive strength and elastic modulus but has minimal effect on splitting tension and flexural strength when total recycled content
is below 30 %.

Sharba et al. [50] explored the use of treated waste brick and steel slag in RC beams, noting a slight reduction in shear strength at
low replacement levels and negative effects beyond 22 % substitution. Mohammed and Hasnat [51] found no significant difference in
modulus of rupture between recycled brick aggregates and conventional aggregates at water-cement ratios of 0.45 and 0.55. Rahman
et al. [52] studied the influence of brick strength on concrete properties, showing that modulus of rupture varied significantly
depending on brick class and mix ratio.

Further research by Muhammad et al. [53] involved testing 32 RC beams made with brick and recycled brick aggregates without
shear reinforcement. Their results confirmed that shear capacity decreases with increasing span-to-depth ratio and increases with
higher steel ratio and compressive strength. Aly et al. [54] and Ignjatovi¢ et al. [55] also found that RC beams made with recycled
aggregates exhibit shear behavior comparable to those made with natural aggregates.

In many countries, the depletion of natural resources used for concrete production is becoming a pressing issue. The construction
industry consumes vast quantities of coarse aggregates to meet growing demand, contributing to environmental degradation. Globally,
C&D waste accounts for a significant portion of total solid waste — up to 30 % in some [56]. Recycling this waste into useable con-
struction materials offers a sustainable solution that aligns with international goals for climate resilience and resource conservation
[57,58].

This study investigates the structural performance of RC beams made with recycled brick aggregates under shear loading, without
shear reinforcement. Beams with cross-sectional dimensions of 100 x 200 mm and a length of 1200 mm were cast and tested using
four-point bending. Cylindrical and prismatic specimens were also prepared to evaluate compressive strength and modulus of rupture.
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Unlike previous studies, this research focuses on using 100 % recycled brick aggregates — both fine and coarse — as a complete
replacement for natural aggregates. The findings contribute to the growing body of knowledge on sustainable construction practices
and demonstrate the potential of RBA concrete as a viable alternative in structural applications.

2. Materials and methods
2.1. Materials

In this study, ordinary Portland cement conforming to the requirements of ASTM C150 [59] was used as a binding material to
prepare all concrete mixes. Recycled brick aggregates (RBA) were produced by crushing commercially tested burnt clay bricks. The
following step-by-step procedure was adopted to produce RBA:

— Damaged bricks were broken into small pieces with a hammer.
— The broken pieces sized 60-75 mm were passed through a roller crusher to achieve a maximum particle size of 19 mm.
— Recycled brick aggregates obtained after roller crushing were separated into coarse and fine aggregates using ASTM Sieve 4.

The production process of RBA is shown in Fig. 1. The properties of fine and coarse RBA along with fine and coarse natural ag-
gregates are presented in Table 1. For concrete preparation, normal tap water was used. Sargodha crush, with a maximum size of 19
mm, was used for natural coarse aggregates, and Lawrencepur sand, with a maximum size of 4.76 mm, was used for natural fine
aggregates.

2.2. Concrete mixes

A total of eight RC beams were cast using four concrete mixes. For all concrete mixes in this study, a fixed mix ratio of 1:2:4
(cement: fine aggregates: coarse aggregates) by weight was adopted. Details of all four mixes with respect to the type of fine and coarse
aggregates used are provided in Table 2. It is important to note that coarse recycled brick aggregates were used in SSD condition, and
that extra water, equivalent to the water absorption of fine recycled brick aggregates, was added to each mix containing these fine
aggregates. More specifically, brick coarse aggregates were used in SSD condition to support proper cement hydration according to the
designed water-to-cement (w/c) ratio. This practice contributes to the formation of a denser ITZ, which in turn enhances the overall
strength of the concrete.

2.3. Details of tests specimens

A total of eight RC beams with a cross-sectional size of 100 x 200 mm and a length of 1200 mm were cast for testing under four-
point loading. The size and reinforcement details of the RC beams are provided in Fig. 2, where it can be observed that two #4 bars of
Grade 60 were provided as flexure reinforcement. No shear reinforcement was provided. Only two #2 stirrups (one on both sides) were
provided at the support location to support the top bars. To determine the compressive strength and modulus of rupture of the
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Fig. 1. Production process of RBA
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Table 1
Properties of fine and coarse aggregates.
Property Testing Standard Recycled Brick Aggregates Natural Aggregates
Coarse Fine Coarse Fine
Water Absorption (%) ASTM C128 [60] 14.24 13.68 1 0.75
Moisture Content (%) ASTM C566 [61] 0.20 0.63 - -
Compacted Bulk Density (kg/m3) ASTM C29 [62] 1030 1310 1530 1600
Fineness Modulus ASTM C117 [63] - 2.85 - 2.75
Aggregates Impact Value, AIV (%) BS 812-112 [64] 30 - 11.6 -
10 % Fine Value, TFV (kN) BS 812-111 [65] 60 - 240 -
Table 2
Concrete mixes with reference to aggregates type and related label.
Mix No. Types of Aggregates Label
Fine Coarse
1 Recycled Brick Recycled Brick FA-R, CA-R
2 Natural Natural FA-N, CA-N
3 Recycled Brick Natural FA-R, CA-N
4 Natural Recycled Brick FA-N, CA-R
100
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Fig. 2. Reinforcement detail of RC beam.

concrete, cylinders of 100 mm diameter and 200 mm height and prismatic specimens with a cross-section of 75 x 75 mm and a length
of 300 mm were cast in the laboratory.

2.4. Sample testing

Shear, compressive strength, and modulus of rupture tests were performed on the concrete samples to investigate their behavior.
Fig. 3 shows the process flow of the study under consideration.

2.4.1. Compressive strength test

The compressive strength test was performed on the cylinders 28 days after casting using a 100-ton Shimadzu Universal Testing
Machine (UTM). The cylinders were tested in accordance with ASTM C39/C39M [66].

The cylinders were placed in the testing machine with their flat surfaces aligned with the loading platen. A compressive load was
applied at a constant rate of 1 mm/min until failure occurred, at which point the failure load was recorded. The compressive strength of
the cylinders was calculated as the maximum load applied to the cylinders divided by their cross-sectional area. A minimum of three
cylinders were tested from each composition.

2.4.2. Modulus of rupture test

The modulus of rupture test was performed on prisms 28 days after casting using a 100-ton Shimadzu Universal Testing Machine
(UTM). The prisms were 300 mm long with a clear span of 225 mm. The test on the prisms was performed using the four-point loading
method in accordance with ASTM C78/C78M [67] and ASTM C67 [68].

As shown in Fig. 4, the prisms were placed in the machine with the supports positioned at a distance of 1/3 of the clear span from
each end of the prism. The load was applied at two points, 75 mm from each end of the shear span. The loading rate for the test was set
at 0.5 mm/min, and the test continued until failure occurred. The modulus of rupture was calculated for the maximum load.
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Fig. 3. Experimental procedure of the study under consideration.

2.4.3. Shear test

Shear tests were performed on the beams 28 days after casting. The tests were performed using a 100-ton Shimadzu Universal
Testing Machine (UTM) connected to a data acquisition system. The beams were 1200 mm long, with a clear span of 1050 mm and a
shear span of 350 mm. The shear span-to-depth ratio was 1.75. The four-point loading method was adopted for this test. The UTM was
calibrated prior to testing to ensure accurate and consistent results.

The beams were placed with the supports positioned at a distance of 1/3 of the clear span from each end of the beam, as shown in
Fig. 5. The loading setup was such that the load was applied at two points, 75 mm from each end of the shear span. The loading rate for
the test was set at 1 mm/min, and the test continued until shear failure occurred. During the test, a data acquisition system was used to
obtain load and deformation data. Additionally, the load at which the first visible crack appeared was recorded as the shear capacity of
the beam.

2.4.4. Prediction of shear capacity

Researchers have proposed a variety of codes and equations to calculate the shear capacity of RC beams. Among the various ap-
proaches available, the shear capacity of RC beams with minimal shear reinforcement was evaluated in accordance with ACI Code 318-
M [69] using the following empirical equation:

V. =0.17+/f.b,d 1)

where:
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f." = compressive strength of concrete in MPa
b,, = width of the beam in mm

d = effective depth of the beam in mm

V. = shear capacity of concrete in kN
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Fig. 6. 28-day compressive strength of cylinders. Data are reported as mean and standard deviation.



M. Yousaf et al. Journal of Building Engineering 116 (2025) 114702
3. Results and discussion

The main results obtained are discussed below. Although the number of beams tested for each mix was limited in relation to
structural assessment criteria, care was taken to maintain consistency throughout the experimental cycle and minimize variability. As a
result, the findings provide a reliable representation of the structural response of the different concrete mixes.

3.1. Compressive strength

As mentioned above, the test for compressive strength was performed on 100 x 200 mm cylinders 28 days after casting. A minimum
of three cylinders were tested from each composition, and the results are reported as mean and standard deviation in Fig. 6. As Fig. 6
shows, 100 % NAC showed the highest compressive strength, with a water-to-cement ratio of 0.55. Conversely, 100 % RBAC cylinders
exhibited 24 % lower strength than those of NAC. The water-to-cement ratio was kept at 0.4 for this composition. FA-R + CA-N
cylinders exhibited an average compressive strength of 18.9 MPa, which is close to that of the 100 % RBAC cylinders. The water-
cement ratio for this mix was also kept close to that of 100 % NAC, which was 0.53. FA-N + CA-R composition showed the lowest
strength of the four compositions, with an average compressive strength value of 11 MPa due to the weak bond between the brick
coarse aggregates and the matrix.

3.1.1. Failure modes in compressive strength test

When the cylinders were subjected to an axial compressive load, cracks began to propagate along their length. As the load
increased, crushing of concrete occurred. The maximum compressive load at which considerable cracking occurred and no further
increase in the load was noted was considered the compressive strength of that type of concrete. Fig. 7 shows the typical failure mode in
compression of each type of cylinder tested in this study.

3.2. Flexural strength

As shown in Fig. 8, all the tested prisms passed the standard MOR value of 1.96 MPa. Prisms with 100 % natural aggregates showed
the highest value of MOR, about 4.25 MPa. Prisms with natural fine aggregates and brick coarse aggregates exhibited the lowest value
of MOR, 3.52 MPa. Concrete with 100 % Recycled Brick aggregate showed an MOR value of about 3.56 MPa, while the prism cast with
natural brick aggregates and brick fine aggregates exhibited an MOR value close to that of the 100 % NAC prism. This is because the
matrix formed with brick fine aggregates developed more strength than the matrix in natural concrete.

3.2.1. Failure modes in flexural strength test

The failure mode of concrete prisms in flexure was characterized by brittle failure, occurring without any prior warning signs.
Cracks originated in the tensile zone and propagated through the entire depth of the prism up to the compression zone. In prisms made
with brick coarse aggregates, the failure plane passed directly through the aggregates, whereas in those made with natural coarse
aggregates, the failure plane passed around the aggregates through the Interfacial Transition Zone (ITZ). Fig. 9 illustrates the typical
failure mode in flexure exhibited by each type of prism tested in this study.

The passing of the failure plane through the brick aggregates indicates that the recycled brick coarse aggregates (RBCA) are weaker
than the ITZ. Although using aggregates in Saturated Surface Dry (SSD) conditions improved ITZ formation, the inherent weakness of
brick aggregates contributed to a reduction in overall concrete strength. It is worth noting that the irregular surface texture and high
porosity of brick aggregates can enhance interfacial bonding [70]. A nested zone forms as hydration products precipitate within the
pores, improving the integrity between the aggregate and the calcium silicate hydrate (C-S-H) matrix; this process strengthens the
interfacial bond between the aggregate and the surrounding cementitious material [71].

(b) (c)

Fig. 7. Failure modes in compression: (a) FA-R, CA-R; (b) FA-N, CA-N; (c) FA-R, CA-N; (d) FA-N, CA-R.
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Fig. 9. Failure modes in flexure: (a) FA-R, CA-R; (b) FA-N, CA-N; (c) FA-R, CA-N; (d) FA-N, CA-R.
3.3. Shear capacity of RC beams

Eight beams, two from each composition, were tested for shear under four-point loading conditions in a UTM connected to a data
acquisition system. Fig. 10 shows the load and deflection response of the beams from each composition. As shown in this figure,
reinforced RBAC with brick fine aggregates and natural coarse aggregates, as well as reinforced NAC, exhibited the highest shear
strengths, at 71 kN and 70.8 kN, respectively. Reinforced RBAC with brick coarse aggregates and natural fine aggregates showed nearly
19 % less shear strength as compared to reinforced RBAC with brick fine aggregates and natural coarse aggregates. 100 % reinforced
RBAC exhibited around 25 % less strength as compared to reinforced RBAC with brick fine aggregates and natural coarse aggregates.

3.3.1. Failure modes of RC beams in shear
All of the tested reinforced beams failed in shear, exhibiting the same cracking pattern. The cracks developed near the support at a



M. Yousaf et al. Journal of Building Engineering 116 (2025) 114702

—o—FAR, CAR B
Gl hhE
70 FA-N, CA-N Y bt MA\K
el A
60 o~ FAR, CA-N e TR
—e—FA-N, CA-R Y e I3
50 et -
Py o
i ) X 2
40 » ?
= Agr
R 30
S
20
|
10
0
0 1 2 3 4 5 6 7

Deflection (mm)

Fig. 10. Load vs deflection curve.
45 © angle and propagated upwards. Fig. 11 shows the typical failure mode in shear exhibited by each type of beam tested in this study.

3.3.2. Comparison of experimental observation and analytical prediction

Comparison of shear capacity for various mix compositions obtained from the shear test as well as predicted through the above-
mentioned codes is summarized in Table 3.

The experimental shear capacity surpassed all the values predicted by the ACI code. This could be because the equation in the code
is designed to analyze the behavior of conventional concrete beams. Therefore, the non-conventional concrete beams investigated did
not demonstrate the same shear capacity. In this study, shear capacity is defined as the load at which the first diagonal crack large
enough to be visible to the naked eye forms. The true shear capacity is essentially the load at which the first hairline crack forms in
concrete. However, due to a lack of the latest technology and devices, the exact load value at which the first micro-crack develops in
concrete cannot be determined. This factor also contributes to the significant difference between the observed experimental shear
capacity and the predicted shear capacities. As in previous studies, both the shear capacity and the compressive strength of the RBA
concrete decreased compared to the NA concrete. Additionally, the modulus of rupture also decreased due to the replacement of
natural aggregates with recycled brick aggregates in the concrete mix. Although the shear capacity of the RBA concrete beam
approached that of the NA concrete beam, it was still lower; therefore, no positive influence with respect to NA concrete was observed
for the RBA concrete. The analytical shear strength of the FA-R, CA-N concrete beam was closer to that of the FA-R, CA-R concrete
beam.

4. Conclusions

The study was conducted to maximize the use of construction and demolition (C&D) waste produced by natural disasters, which
causes significant environmental problems. Moreover, the study aimed to promote sustainable development by preserving natural
resources and minimizing the high cost of conventional concrete aggregates. Recycled brick aggregates were produced from the tested
bricks and used in four different compositions: 100 % RBFA and 100 % RBCA, 100 % NFA and 100 % NCA, 100 % RBFA and 100 %
NCA, 100 % NFA and 100 % RBCA. Beams were tested using a four-point bending test in shear; prisms were tested using a four-point
bending test in flexure; and cylinders were tested using a compressive load test. Casting and testing were carried out under ordinary
laboratory conditions, where recycled brick coarse aggregates were utilized in Saturated Surface Dry (SSD) conditions. Based on the
experiment, the following conclusions were drawn:

1 28-day compressive strength of recycled brick-aggregate concrete was approximately 24 % lower than that of natural aggregate
concrete, and the modulus of rupture (MOR) was 16 % lower.

2 Among the four types of RC beams tested in shear, beam FA-R, CA-R attained the minimum load of 53 kN, while beams FA-R, CA-N
and FA-N, CA-N exhibited the maximum load of 71 kN.

3 The mode of failure of the RC beams containing recycled brick aggregates was observed to be similar to that of the RC beams made
using natural aggregate concrete.

4 Among the four compositions, the concrete mix made of 100 % natural aggregates exhibited the highest compressive strength and
modulus of rupture.

5 The shear capacity of the beam made entirely of natural aggregates was the highest, as predicted by ACI 318M-14; however, a
considerable difference was observed between the predicted and experimental values.

6 After failure, it was observed that the recycled brick coarse aggregates in the concrete mix were crushed, while the natural coarse
aggregates did not exhibit such behavior.

5. Recommendations for future perspective

Before considering the use of 100 % recycled brick aggregates as a viable option, the following recommendations should be taken
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Table 3
Experimental and Analytical Shear Capacities. Data are reported as mean and standard deviation.

V. for different compositions (kN)

FA-R, CA-R FA-N, CA-N FA-R, CA-N FA-N, CA-R
Experimental value 23.53 £ 2.86 28.90 + 2.74 22.44 £1.75 22.25 £ 2.37
ACI 318 [69] 13.82 + 0.12 15.85 + 0.71 13.74 £ 0.88 10.43 + 0.98

into consideration:

— Studies should be conducted by varying the span-to-depth ratio and mix compositions to gain thorough, in-depth knowledge of RBA
concrete.

— Further investigations with larger sample sizes should be carried out to improve structural evaluation and to identify any potential
variability in the observed behavior of RBAC.

— Study regarding the flexural behavior of RBA concrete should also be conducted.

— Future researchers should perform different mechanical tests at longer intervals to ensure consistent behavior of RBA concrete.

— Studies should conduct LCA (Life Cycle Assessment) and cost-benefit analysis on the use of concrete RBAs in real-world scenarios.

— Additional investigations should be performed on the thermophysical properties of the new material to assess its behavior in terms
of energy performance and ability to maintain indoor thermal comfort conditions.

— Further research should be conducted with pilot projects or field trials to validate lab findings.
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