friried applied
e sciences

Article

Impact of Recycled Concrete and Brick Aggregates on the
Flexural and Bond Performance of Reinforced Concrete

Abdul Basit 1, Rashid Hameed 1, Safeer Abbas 1, Muhammad Shoaib Karam 2, Shaban Shahzad !,

Syed Minhaj Saleem Kazmi 3-*

check for
updates

Citation: Basit, A.; Hameed, R.;
Abbas, S.; Karam, M.S.; Shahzad, S.;
Kazmi, S.M.S.; Munir, M.J. Impact of
Recycled Concrete and Brick
Aggregates on the Flexural and Bond
Performance of Reinforced Concrete.
Appl. Sci. 2024, 14, 2719. https://
doi.org/10.3390/app14072719

Academic Editor: Kang Su Kim

Received: 19 February 2024
Revised: 14 March 2024
Accepted: 21 March 2024
Published: 24 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Muhammad Junaid Munir 3*

Civil Engineering Department, University of Engineering and Technology, Lahore 54890, Pakistan;
abdulbasit4676@gmail.com (A.B.); rashidmughal@uet.edu.pk (R.H.); safeer.abbas@uet.edu.pk (S.A.);
shaban.shahzad12@gmail.com (S.S.)

Department of Civil Engineering, University of Engineering and Technology, Lahore, Narowal Campus,
Narowal 51601, Pakistan; shoaib.karam@uet.edu.pk

Guangdong Provincial Key Laboratory of Durability for Marine Civil Engineering, Shenzhen University,
Shenzhen 518060, China

*  Correspondence: minhajkazmil7@gmail.com (5.M.S.K.); junaidmunirl7@gmail.com (M.].M.)

Abstract: The construction industry strongly relies on concrete and clay bricks for various appli-
cations. The escalating demand for these materials, driven by rapid population growth, has led
to resource depletion and increased construction and demolition waste (CDW). Recycling CDW
into construction materials, particularly in the form of recycled concrete aggregates (RCAs) and
recycled brick aggregates (RBAs), has emerged as a promising solution. This study deals with
the structural performance of concrete incorporating RCAs and RBAs. The experimental program
encompasses material characterization, concrete mix design, and several tests to assess density, com-
pressive strength, bond behavior, and flexural properties. The results indicate that the replacement
of fine natural aggregate (NA) with fine RCAs or RBAs has a negligible impact on density, while
the partial replacement of coarse NAs with RAs yields modest reductions in compressive strength.
Notably, the bond strength between steel rebar and concrete is influenced by the type and content
of RA, with specimens containing RCAs exhibiting a higher bond strength than those with RBAs.
Empirical models used to predict bond strength generally align with experimental results, with
conservative predictions by some models, such as ACI 318, and overestimation by others, such as
models proposed by AS-3600 and CEB-FIB. The flexural tests of beams highlight the variation in
stiffness and load-bearing capacity with the proportion of NAs replaced by RAs. While beams with
50% NA replacement demonstrate comparable performance to control beams, those with 100% RA
replacement exhibit lower cracking and yielding stiffness. Cracking patterns in beams with RAs
differ from control beams, with RA-containing beams showing more cracks and an altered crack
distribution. The findings underscore the feasibility of using recycled aggregates in construction,
with partial NA replacement offering a balance between sustainable material usage and desired
structural properties.

Keywords: reinforced concrete; recycled aggregates; bond strength; flexural performance; sustainable
practice

1. Introduction

Concrete and burnt-clay bricks are the most widely used construction materials on the
globe [1,2]. Each year, about 14 billion cubic meters of concrete are produced for various
applications such as transportation infrastructure, residential and commercial buildings,
and large structures such as dams [3]. Similarly, around 1400-1500 billion units of clay
bricks are produced every year, and 87% of the total production of burnt-clay bricks is
contributed by Asian countries, with the largest contributions from China, India, and
Pakistan, respectively [4,5]. With the exponential growth in population, the use of solid
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clay bricks and concrete for construction is increasing rapidly, resulting in the depletion
of natural resources being utilized in the production of these materials. Along with the
increasing demand for the construction of infrastructure to fulfill the needs of an ever-
increasing population, a constant increase in construction and demolition waste (CDW) is
observed all over the world because of several contributing factors. For example, many
existing, aged concrete structures are being dismantled and reconstructed in order to meet
new design and specification requirements [6]. Moreover, restoration or replacement of
deteriorated infrastructure, urban re-development, and natural disasters, for instance,
floods, tsunamis, and earthquakes, have contributed to the vast accumulation of CDW. For
instance, around 19 million tons of CDW were generated due to the 2015 Nepal earthquake
within a few days [7]. Similarly, according to the reports, a recent earthquake in Ttirkiye
resulted in the accumulation of around 104 million tons of CDW [8]. The most popular way
to dispose of such construction waste is by dumping it in landfills. However, landfills have
been overburdened as a result of the uncontrolled disposal of CDW, posing environmental
risks. As aresult, the researchers are working to find the best way to effectively manage such
massive CDW and to protect against the depletion of non-renewable natural aggregates.
One of the solutions proposed by the researchers is to recycle CDW and use it as aggregate
in fresh concrete [9-13].

Various research studies in the recent time [14-19] have been performed to evaluate
the durability and mechanical performance of recycled-aggregate concrete (RAC) and their
performance evaluation and suitability to manufacture un-reinforced concrete elements
such as bricks, concrete pavers [9-11], slabs without shear reinforcement [20], piloti-type
structures [21], and pavements in expressways [22]. Similarly, numerous experimental
investigations were carried out to examine the flexural performance and shear strength
predictions [23-25] of reinforced RAC by using it in structural elements [26-30]. However,
research work on the structural performance of concrete with high or complete replace-
ment of natural aggregates (NA) by recycled concrete aggregates (RCAs) and recycled
brick aggregates (RBAs) is limited. In general, RAC can exhibit the same strength and
serviceability characteristics as conventionally reinforced concrete [31-33]. Meng et al. [34]
investigated the failure process of mixed recycled aggregate concrete under the influence of
brick aggregates, and they reported that for such concrete, increased content of aggregates
produced from waste bricks and impurities caused an enhancement of the deformability
and evident volume changes. Dang et al. [35] studied the impact of the morphological
characteristics and pore structure of recycled fine aggregates derived from clay bricks on
the mechanical properties of concrete using SEM. It was noticed that the complex surface
morphology of these aggregates improved the splitting tensile strength and exhibited
greater mechanical interlocking of the ITZ than the fine NA. To stimulate its usage as
structural concrete, however, it was found necessary to design RC members manufactured
from recycled coarse aggregates using current design procedures. Therefore, more full-scale
research was recommended to be conducted for an in-depth understanding of the structural
performance of such composites.

The usefulness of structural concrete (RC) is derived from the combined action of
reinforcing rebars and concrete. Load transfer must occur between these two materials
to ensure composite action. In this regard, force transfer from rebars to concrete or from
concrete to steel rebars will only be effective if a good bond exists between both mate-
rials [36]. Therefore, one of the important factors in the design of RC structures is the
bond behavior between steel reinforcing bars and concrete. Extensive research work has
been conducted over the past many decades on the bond stress—slip response of natural
aggregate concrete (NAC) and steel reinforcing deformed bars, and bond strength for such
composites has already been formulated and quantified [37-41]. However, very limited
literature is found dealing with the bond stress—slip response of steel reinforcing bars and
RAC containing RCAs and/or RBAs. Prince and Singh [42] conducted pull-out tests to
examine the bond behavior between steel rebar and RAC. They prepared RAC by replacing
the coarse NAs with coarse RCAs at replacement levels of 0, 25, 50, 75, and 100%. From
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the findings of this study, they concluded that the relative bond strength of RAC prepared
with coarse RCAs was higher. Compared to concrete prepared with full NA, the maxi-
mum bond strength was obtained at a replacement level of 100%. Likewise, Zheng and
Xiao [43] investigated the bond-slip performance of ordinary recycled brick-aggregate
(RBA) concrete, considering the replacement ratio from 0% to 100% with an increment of
25% as the primary varying parameter for 40 pull-out specimens. They found that as the
replacement ratio of RBAs varied from 0% up to 50% and then up to 100%, the decrease
in the bond strength was 19.91-28.11% and 46.32-49.63%, respectively, corresponding to
different embedment lengths. Another study was conducted by Zhang et al. [44] to analyze
the bond behavior between steel and RAC in slabs. Test specimens were prepared by
replacing the coarse NAs with coarse RCAs at 0, 50, and 100% replacement levels. They
observed a 4-20% decrease in the ultimate bond strength and an 8-14% decrease in the
stiffness in the presence of RCAs in the concrete. Hoque et al. [45] analyzed the bond
response between concrete incorporating RBAs as coarse aggregates and steel rebar. Based
on the experimentation, they developed an analytical model to calculate the bond strength
of brick aggregate concrete (BAC). Moreover, they found that BAC exhibited a higher bond
strength compared to that predicted using the model proposed by ACI 318 [46] for stone
aggregate concrete. The factors that affect the bond strength include reinforcement size
and geometry, rebar position, bonded length, amount of transverse reinforcement, concrete
strength, and thickness of concrete cover [47-49]. Since the concrete strength is altered
by replacing NAs with RCAs or RBAs [50-52], experimental investigation is required to
assess the impact of fine and coarse RCAs and/or RBAs on the bond properties to avoid
underestimation of bond strength, which may lead to financial losses, or overestimation,
which may lead to failure.

Keeping in view the structural performance of reinforced RAC and its real application
in concrete structures, the investigation of its flexural behavior is of great significance. Vis-
intin et al. [26] studied the flexure performance of multi-generation recycled concrete beams.
Three different generations (RA-1, RA-2, and RA-3) were used to prepare RAC. In the RA-1
generation, RCAs were produced by crushing virgin aggregate concrete, while in the RA-2
generation, RCAs were produced by crushing RA-1 concrete. Similarly, in the RA-3 genera-
tion, RCAs were produced by crushing RA-2 concrete. RC beams were cast and tested under
four-point bending loading. It was noticed that the flexural response of an under-reinforced
RC beam was controlled by the yielding of steel, and a slight increase in ductility was no-
ticed because of the reduced interlocking of recycled aggregates. The reduction in beam
stiffness was observed with the increase in the recycling of aggregates because of the degra-
dation in the concrete elastic modulus and tensile strength. Momeni et al. [53] analyzed
the flexure performance of RC beams of 200 mm x 300 mm X 1500 mm size constructed
using natural and recycled aggregates. A 10% reduction in the ultimate flexural strength
was reported for RAC beams as compared to those prepared using NAC. Similarly, the
flexural behavior of reinforced RAC beams was investigated by Ignjatovic et al. [54]. They
prepared RC beams by replacing 0%, 50%, and 100% coarse NAs with coarse RCAs and
were subjected to four-point bending tests. Their study concluded that with the same
reinforcement ratios, a slight difference in the failure load was observed for reinforced
RAC beams. Further, the amount of coarse recycled aggregate in the concrete had a large
influence on the size of the failure surface and the severity of concrete degradation at the
flexural failure of the beam. They found that the size of the failure surface and severity of
concrete disintegration increased as the recycled aggregate content increased. Although
some past studies showed a positive impact of fine RCAs and RBAs on the properties
of sustainable mortar and concrete [55-57], a literature review revealed that there is no
research that specifically highlights the effect of fine RCAs or fine RBAs on the flexural
response of RC structural members. Therefore, an experimental investigation is required to
assess the influence of fine RCAs or fine RBAs on the properties of reinforced RAC.

In this context, the present study aimed to investigate the impact of fine and coarse
recycled concrete and brick aggregates on the bond and flexural performance of reinforced
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concrete. Four-point flexure tests were performed to study the flexural response, while the
bond performance was assessed by carrying out direct pull-out testing. A comparison of
bond strength predicted by various equations proposed in the literature and experimentally
obtained values in this study has also been presented in this contribution. The bond and
flexural performance of RAC made using RCAs or RBAs is compared with the performance
exhibited by NAC. A total of thirteen concrete mixes, including one control mix, were
prepared and used to cast specimens of pull-out tests and RC beams. All concrete mixes
were also tested to determine their strength in compression.

2. Experimental Program
2.1. Materials

Two types of aggregates were investigated in this study: RCAs and RBAs. Concrete
compositions were prepared by 100% replacement of fine natural aggregates (Nas) with
fine RCAs or fine RBAs and partial/full replacement of coarse Nas with coarse RCAs or
coarse RBAs. For comparison, the control mix was also prepared with 100% NAs (both fine
and coarse).

RCAs were produced by crushing broken samples (cubes and cylinders) of concrete
with a compressive strength ranging from 21 to 28 MPa, while RBAs were prepared by
crushing old bricks with a compressive strength greater than 10.5 MPa. Chunks of waste
concrete and old, damaged bricks were initially broken into large pieces using manual
hammering and then passed through the roller crushers. The crushed material was finally
sieved in order to separate fine and coarse aggregate fractions. The procedure for producing
both types of recycled aggregates is described in Figure 1. Various tests were performed
following ASTM/BS standards to determine the physical and mechanical properties of NA,
RCAs, and RBAs. The results are presented in Table 1.

Figure 1. Production of recycled concrete and brick aggregates.
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Table 1. Properties of aggregates.

Properties

Aggregate Type
Testing Standard RCA RBA NA

Coarse Fine Coarse Fine Coarse Fine

Bulk oven dry-specific gravity 2.21 2.05 1.74 1.58 2.71 2.59

Bulk SSD-specific gravity

ASTM C127 [58] and 2.49 2.29 2.04 1.85 2.85 2.75

Bulk Apparent-Specific Gravity ASTM C128 [59] 292 2.76 2.51 243 3.13 294

Water Absorption (%)
Bulk Density (kg/m?3)
Crushing Value of Aggregate,

Impact Value of Aggregate,

ACV (%)

ALV (%)

7.87 9.5 15.25 19.25 1.9 224
ASTM C29 [60] 1321 14263 1290 13783 1532.6 1654.6

BS 812-110 [61] 224 - 38.57 - 14.2 -

BS 812-112 [62] 18.1 - 31.46 - 12.78 -

A concrete admixture, namely Chemrite-SP-303, based on derivatives of carboxylic
acid, was employed as a superplasticizer in this work to enhance the workability of RAC
and also to improve its resistance to plastic and drying shrinkage. The density of this
admixture at 25 °C was 1.06 = 0.01 kg/L. To prepare all concrete mixes, ordinary Portland
cement (OPC) of 42.5N class was used as binding material.

2.2. Concrete Mixes

In this research, a total of thirteen concrete mixes were made and used to prepare
test specimens for compressive strength tests, pull-out tests, and flexure tests. Table 2
provides the details of these concrete mixes with respect to the type and content of fine
and coarse aggregates used. The mix ratio of cement, fine aggregates, and coarse aggre-
gates for all concrete mixes was kept the same at 1:2:3. For the designation of concrete
mixes given in Table 2, F stands for fine aggregates and C stands for coarse aggregates.
In brackets, the types of fine and coarse aggregates are given. For instance, the des-
ignation “F(RBA) + C(RBA)” shows a mix containing 100% fine RBAs and 100% coarse
RBAs. In the designation of all concrete mixes in which coarse NAs along with coarse
RCAs or RBAs are used, the percentage content of NAs and RAs is also provided. For
instance, the designation “F(RBA) + C(75RBA + 25NA)” indicates a concrete mix made
using 100% fine RBAs, 75% coarse RBAs, and 25% coarse NAs. Similarly, the designation
“F(RCA) + C(50RCA + 50NA)” indicates a mix made using 100% fine RCAs, 50% coarse
RCAs, and 50% coarse NAs. The details of the control mix are also provided in this table,
which was prepared using 100% fine and coarse NAs.

Table 2. Concrete mixes.

Sr. No

Mix Designation

Fine Aggregates (%) Coarse Aggregates (%)
RBAs RCAs NAs RBAs RCAs NAs

R IO Ul WN -

iy
W R o 9

F(RBA) + C(RBA) 100 - -
F(RBA) + C(RCA) 100 - - - 100 -
F(RBA) + C(NA) - - 100
F(RCA) + C(RBA) 100 - -
F(RCA) + C(RCA) - 100 - - 100 -
F(RCA) + C(NA) - - 100

F(RBA) + C(75RBA + 25NA) 75 - 25
F(RBA) + C(50RBA + 50NA) 100 - - 50 - 50
F(RBA) + C(25RBA + 75NA) 25 - 75
F(RCA) + C(75RCA + 25NA) - 75 25
F(RCA) + C(50RCA + 50NA) - 100 - - 50 50
F(RCA) + C(25RCA + 75NA) - 25 75

CONT-F(NA) + C(NA) - - 100 - - 100
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200 mm

2.3. Test Specimens

Tests to find strength in compression were carried out on specimens (cylinders) of
diameter 100 mm and height 200 mm. In this study, direct pull-out tests were performed
on a cubic (200 mm x 200 mm x 200 mm) specimen. A deformed steel bar of 13 mm in
diameter was embedded in the center of each pull-out test sample. The steel bars were
prepared to ensure an embedded length of 5 dy, [63,64] (dy, is the diameter of the steel bar)
at the center of the specimen, as presented in Figure 2. To avoid bonding the steel bar with
concrete at both ends (unbonded length), the steel bar was passed through the plastic pipes,
as shown in Figure 2.

Unbonded Unbonded
Length

Bonded
Length

5d, \

. X

L. T . .
0y Plastic Pipe
4

-2
-

Length

‘ Steel bar

200 mm Mold
Figure 2. Sample preparation for the pull-out test.

The inner end of each plastic pipe was sealed with the help of silicon to avoid the
penetration of cement slurry inside the pipe. For each concrete mix given in Table 1,
two specimens were cast. To study the flexure response of all concrete mixes prepared
in this study, RC beams of cross-section 100 mm x 200 mm and length 1650 mm were
prepared and tested under four-point bending. The testing span for each RC beam was kept
at 1500 mm. Each RC beam was reinforced with 2 longitudinal bars of 10 mm diameter at
the bottom, while 2 longitudinal steel rebars of 6 mm diameter were used as hanger bars. To
avoid premature failure in shear, 2-legged shear reinforcement was provided using 6 mm
diameter steel bars at 85 mm center to center. The shear reinforcement was provided up to
a span/3 distance from both ends. The reinforcement detail of each RC beam is shown in
Figure 3. In order to study the tensile strain development in the tension steel, strain gages
were pasted on both bottom steel bars at the midspan section of each RC beam, as shown
in Figure 4.

Based on the fact that the water absorption of RAs and Nas was different, as indicated
in Table 1, both coarse RCAs and RBAs were used in the saturated surface dry (SSD)
condition. For this purpose, the aggregates were dipped in water for 24 h and then placed
in an open environment to dry their surfaces before their use in making concrete. For all
concrete mixes, the w/c ratio (0.55) was kept constant. After 24 h of casting, all prepared
test samples were placed in a controlled environment of 25 °C and a relative humidity of
95% until the day of testing, which was carried out at 28 days of age.
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6mm@85mm c¢/c 2—10mm 2—6mm 6mMmm@85mm c¢/c

200

/5 1500 /75
1650

LONGITUDINAL SECTION

2—6mm
6mm O
@85mm c/c 8
2—10mm
100
X-SECTION

Figure 3. Reinforcement detail of RC beam.

Steel Bar

Al R D S R Ve Y > A e T e, 8
ok el S S ey S i, i s i

Prepared surface\ l

Figure 4. Preparation of steel bars for RC beams.
3. Test Methods
3.1. Density

The density of hardened concrete was measured in accordance with ASTM C642 [65].
Initially, concrete cylinders were placed in an oven for 24 h at a temperature of 100-110 °C,
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and then they were placed at a temperature of 20-25 °C for cooling. After cooling, their dry
mass (m) was measured. The density of concrete cylindrical samples was calculated using
Equation (1):

p="= @

0

where p = density of concrete (kg/m?), m = mass of the specimen (kg), and v = volume of
the concrete specimen (m3).

3.2. Test for Compressive Strength

The tests were performed on cylindrical samples following the procedure given in
ASTM (C39 [66] on UTMs with a maximum 2000 kN capacity. The maximum load carried
by each test specimen was noted, and the same was used to compute their compressive
strength. Three samples were tested for each concrete mix given in Table 1, and the average
value of their strength in compression has been reported in this paper.

3.3. Pullout Tests

These tests were performed using a UTM with a maximum loading capacity of
1000 kN, following the guidelines of ACI 440.3R-04 [67]. The testing setup used to perform
this test is presented in Figure 5, where it is shown that a linear variable differential trans-
ducer (LVDT) was fixed at the top of the steel bar to measure its end slip during pulling
out. A digital load cell was used to record the load value corresponding to the slip value.
The loading rate for all pull-out tests was kept constant at 0.5 mm/min. During these tests,
the slip and load data were automatically recorded using an automatic data acquisition
system, and the same were used to investigate the bond stress vs. slip response of steel
rebar embedded in various concretes in this study. For each concrete mix, two samples
were tested for pull-out response.

v

ull-out @

‘ FOI"C»e Machine end platen

Pull-out Force

Maéﬁ; énd platen : 4

Figure 5. Test setup for the pull-out test.

3.4. Flexural Test

To examine the impact of fine and coarse RAs on the flexure behavior of the RC
beam, displacement-controlled four-point flexure tests were performed at a loading rate of
1.0 mm/min using a 1000 kN universal testing machine. The testing setup used for these
tests is shown in Figure 6, where it is shown that a rigid steel beam was used to divide
and transfer the load at two locations (i.e., span/3 from each end). A digital load cell of
1000 kN capacity was used to record the load at each value of imposed displacement. The
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values of imposed displacement, load from the load cell, and strain in tension steel bars
from strain gages were recorded automatically using a data acquisition system. Further, for
each test, the pattern of flexure cracks was visually observed and noted for the purpose of
comparison among the different RC beams made in this study with respect to the different
concrete compositions mentioned in Table 2. For each concrete composition, two RC beams
were constructed and tested for their flexural response.

Four-point
Bending Test

e
’i
=

Test Specimen
(Beam)

~
-

Connectiyg wires of |
strain gages

s

o
E
©
e
(I
o
< |
1=
7}
©
=

Figure 6. Test setup for the four-point bending test.

4. Results and Discussion
4.1. Density

The density of concrete prepared using all mixes given in Table 2 is presented in
Figure 7, where it is noticed that the replacement of fine and coarse NAs with RAs caused
a drop in the density of the resulting concrete. This is mainly attributed to the lower density
of RBAs and RCAs compared to NAs given in Table 1. RAC containing both fine and coarse
RBAs exhibited a density 23.6% lower than the control concrete; however, keeping the fine
aggregates the same (i.e., RBAs) and replacing 100% coarse RBAs with RCAs resulted in an
increase in density of 14.7%. Similarly, in comparison of F(RBA) + C(RBA) mix, keeping
the fine aggregates the same (i.e., RBA) and gradually replacing 25%, 50%, 75%, and 100%
coarse RBAs with coarse NAs resulted in an increase in concrete density of 3.5%, 11%, 14%,
and 19%, respectively. However, their density remained less than that of control concrete.
The results further showed that RAC containing both fine and coarse RCAs exhibited
a density 11.4% lower than the control concrete; however, keeping the fine aggregates the
same (i.e., RCAs) and replacing 100% coarse RCAs with RBAs resulted in a further decrease
in density by 9.8% when compared to the density of the F(RCA) + C(RCA) mix. Similarly, in
comparison to the F(RCA) + C(RCA) mix, keeping the fine aggregates the same (i.e., RCAs)
and gradually replacing 25%, 50%, 75%, and 100% coarse RCAs with coarse NAs resulted
in an increase in concrete density of 0.9%, 2.4%, 3.9%, and 6.9%, respectively. However,
their density remained less than that of control concrete, as shown in Figure 7. Among the
two RAs used in this study (i.e., RBAs and RCAs), the drop in density of hardened concrete
was higher with RBAs, which was mainly because of their low bulk density, as given in
Table 1.
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Figure 7. Concrete density (CONT = control mix, NA = natural aggregate, RBA = recycled brick
aggregate, and RCA = recycled concrete aggregate).

4.2. Compressive Strength

The compressive strength tests on specimens prepared with the 13 various concrete
mixes mentioned in Table 2 were conducted after 28 days of casting, and the results (average
of three samples with a maximum variation of 7% in values) are presented in Figure 8. As
indicated, the compressive strength exhibited by all RAC mixes satisfied the minimum
requirement of strength for structural concrete given in ACI 318. Among all mixes, the
maximum strength of 24.6 MPa was attained by the control mix containing 100% fine and
coarse NA [F(NA) + C(NA)]. However, replacement of 100% fine NAs with fine RBAs
[F(RBA) + C(NA)] in this mix resulted in a drop in compressive strength of 6.1%, while
the drop in compressive strength was 8.9% when 100% fine NAs were replaced with fine
RCAs [F(RCA) + C(NA)]. Since brick waste generally consists of aluminates and silicates,
its pozzolanic characteristics [68] result in a significant drop in the compressive strength
of concrete mix. Concrete mixes containing 100% fine and coarse RBAs attained 21.9%
lower compressive strength compared to the control mix; however, the replacement of
100% coarse RBAs in this mix with coarse RCAs and coarse NAs increased the compressive
strength by 2.6% and 20.3%, respectively. Similarly, concrete mix containing 100% fine
and coarse RCAs (i.e., F(RCA) + C(RCA)) exhibited 20.7% lower compressive strength
compared to the control mix (i.e., F(INA) + C(NA)); however, the replacement of 100% coarse
RCAs in this mix with coarse RBAs decreased the strength by 4.1% while replacement
of 100% coarse RCAs with coarse Nas increased the compressive strength by 14.9%. For
concrete mixes with the same fine RAs, altering the replacement level of coarse NAs with
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coarse RAs caused a gradual change in the compressive strength. Compared to a mix
containing 100% fine RBAs and 100% coarse NAs [F(RBA) + C(NA)], the replacement of
coarse NAs with coarse RBAs in the mix at rates of 25%, 50%, 75%, and 100% decreased
the compressive strength by 5.2%, 9.5%, 12.5%, and 16.8%, respectively. Similarly, in
comparison of concrete mix containing 100% fine RCAs and 100% coarse NAs [F(RCA)
+ C(NA)], replacement of coarse NAs with coarse RCAs in the mix at the rate of 25%,
50%, 75%, and 100% decreased the compressive strength by 4.0%, 8.5%, 10.3%, and 12.9%,
respectively. The results of compressive strength clearly revealed that although fine and
coarse RAs imparted a negative effect on the concrete strength, in the presence of fine RBAs
in the mix, the drop in compressive strength of RAC, compared to the control mix, was
lower than that of other RAC mixes. This may be attributed to the cementing ability of fine
RBAs, as highlighted by the previous research studies. On the contrary, the detrimental
effect on the concrete strength was higher with coarse RBAs compared to coarse RCAs.
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Figure 8. Compressive strength results (Minimum compressive strength requirement of structural
concrete is 17 MPa [46]).

4.3. Bond Strength

The impact of different RAs on the bond performance of steel rebar embedded in
RAC was evaluated by pullout tests. The average bond strength was determined using
the following equation, where F is the maximum experimental force obtained in pull out
tests, dj, is the diameter of the embedded steel bar, and }, is the bonded length (i.e., taken as

equal to 5 dj, in this study):

S @)

ﬂdblb
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The data obtained from pull-out tests for each concrete mix were analyzed in terms of
bond stress—slip response, as presented in Figures 9 and 10 (average of two samples with
a maximum variation of 9% in values). Since the compressive strength of concrete mix
significantly affects the maximum bond strength, the peak bond strength exhibited by each
concrete mix was normalized by its compressive strength, as indicated in Equation (3):

T, = Tmax ®)

Vi

where T, is the normalized bond strength, T4y is the maximum bond stress, and f/ is the
compressive strength of the concrete. The maximum and normalized bond strength values
of all concrete mixes are presented in Figures 11 and 12, respectively.
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Figure 9. Bond stress—slip response (mixes containing fine RBAs).
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Figure 10. Bond stress—slip response (mixes containing fine RCAs).

The bond stress vs. slip response of concrete mixes containing 100% fine RBAs is
presented in Figure 9, along with the same response of the control concrete mix. Among
these mixes, the lowest response was exhibited by the mix containing 100% coarse RBAs
(i.e., F(RBA) + C(RBA)). However, an improvement in the overall response was observed
when coarse RBAs were partially or fully replaced with coarse NAs. It was noticed that the
post-peak bond behavior of concrete mix containing 100% fine RBAs and 100% coarse NAs
was even better than the control concrete mix (i.e., F(INA) + C(NA)). Due to the presence
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of weak RBAs, the bearing strength of RAC in contact with the ribs of a deformed steel
bar is significantly reduced, causing early development and quick propagation of splitting
cracks in the relatively weak concrete matrix surrounding the steel bar. Consequently,
a detrimental effect on bond strength and a sharp degradation of the post-beak—peak bond
stress—slip response in RAC were observed. However, the replacement of weak coarse
RBAs with relatively stronger coarse NAs in the concrete mix gradually improved its
overall bond stress—slip response. The results presented in Figure 9 revealed that the
replacement of 100% coarse RBAs with RCAs improved the overall response of concrete
when compared to a concrete mix containing 100% coarse RBAs. The positive impact of
coarse RCAs on the residual bond strength at a larger slip value was obvious from the
results of this study. The slip of deformed steel rebar corresponding to peak bond strength
was almost similar for all concrete mixes except for the mix containing 100% fine and coarse
RBAs [F(RBA) + C(RBA)], where it was significantly less.
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Figure 11. Maximum bond strength.
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Figure 12. Normalized bond strength.

The bond stress—slip response of concrete mixes containing 100% fine RCAs is pre-
sented in Figure 10 along with the response of the control concrete mix. The peak bond
strength exhibited by all RAC mixes was less than the bond strength of the control mix;
however, the slip value at peak bond strength for RAC mixes containing fine and coarse
RCAs was higher than that of the control mix. The results clearly indicated that the re-
placement of coarse RCAs with coarse NAs improved the overall bond performance of
steel rebar in concrete. At slip greater than 2 mm, the residual bond strength of RAC mixes
containing 100% coarse RCAs or coarse RCAs and NAs was observed to be higher than
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the control mix. This may be attributed to the fact that the crushing of waste concrete to
produce RAs generally results in particles with higher angularity. This property of RCAs
plays a positive role in enhancing frictional resistance between steel bars and concrete at
larger slip values, resulting in improved residual bond strength.

The maximum bond strength exhibited by each concrete mix presented in Table 2 is
presented in Figure 11, where it is noticed that the bond strength attained by the control
mix was higher compared to RAC mixes containing RBAs or RCAs. By replacing fine NAs
with fine RBAs in the control mix, the bond strength dropped by 7%, while the reduction
in bond strength was 6% when fine NAs were replaced with fine RCAs. Concrete mix
containing 100% fine and coarse RBAs exhibited bond strength 40% less than the control
mix; however, in the same mix, replacement of 100% coarse RBAs with 100% RCAs and
NAs enhanced the bond strength by 15% and 54%, respectively. Similarly, the RAC mix
containing 100% fine RCAs and 100% coarse RBAs exhibited a bond strength 31% less than
the control mix; however, in the same mix, the replacement of 100% coarse RBAs with 100%
RCAs and NAs enhanced the bond strength by 7% and 38%, respectively. Compared to
RAC mix containing 100% fine and coarse RBAs (i.e., F(RBA) + C(RBA)), the replacement
of coarse RBAs with 25%, 50%, and 75% coarse NAs improved the bond strength by 19%,
34%, and 45%, respectively. Similarly, compared to the RAC mix containing 100% fine and
coarse RCAs (i.e., FRCA)+C(RCA)), the replacement of coarse RCAs with 25%, 50%, and
75% coarse NAs enhanced the bond strength by 2%, 14%, and 23%, respectively.

Prediction of Bond Strength

To predict bond strength between concrete and steel rebars, existing models proposed
by past researchers for NAC, described below, have been employed in this study. Similarly,
the model proposed by Hoque et al. [45] for brick aggregate concrete has also been used.

Hoque et al. [45] studied bond behavior between brick aggregate concrete (BAC) and
reinforcing rebars. For this purpose, they tested cylindrical as well as cubic specimens
having design strengths of 20, 25, and 30 MPa. The several varying test parameters were
also studied to assess their influence on the bond strength, which included bond length,
bar diameter, concrete confinement, concrete compressive strength, and specimen shape.
Finally, they proposed Equation (4) based on experimental results for the estimation of
bond strength between BAC and rebar. In Equation (5), f/ = concrete compressive strength,
¢ = concrete cover, and dj, = diameter of the embedded bar.

c 0.42
T= 0.525\/75(@) 4)

ACI 318-19:
To predict bond strength between natural stone aggregate concrete and rebar, the ACI
318-19 [46] proposed the following equation:

A
L Avfy
ﬂdbld

(5)

where Aj, = area of the rebar, f, = yield strength of steel, d, = diameter of rebar, and
l4 = development length of the specified bar that can be calculated using the following equation:

_ | fydripeA
lg = (2'1\/ﬁ>db (6)

The details of all parameters used in this equation may be found in reference [46].
In this study, steel bars of diameter 12.7 mm were used. The yield strength of the rebar
was 415 MPa, and ¢t and e were assumed to be one based on the specified conditions of
the experiment.
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Australian standard AS 3600:

According to Australian standard AS 3600 [69], following Equation (7) can be em-
ployed to calculate the bond strength between the natural stone aggregate concrete and the
rebar, where f! = concrete compressive strength, ¢ = concrete cover, and d;, = diameter of
the rebar.

T =0.265\/f7 (;b + 0.5) @)

CEB-FIP model:

According to the CEB-FIP model [70], bond strength depends upon the type of failure
and bond condition, as given in Table 3. The equations proposed by the CEB-FIP model
for the measuring bond strength of reinforcing bars embedded in natural stone aggregate
concrete are also proven in this table. For all samples tested in this study, pull-out failure
mode was observed as a dominant failure type, and a good condition of the bond was
assumed to calculate bond strength, and accordingly, model (e) was used to calculate
bond strength.

Table 3. The CEB-FIP empirical models for bond strength.

Failure Type Bond Condition Bond Strength (MPa) Equation No.
Good Unconfined 7.0 (J%( )0:25 (8)
Splitting Failure Conﬁr}ed 8.0 (45)05 )
Other Unconfined 5.0 (f£)025 (10)
Confined 5.5 (L0 (11)
; . Good 2.5 \/fck (12)
Pull-out failure Other 1251 1

A comparison of experimentally obtained bond strength and predicted bond strength
using existing models is presented in Figure 13. This comparison revealed that the bond
strength predictions of the Hoque et al. [45] model are in good agreement with the experi-
mental data on the bond strength of RAC mixes containing 100% fine RBAs and varying
percentages of coarse RBAs in place of coarse NAs (Figure 13a) and are in fair agreement
with the experimental bond strength of RAC mixes containing 100% fine RCAs and vary-
ing percentages of coarse RCAs in place of coarse NAs (Figure 13b). However, the bond
strength determined using the model proposed by ACI 318-19 was almost half of the
experimental values of RAC mixes. On the contrary, compared to experimental results, the
AS 3600 and CEB-FIP models overestimated the bond strength for RAC mixes containing
RBAs or RCAs, as shown in Figure 13.
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= As-3600 (2009)
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Figure 13. Cont.
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(b) 100% Fine Aggregates = RCA
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Figure 13. Comparison of experimental and predicted bond strength: (a) Coarse RBA replacement
percentage, (b) Coarse RCA replacement percentage.

4.4. Flexural Test Results
4.4.1. Load-Deflection Response

Load—deflection behavior curves in the bending of RC beams constructed using RAC
mixes given in Table 1 are presented in Figure 14. For comparison, the same behavior of the
RC beam made using the NAC (control beam) has also been presented in the same graph.
In general, the overall trend in load-deflection response of RC beams made using RAC
and NAC was almost the same. For the RC beam containing 100% fine RBAs and coarse
RBAs (partially or fully), the load carrying capacity was on the lower side compared to
the control beam; however, at each deflection value, it was improved by replacing coarse
RBAs with coarse NAs or RCAs (Figure 14a,c). It is obvious from the results that the load
vs. deflection behavior of RC beams with RCAs was better than the ones containing RBAs.
The results presented in Figure 14d revealed that RC beams containing 100% fine RCAs
and coarse RCAs at varying contents exhibited a response similar to the control beam.

4.4.2. Cracking and Yielding Moments

The bending moment capacity of all RC beams corresponding to experimental loads
at first cracking (i.e., cracking moment) and yielding of steel bars (i.e., yielding mo-
ment) were determined and then compared with theoretical values of cracking and yield-
ing bending moments computed as per the guidelines of ACI-318 [46] by employing
Equations (14) and (15). In these equations, M., = cracking moment, f, = modulus of rup-
ture calculated as 0.62/f{, I, = gross moment of inertia, y; = distance from the centroid
to the extreme fiber in tension fiber, M, = yield moment capacity, As = area of bottom
longitudinal reinforcement, f, = yielding stress of steel, d = distance from the extreme
compression fiber to the center of bottom steel bar, and a = depth of rectangular stress block
from the top.

cr = (14)

yzel - Sfy( *) (15)

The comparison of theoretical and experimental values of cracking and yielding
moment capacity of RC beams prepared with concrete mixes presented in Table 1 is
graphically presented in Figures 15 and 16, respectively. For all beams, the experimental
value of the cracking moment was higher than the theoretical value. RC beams prepared
using mixes containing 100% fine RAs (RBAs or RCAs) and 100% coarse NAs exhibited a
cracking moment similar to that of the control RC beam. Since the theoretical prediction
of Mcr mainly depends upon the modulus of rupture of the concrete matrix (calculated
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as 0.62,/f!), the variation in Mcr due to aggregate type and its content followed a trend
similar to compressive strength.
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Figure 14. Load vs. deflection responses of RC beams: (a) Fine aggregates (RBA), (b) Fine aggregates
(RCA), (c) Fine aggregates (RBA) and coarse aggregates (RBA and NA), (d) Fine aggregates (RCA)
and coarse aggregates (RCA and NA).
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Variation in the strain in tension steel of RC beams measured using strain gages pasted
at their midspan is shown in Figure 17. The trend of strain development or evolution in
tension steel bars was found to depend on the type of fine and coarse aggregates used in the
concrete mixes. Since in the case of reinforced concrete, the composite action between steel
bars and concrete directly influences the transfer of stress to the steel bars and ultimately
strain level, the pattern of changes in the tension steel strain was similar to the one observed
for bond stress development with respect to the type and content of aggregates in concrete.
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Moreover, the deflections at cracking (dcr) and yielding (dyield) were also measured,
and the corresponding stiffness of the beams, kcr and kyield, respectively, were also
calculated using Equation (16), where k is the stiffness of the beam at cracking or yielding,
F is the load for cracking or yielding, and ¢ is the corresponding deflection at cracking
and yielding points. The cracking and yielding stiffness were defined, as illustrated in
Figure 18.

k:

F
3 (16)

Yielding Point

Load

\ 15t Crack Appears (MOR)

cr

ik

v

Displacement
Figure 18. Definitions of cracking and yield stiffness.

Figure 19 illustrates the stiffness of the concrete with different replacement levels of
coarse RAs (RBAs or RCAs) by NAs. The increase in the cracking stiffness of concrete
prepared with the replacement of coarse NAs by 25% of RBAs was observed. However,
with the increase in the content of coarse RBAs, a further decrease in cracking stiffness
was observed. While, with the replacement of 100% coarse NAs with coarse RCAs, similar
cracking stiffness was obtained for the specimens prepared with 100% NAs (control).
However, at the yielding of the steel, similar stiffness was obtained for both types of coarse
RAs, and the results obtained were close to those of the control specimens.

m Stage-1 (Cracking) ~ m Stage-2 (Yielding)

Stiffness, kN/mm
N E=S [e>]
]
]
]

Figure 19. Stiffness before and after concrete cracking.
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4.4.3. Cracking Patterns of RC Beams

The cracking pattern of each RC beam tested in this study is shown in Figure 20, while
the crack spacing in each beam is shown in Figure 21. It was observed that cracks in the
beams containing fine RBAs and either of the coarse aggregates exhibit more damage as
compared to the other specimens, with the applied load approaching the yielding point.
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Figure 21. Crack spacing in all tested beams (in mm).
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As a minimum area of reinforcement was provided in the beam, making them tension-
controlled sections, initially, the flexural cracks originated from the center of the beam, and
with the increase in load, cracks propagated towards the compression face. As the load
was further increased, a few inclined flexure-shear cracks were formed, but no obvious
cracks appeared in the vicinity of the shear zone. Finally, the flexural crack in the central
region of the span expanded, and the beams failed because of the crushing of concrete in
the compression zone. It was also observed that in the presence of recycled fine and coarse
aggregates, the propagation of the cracks was quick as compared to the one that appeared
in the specimens containing coarse NAs. Additionally, it was observed that the opening of
the cracks in beams with recycled aggregates was higher compared to the control specimen
because of their lower tensile strength and bond stress, as evaluated in the current research
study, which was found to be consistent with the findings of past research [71,72].

5. Conclusions

The current research deals with the experimental evaluation of the bond and flexure
behavior of reinforced recycled aggregate concrete prepared using RBAs and RCAs. The
following conclusions can be drawn from the findings of this study:

(1) The reduction in both compressive and bond strengths was observed with the increase
in the content of coarse RAs in the mix composition. However, with a 50% replacement
of NAs by RAs, the decrease in properties was insignificant. This highlights the
potential of incorporating recycled materials into concrete mixes as a viable option for
achieving satisfactory strength levels.

(2) Among all tested specimens, the experimentally measured bond strengths exceeded
the design values predicted using the empirical model proposed by ACI 318, indicat-
ing favorable bonding performance. Notably, while comparing specimens containing
coarse RCAs to those prepared with coarse RBAs with the addition of any fine aggre-
gate (RCA or RBA), a slightly higher bond strength was observed in the former.

(3) The cracking and yielding stiffness of the beams show improvement for the specimens
prepared with a higher content of coarse NAs. These findings highlight the influence
of NAs on the stiffness characteristics of the beams, indicating that increasing the
quantity of NAs can enhance the structural performance and load-bearing capacity
of the concrete elements. However, the specimen containing 50% recycled coarse
aggregates also showed comparable performance to the controlled specimen.

(4) Inthe case of beams containing recycled coarse aggregates, an expanded pattern with a
greater number of cracks was observed. On the other hand, beams with natural coarse
aggregate and controlled specimens exhibited a squeezed pattern with fewer cracks.
This disparity in crack patterns suggests that the use of recycled coarse aggregates
can lead to increased cracking and a more dispersed distribution of cracks compared
to beams with natural coarse aggregate. However, with the partial replacement of
NAs by RAs, less damage was observed for the specimens in the presence of a higher
content of NAs.

This study finally concludes that the flexural response of RC beams containing 100%
fine recycled brick aggregates or fine recycled concrete aggregate is similar to the control
RC beam; however, it is inferior to the control RC beam when natural coarse aggregates
are fully replaced with coarse recycled brick aggregates. To maximize the use of coarse
recycled aggregates in RC beams without compromising the strength, a hybrid form of
recycled concrete and brick aggregates (75:25) has been found to be a good option.

This study mainly focused on the behavior of RC beams made using concrete contain-
ing RCAs and RBAs. The authors recommend carrying out future research studies on the
behavior of RC columns constructed using similar concrete mixes. Further, experimental
investigation to study the impact of suitable treatment methods on the properties of RBAs
for their structural applications is also recommended to be carried out in future research.
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