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ABSTRACT

ARTICLE INFO

The growing concern over the significant ecological changes requires sustainable de-
velopments in all fields. Concrete production is one of the largest consumers of nat-
ural resources as it consumes a huge volume of natural fine and coarse aggregates,
which constitute 70% - 80% of the concrete volume. It is evident that such large
amount of concrete production in the growing construction industry puts significant
impact on the use of natural resources and the environment. Hence, investigating the
use of recycled materials to replace the finite natural resources became evident and
is the focus of researchers. In this research, the use of waste crushed bricks (CB), and
crushed recycled concrete (CRC) as a partial replacement of fine and coarse aggre-
gates in concrete was studied. The replacement ratios of 10%, 50%, and 100% by
weight of either fine or coarse aggregates were used. Eight concrete mixes with 168
specimens were tested for compressive, splitting tensile as well as, flexural strength.
All tests were carried out atages of 7, 28 and 56 days. The results indicated that there
is a feasibility of using bricks and concrete wastes in concrete mix as a partial re-
placement of course and fine aggregates. It is deduced that a 50% replacement ratio
of coarse aggregate with crushed concrete resulted in a 30%, 25%, and 23% increase
in compressive, tensile, and flexural strengths, respectively. While 50% replacement
ratio of fine aggregate with crushed bricks resulted in a 23%, 28%, and 19% increase
in compressive, tensile, and flexural strengths, respectively. The most effective mix
was at 50% replacement ratio of coarse aggregate with crushed concrete in combi-
nation with 50% replacement ratio of fine aggregate with crushed bricks. The results
of this mix showed 32%, 28%, 26% increase in compressive, tensile, and flexural
strengths, respectively.

Article history:

Received 11 June 2022
Revised 1 November 2022
Accepted 3 March 2023

Keywords:

Concrete

Aggregate
Sustainability

Waste material
Compressive strength
Tensile strength
Flexural strength

1. Introduction

Concrete is a composite material composed of aggre-
gates, chemically bound together by hydrated Portland
cement. These aggregates strongly influence concrete's
freshly mixed and hardened properties, mix proportions,
and economy (Sajan et al. 2022; Francesco etal. 2021).

In the last decade, amount of construction waste has
considerably increased due to the demolition of old
structures (Kirthika et al. 2022). With the growing new
construction and re-construction of buildings to im-

prove the living standard, the reserves of natural aggre-
gates depleted rapidly (Mohamed et al. 2021). Hence, so-
cial, and environmental pressures have driven the use of
recycled wastes to partially replace the natural re-
sources (Maciej et al. 2023). The application of recycled
concrete aggregate has sometimes remained limited to
low valued purposes such as road base materials due to
the unstable supply of the waste to the recycling facilities
and the fact that the recycling techniques was not satis-
factory to produce a good quality recycled waste (Dang
etal. 2020; Kazemian et al. 2019).
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With the improvement of the recycling techniques,
the use of recycled materials has become the focus of re-
searchers as a viable replacement of natural resources
(Abdulkadir et al. 2020; Zheng et al. 2018).

Many researchers concluded that recycled materials
can be used as aggregates in new concrete, which offer a
viable route to convert the waste to a valuable resource
(Yang 2018; Pan et al. 2020). Shruthi (2018) studied the
effect of using crushed brick powder as a partial replace-
ment of sand on the properties of concrete. They con-
cluded that the maximum compressive strength is ob-
tained when 40% of brick powder was replaced with fine
aggregate.

The effect of different types of recycled concrete ag-
gregates (RCAs) on the equivalent concrete strength and
drying shrinkage properties was analyzed by (Memon et
al. 2022). Their conducted test results showed that the
concrete with RCAs exhibited compressive strength,
modulus of elasticity, and flexural strength values equiv-
alent, within 2% variation, to those values of the com-
panion natural aggregate concrete.

Tiwari et al. (2016) studied replacement of recycled
coarse aggregates with natural coarse aggregates in con-
crete by ratios of 0%, 50% and 100%. They found an in-
crease of compressive strength by 27%, and 34% at
50%, and 100% replacement ratios, respectively.

According to the investigation made by Siva et al.
(2017) of replacing varying percentage of fine aggre-
gates by crushed spent fire bricks with varying percent-
age of 10%, 15%, 20% & 25% and optimum percentage
of replacements is made and strength and workability
parameters are studied. The workability of concrete gets
decreased with the addition of the crushed spent bricks,
and the maximum strength was gained at 20% replace-
ment ratio compared to conventional concrete.

On the other hand, there are several studies stated re-
duction in concrete strengths incorporating crushed
brick (CB) as a replacement of the natural fine aggregate
(NFA) or crushed recycled concrete (CRC) as a replace-
ment of natural coarse aggregate (NCA) (Cuesta et al.
2022; Tamashiro et al. 2022). Even in full scale rein-
forced concrete elements, when Mahdi et al investigated
the effect of using concrete mix with 100% recycled con-
crete aggregate, they found that ultimate flexural

strength decreased with higher deflection correspond-
ing to that of natural aggregates (Mahdi et al. 2023).
The present research focused on the use of CB and
CRC as an alternative solution for natural fine and coarse
aggregates with the aim of adding to the knowledge in
this filed which may lead to a more confidence in using
of recycled building materials. The effect of using differ-
ent percentages CB and CRC as replacement for the fine
and coarse aggregate in the concrete mix was experi-
mentally investigated and the optimum percentage of re-
placement that results in the best possible mechanical
properties of produced concrete was proposed.

2. Experimental Program

The experimental program of the present research
consisted of testing eight concrete mixes with different
percentages of replacement materials namely: 0% (con-
trol mix), 10%, 50%, and 100% for each of CB as fine ag-
gregates and CRC as coarse aggregates. Three mixes con-
taining fine aggregates substitutions, other three mixes
containing coarse aggregates substitutions. While the
last mix containing both fine and coarse aggregates sub-
stitutions by equal percentages of 50%. A total of 168
specimens were cast and tested for compressive, split-
ting tensile as well as, flexural strengths. All tests were
conducted in this study were according to American
Standard Specifications for Testing and Materials
(ASTM).

2.1. Materials

Different materials were used in the present experi-
mental program; natural fine aggregates (NFA), coarse
aggregates, cement, crushed bricks (CB), and crushed re-
cycled concrete (CRC).

2.1.1. Cement

CEM Type I normal Portland cement was used with a
specific gravity of 3.15. The cement specifications are ac-
cording to ASTM C150/2007, and presented in Tables 1
and 2.

Table 1. Chemical composition of cement (OPC-CEM I).

Chemical

. SIO: AL03
composition

Fe203 Ca0 MgO

SO3 Naz0 K20 TiO2 P20: LOI

0.pP.C 20.1% 4.9% 2.5% 65% 3.1%

2.3% 0.2% 0.4% 0.21% <0.9% 2.4%

Table 2. Physical properties of cement (OPC-CEM I).

Property Test results Specification limits
Fineness in terms of specific surface area (cm2/gm) 3120 > 2500
Initial setting time (min.) 100 > 45
Final setting time (hrs.) 5.0 <10
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2.1.2. Natural fine aggregates

Table 3. Grading of the used fine aggregates.

Natural siliceous river sand (NS) with a fineness mod- Sievesize  Grading Specification limits
ulus of 2.7, a saturated surface dry specific gravity of 2.6. (mm) o passing (ASTM C33) % passing
Itis grading is shown in Table 3 and Fig. 1. 4.75 100 95-100
2.1.3. Crushed brick (CB) as fine aggregate replacement 236 97:40 80-100

1.18 88.90 50-85

The used crushed bricks had fineness modulus of 2.5, WG S8 _—
specific gravity of 2.65 and absorption of 1.8 percent. It ' '
was prepared by crushing bricks and then controlled to 0.31 22.18 5-30
have the same grading of the corresponding natural fine Ll e Qi
aggregates (sand).
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Fig. 1. Grading of the used fine aggregates.

2.1.4. Coarse aggregates

Natural dolomite from Gabal Ataa in Suez area was
used as coarse aggregate. The dolomite has a nominal
maximum size of about 14 mm. It was washed carefully
before mixing to remove any impurities and organic
matter which may weaken its bond with the cement
paste, also it was immersed in water for about 24 hours,
then dried in the air for another 24 hours to reach the
saturated and surface dry condition. Grading of the used
dolomite is shown in Table 4 and Fig. 2.

2.1.5. Crushed recycled concrete as coarse aggregate
replacement

Crushed recycled concrete was collected from old
concrete samples in laboratory. It was controlled to max-
imum nominal size of 14 mm and prepared carefully to
be saturated surface dry condition. In addition, its grad-
ing was controlled to be as same as that of dolomite
coarse aggregates.

The physical properties tests of the four types of ag-
gregates were conducted according to ASTM standards,
and their results are shown in Table 5.

Table 4. Grading of the used coarse aggregates.

Sieve size Grading Specification limits

(mm) % passing (ASTM C33) % passing
20 100 100
14 100 90-100
10 70 40-70

4.75 5.3 0.0-15

2.36 0.0 0.0-5

2.1.6. Water

Ordinary tap water was used in the present research,
with cement /water ratio of 0.45.

2.2. Mix design and preparation

The mix design was done in accordance with ACI 211
using the absolute volume method. The W/C ratio was
kept constant at 0.45 for all mixes. Eight concrete mixes
were prepared with cement content of 400 kg/m3 in the
current research. The first mix (Mc) represents the con-
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trol mix with natural fine and coarse aggregates. The
other three mixes represent the mixes with CB as a par-
tial replacement of sand by ratios of (10, 50, and 100) %.
The followed three mixes represents the mixes with CRC
replacing the dolomite coarse aggregates by different
percentages of 10, 50, and 100%. Based on the compres-
sive strength results of the previous mixes, the last mix

was designed to indicate the best possible replacing ra-
tios of CB and CRC in concrete mixes. It represents the
mix which contain both replacing materials: 50% of sand
aggregate was replaced with CB, and 50% of dolomite
coarse aggregate was replaced with CRC. Table 6 shows
the details of the mix for each of the eight mixes.
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Fig. 2. Grading of the used coarse aggregates.
Table 5. Physical properties of aggregates.
. Volume weight (t/m3) Specific gravity . 0 o . .
Properties ASTM C29 ASTM C172 Void Ratio % % Absorption Fineness modulus
NS 1.73 2.6 33.46 2.00 2.7
Fine aggregate
CB 1.50 2.5 40.00 5.60 2.5
CD 1.60 2.7 40.60 1.80 6.2
Coarse aggregate
CRC 1.90 2.7 23.00 0.95 5.5
Table 6. Composition of the concrete mixes (m3).
Mix NS CD CB CRC Cement W
designation (kg/m?3) (kg/m?3) (kg/m?3) (kg/m?3) (kg/m3)
Mc 624 1248 0 0 400 0.45
M (10%B) 561.5 1248 62.5 0 400 0.45
M (s0%B) 312 1248 312 0 400 0.45
M100% B) 0 1248 624 0 400 0.45
M (10% R 624 1123 0 125 400 0.45
M (50% R 624 624 0 624 400 0.45
M (100% R) 624 0 0 1248 400 0.45
M (50% B+50%R) 312 624 312 624 400 0.45
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2.3. Test specimens

Cubes of dimensions 100 mm were used to determine
the compressive strength, cylinders of dimensions 150x
300 mm were used to determine indirect tensile
strength (splitting test), and beams of dimensions
100x100x500 mm were used to determine the flexural
strength. The concrete mechanical properties were de-
termined at 7, 28, and 56 days after cast of the test spec-
imens. Fig. 3 shows the test specimen during casting.

The specimens were de-molded 24 hours after the
casting, and then were cured in water for 7, 28 and 56

days till the time of testing. Three samples were cast for
every single test parameter and the average of obtained
test results has been recorded. A total of 168 test speci-
mens were tested in the present research.

3. Results and Discussion
Table 7 shows the obtained results for compressive

strength, tensile strength, and flexural strength for all
mixes.

Fig. 3. Shapes of test molds: cubes, cylinders, and beams.

Table 7. Test results.

Mix Compressive strength

Tensile strength

Flexural strength

Designation (MPa) % Change (MPa) % Change (MPa) Aot
(Mo) 33 0 3.5 0 6.0 0
M (0% B) 38 15.0 4.0 14.5 6.2 3.4
M s0%B) 41 24.0 4.5 285 7.0 16.7
M100% B) 34 3.0 4.2 20.0 6.8 13.4
M 0% r) 37 13.0 4.0 14.3 6.3 5.0
M 0% r) 43 30.0 4.5 28.7 7.5 25.0
M (100% Ry 34 3.0 4.3 23.0 7.0 16.7
M (50% B+50%R) 44 33.4 4.7 34.5 7.8 30.0

3.1. Compressive strength of concrete mixes

The compressive strength results in Table 7 are plot-
ted in Fig. 4, which show that there was an increase in
the compressive strength of the specimens when
crushed bricks were used to replace the fine aggregates
at all percentages below 100% replacement. Moreover,
the maximum increase in strength was 23% correspond-
ing to 50% replacement ratio.

When the fine aggregates were totally replaced by
crushed bricks (100% replacement), the results showed
a slight change in the compressive strength. The increas-
ing in strength is in agreement with the results of previ-
ous researches reported in the literature. According to
the research of Rashid et al. (2020) and Azunna et al.
(2021), the increasing of compressive strength could be
referred to the pozzolanic reactivity of the bricks; the

Ca(OH):z crystals in concrete were consumed to generate
calcium silicate hydrate (CSH), resulting in enhancing
adhesion between the crushed bricks as a fine aggre-
gates and the cement paste.

It can be seen from Table 7 and Fig. 5 that concrete
mixes containing different percentages of recycled
crushed concrete as a partial replacement of natural
coarse aggregates content shows a similar trend but with
higher values compared to those of crushed bricks. It is
observed that when coarse aggregates were replaced by
50% with crushed concrete, the compressive strength at
7,28 and 56 days were 30, 43, and 44 MPa, respectively,
which represent the highest values of compressive
strength. These results could be due to the well prepara-
tion of crushed recycled coarse aggregates (CRA); opti-
mal gradation of RCA, shape and texture of RCA, and the
quality of RCA that greatly influence the properties of
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produced concrete. The valuable matter is that the com-
bination of the two types of substitutions maintained the

positive effect of them on the compressive strength (M
50% B,R).

m0%

®10%

After 7 days

After 28 days

m50%
H100%

After 56 days

Fig. 4. Results of the compression test for the CB specimens.
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Fig. 5. Results of the compression test for the CRC specimens.

It is also observed that the superior results related to
the strength gain were those of Mo% BR), the mix that
incorporating the both types of aggregates alternatives.

It is worthy to study the effect of incorporating CB,
and CRC as partial substitutions of fine or coarse aggre-
gates in concrete mixes on compressive strength gain.
Therefore, Fig. 6 is plotted to indicate the values of com-
pressive strengths results through 7, 28, 56 days ages of
concrete samples. It was found that the rate of compres-
sive strength increased from 7 days until 28 days for all
concrete mixes by almost 40%. In addition, the progres-
sion of strength continued after 28 days age but with a
little increase as the usual of traditional concrete
strength gain, meanwhile that CB and CRC maintained
the rate of strength gain of concrete even after the stand-
ard age (28 days).

3.2. Splitting tensile strength of concrete mixes

The results of splitting tensile strength for all mixes are
plotted in Fig. 7. It was observed that when fine aggre-
gate is replaced by 50% crushed bricks, the tensile split-
ting strength at 28 days age was found to be the greatest
value to record 28% increase compared to control mix.
For the mixes where coarse aggregate is replaced with a
percentage of crushed concrete, the increase in splitting
tensile strength was 25% at 50% replacement ratio.

Fig. 8 shows a comparison for the average values of
flexural strength of specimens with different percent-
ages of brick-fine aggregate replacements, and CRC -
coarse aggregate replacements. Flexure test results for
the various concrete specimens are nearly showing sim-
ilar trends as shown by the splitting tensile strength and
compressive strength test results.
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u After 7 days

u After 28 days

= After 56 days

Compressive Strength (MPa)

M control M10%B M50%B M100%B M10%R M50%R M100% R M 50% B,R

Fig. 6. Effect of the various percentages of CB & CRC on the compressive strength gain.

u After 7 days

u After 28 days

= After 56 days

Splitting Strength (MPa)

M control M10%B M50%B M100%B M10% R M50%R M 100% RM 50% B,R

Fig. 7. Effect of the various percentages of CB & CRC on the splitting tensile strength gain.
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Fig. 8. Flexural strength of concrete mixes after 28 days.

4. Conclusions

Recycled materials were used to preserve the natural
materials to produce sustainable concrete. Crushed
brick was used to replace the natural fine aggregate and
crushed recycled concrete was used to replace the natu-
ral coarse aggregate. Different percentages of the replac-
ing materials were considered, namely: 0%, 10%, 50%,

and 100%. The effect of the different percentages on the

mechanical properties of the produced sustainable con-

crete was experimentally investigated. Based on the re-

sults of the current research the following conclusions

could be drawn:

e Wastes such as bricks and concrete can be used as a
partial replacement of fine and coarse aggregates in
concrete as there was an overall improvement in com-
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pressive, tensile and flexural strengths in the mixture
with these wastes.

e There is an optimum percentage of replacement that
gives the highest effect when substituting fine aggre-
gate with crushed bricks which was found to be 50 %
in concrete.

e There is an optimum percentage of replacement that
gives the highest effect when substituting coarse ag-
gregate with crushed concrete which was found to be
50 % in concrete.

o At the suggested optimal ratio 50% of fine aggregate
with crushed bricks, an increase of 23%, 28%, and
19% was obtained in the compressive, tensile, and
flexural strengths, respectively relative to the control
specimen.

o At the suggested optimal ratio 50% of coarse aggre-
gate with crushed recycled concrete an increase of
30%, 25%, and 23% was achieved in the compressive,
tensile, and flexural strengths, respectively relative to
the control specimen.

e The most effective mix was at 50% replacement ratio
of coarse aggregate with crushed recycled concrete in
combination with 50% replacement ratio of fine ag-
gregate with crushed bricks. The results of this mix
showed 32%, 28%, 26% increase in compressive, ten-
sile, and flexural strengths, respectively.

Acknowledgements

None declared.

Funding

The authors received no financial support for the re-
search, authorship, and/or publication of this manu-
script.

Conflict of Interest
The authors declared no potential conflicts of interest

with respect to the research, authorship, and/or publica-
tion of this manuscript.

REFERENCES

Abdulkadir M, Aziz P (2020). Mechanical properties of normal strength
concrete containing different types of waste material as coarse ag-
gregate replacement. Sulaimani Journal for Engineering Sciences,
7(3),179-193.

Azunna SU, Ogar JO (2021). Characteristic properties of concrete with
recycled burnt bricks as coarse aggregates replacement. Journal of
Computational Engineering and Physical Modeling, 4(1), 56-72.

Cuesta V, Lopez V, Flora F, Espinosa B (2022). Hammer rebound index
as an overall-mechanical-quality indicator of self-compacting con-
crete containing recycled concrete aggregate. Construction and
Building Materials, 347(12), 128549.

Dang ], Zhao ], Dai S, Zhao S (2020). Durability and microstructural
properties of concrete with recycled brick as fine aggregates. Con-
struction and Building Materials, 262, 120032.

Francesco C, Raffaele C, Ilenia F (2021). Handbook of Sustainable Con-
crete and Industrial Waste Management: Recycled and Artificial Ag-
gregate, Innovative Eco- friendly Binders, and Life Cycle Assess-
ment. Woodhead Publishing, Elsevier.

Kazemian F, Rooholamini H, Hassani A (2019). Mechanical and frac-
ture properties of concrete containing treated and untreated recy-
cled concrete aggregates. Construction and Building Materials, 209,
690-700.

Kirthika SK, Singh SK, Chourasia A (2020). Alternative fine aggregates
in production of sustainable concrete- A review. Journal of Cleaner
Production, 268,122089.

Maciej Z, Jan S, Lukasz G, Jan D (2023). Supplementary cementitious
materials based on recycled concrete paste. Journal of Cleaner Pro-
duction, 387,135743.

Mahdi A, Adam S, Jeffery S, Kamal H (2023). An experimental study on
flexural strength of reinforced concrete beams with 100% recycled
concrete aggregate. Engineering Structures, 88, 154-162.

Memon S, Bekzhanova Z, Aray M (2022). A review of improvement of
interfacial transition zone and adherent mortar in recycled con-
crete aggregate. Buildings, 12(10), 1600.

Mohamed A, Abdullah M, Bassam A, Ibrahim S (2021). Effects of nano
cotton stalk and palm leaf ashes on ultrahigh-performance concrete
properties incorporating recycled concrete aggregates. Construc-
tion and Building Materials, 302, 124196.

Pan G, Mi R, Liew KM, Kuang T (2020). Utilizing recycled aggregate con-
crete in sustainable construction for a required compressive
strength ratio. Journal of Cleaner Production, 276, 124249.

Rashid K, Rehman MU], de Brito ], Ghafoor H (2020). Multi-criteria op-
timization of recycled aggregate concrete mixes. Journal of Cleaner
Production, 276,124316

Sajan K, Rishav A, Bharat M, Dipendra G (2022). Mechanical character-
ization of recycled concrete under various aggregate replacement
scenarios. Cleaner Engineering and Technology, 7, 100428.

Shruthi HG (2018). A survey on partial replacement of sand with
crushed brick powder in concrete. International Journal of Ad-
vanced Research in Engineering & Management, 7(6), 7026-7030.

Siva A, Thamilselvi P, Nisha A, Ashvini B (2017). Experimental investi-
gation on partial replacement of fine aggregate using crushed spent
fire bricks. American Journal of Engineering Research, 6(2), 1-4.

Tamashiro JR, Kinoshita A, Henrique L, Guedes F (2022). Compressive
resistance of concrete produced with recycled concrete aggregate
and sugarcane vinas waste-water. Cleaner Engineering and Tech-
nology, 6,100362.

Tiwari PK, Nateriya R (2016). Replacement of recycled coarse aggre-
gates with natural coarse aggregates in concrete. International
Journal of Scientific Engineering and Applied Science, 2(7), 174-183.

Yang S (2018). Effect of different types of recycled concrete aggregates
on equivalent concrete strength and drying shrinkage properties.
Applied Sciences, 8(11), 2190.

Zheng C, Lou C, Du G, Li X, Liu Z (2018). Mechanical properties of recy-
cled concrete with demolished waste concrete aggregate and clay
brick aggregate. Results in Physics, 9, 1317-1322.


https://www.sciencedirect.com/journal/construction-and-building-materials/vol/347/suppl/C
https://www.sciencedirect.com/journal/construction-and-building-materials
https://www.sciencedirect.com/journal/journal-of-cleaner-production
https://www.sciencedirect.com/journal/journal-of-cleaner-production
https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/387/suppl/C
https://www.sciencedirect.com/journal/engineering-structures
https://www.sciencedirect.com/journal/engineering-structures/vol/88/suppl/C
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://www.researchgate.net/journal/Applied-Sciences-2076-3417

