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Abstract

The reuse of waste materials in civil engineering projects has become the topic for many researchers due to their eco-
nomic and environmental benefits. In this study, brick dust waste (BDW) derived from cutting of masonry bricks and
demolition waste which are normally dumped as land fill is used as partial replacement of cement in a concrete mix at
10%, 20% and 30% respectively, with the aim of achieving high strength in concrete using less cement due to the envi-
ronmental problems associated with the cement production. To ascertain the effects of BDW on the consistency and
mechanical performance of concrete mix, laboratory investigations on the workability of fresh concrete and the strength
of hardened concrete were carried out. Slump and compaction index test were carried out on fresh concrete mix and
unconfined compressive strength (UCS) test and tensile strength test were conducted on hardened concrete specimen
after 7, 14 and 28 days of curing. The results showed high UCS and tensile strength with the addition of 10% BDW to the
concrete mix, hence achieving the set target in accordance with the relevant British standards. A gradual reduction in
strength was observed as BDW content increases, however, recording good workability as slump and compaction index
results fell within the set target range in accordance with relevant British standards. Findings from this study concluded
that BDW can partially replace cement in a concrete mix to up to 30% igniting the path to a cleaner production of novel
concrete using BDW in construction work.

Keywords Brick dust waste - Partial cement replacement - Construction demolition waste - Unconfined compressive
strength - Tensile splitting strength - Workability - Green concrete

1 Introduction

Recent growth in the world’s population has triggered
an increase in the demand for concrete products for
the construction of more building for use as homes and
other infrastructure. This has led to the consumption of
billions of tons of our natural resources such as clinker,
water and aggregates by construction industries to pro-
duce cement; therefore, increasing the problems associ-
ated with cement production such as high greenhouse
gas (GHG) emission and environmental pollution [1].

Cement consumption in 2014 in developed economies
increased by about 9.2 million metric tons followed by 9
million metric tonsin 2015 and is expected to grow from
2.3% in 2019 and 1.7% in 2020 [2]. The world cement
vision predicted a rise in GHG emission in 2020 due
to a rise in demand for cement worldwide [3]. Accord-
ing to [4] approximately one ton of CO, is produced in
preparation of one ton of cement. The negative impact
of cement production has raised concerns to push
towards a more sustainable practice of using recycled
waste materials. By-products pozzolanic materials such
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as marble dust has been used in concrete production [5].
Quarry dust, fly ash and billet scale are successfully used
in a study as cement replacement in a concrete mix [6].
Cementitious materials such as fly ash, rice hush ground
granulated blast furnace slag, and bagasse ash can be
used in concrete mix due to their pozzolanic properties
[7]. Clay bricks ground to cement fineness was partially
replaced with cement at 0% 10%, 20% and 30% in stand-
ard mortar [8].

About 14% of construction and demolition waste
is made up of bricks and reasonable results have been
achieved when Brick dust waste (BDW) was used as a sub-
stitute for cement at 5%, 10% and 15% [9].

Brick dust waste is a pozzolanic material when mixed
with cement produces calcium silicate hydrate gel (C-S-H)
which determines the strength of concrete. Any materials
with a siliceous and aluminous content that reacts with
calcium hydroxide when in contact with water to form
cementitious hydration product are referred to as Poz-
zolans [10]. Ancient structures in Rome and Egypt used
pozzolans as part of the cement used in their construc-
tion [11]. Excessive dumping of construction and demoli-
tion waste as landfill has influenced current research to
consider the use of construction and demolition waste as
partial replacement for cement due to the negative envi-
ronmental impact associated with landfill. Using waste
materials in the construction sector will reduce the over-
all cost of construction and the negative environmental
effects associated with cement production leading to a
more sustainable construction industry. Bricks are manu-
factured by the calcination of alumina-silicate clay and
ground to suitable fineness to possess pozzolanic proper-
ties and made brittle by subjecting it to a high tempera-
ture of about 1000 to 1100 °C and the creation of a lig-
uid glassy phase when cooling indicate high pozzolanic
properties [8]. Although kaolinite loses its structural water
around 600 °C to form metakaolin, this new material is
used as pozzolan in finely divided form in cement-based
system [12]. In this study, detailed investigation into the
consistency and mechanical properties of concrete made
from partially replaced cement with brick dust waste at
varying proportions is presented, and it highlights the
tests conducted along with the appropriate standards
adopted. The study will outline the experimental methods
used, describing the samples preparation, design mix and
various tests conducted on fresh and hardened concrete.
Results and discussion section will focus on presenting
and discussing the results obtained from the various tests
conducted, which subsequently provides the key findings
given in the conclusions and recommendations for future
work.
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2 Scope of the study

This study will contribute to the understanding of partially
replacing cement with BDW focusing on the workability
of fresh concrete and the strength of hardened concrete.
Slump and compaction index test were carried out on wet
concrete and unconfined compressive test and tensile
splitting test were conducted on hardened concrete. The
study focuses on the replacement of cement with brick
dust waste and its effect on strength and workability. CEM
Il cement was used and a strength class of RC 35/45 was
adopted. A target Class S3 was set for the slump test as
recommended by BS EN 206:2013 + A1:2016(E) which sug-
gest a slump range of 100 to 150 mm. A target Class C3
was set for compaction index test as recommended by BS
EN 206:2013 +A1:2016(E) which suggest a degree of com-
patibility range of 1.10 to 1.04 in accordance with BS 8500-
2-2015+A1:2016. Unconfined compressive strength test
was conducted in line with BS EN 12390-3:2019 and ASTM
C109/C109M-20b after the samples were cured in water for
7, 14 and 28 days. A tensile splitting test was conducted
after 28 days of curing the samples in water in accordance
with BS EN 12390-6-2009 and ASTM C496/C496M-17.The
results from the tests will be compared with the target val-
ues provided by British Standards (BS) and the American
Society for Testing and Materials (ASTM).

3 Materials and method

The materials used in this study include brick dust waste,
Portland cement, limestone aggregate (coarse) 10 mm
(10/4) and 20 mm (20/10) grade, natural sea-dredged
sand (fine aggregate). Brick dust used in the study is a
waste from cutting of fired bricks supplied by Brick Fab-
rication Ltd, Gemini works, Pontypool, South Wales, UK.
Portland cement type BS EN 197-1 CEM II/B-V 32.5R with
a minimum compressive strength of 32.5 N/mm? was
used in accordance with BS EN 197-1:2011a and supplied
by Lafarge Cement UK through a local contractor. Fine
and coarse aggregate used in the study was supplied
by a local contractor in line with PD 6682-1-:2009. Sieve
analysis was conducted by the local supplier in accord-
ance with BS EN 12620:2002+A1:2008 and BS EN 933-
1:2012. Consistency limit and particle size distribution of
brick dust waste (BDW) are shown in Table 1 and Fig. 1,
Chemical composition mineralogy and physical proper-
ties of BDW and PC are shown in Table 2 and Particle
size distribution (Figs. 2, 3, 4), chemical composition and
other properties of sand and stone are shown in Table 3.
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Table 1 Consistency limit and particle size distribution of BDW

Consistency limits BDW Description
Liquid limit w, (%) -
Plastic limit wp(%) -
Plasticity index 15(%) Non-plastic
Others Value
Specific gravity 25
Bulk density (kg/m3) 1837
Maximum dry density (MDD) Mg/ m3) 15
Optimum moisture content (OMC) (%) 17
Blaine fineness (m3/kg) 369
Colour Brick red
Fig. 1 Particle size distribution 120.01
of aggregates and brick dust —&—Sand —&— Coarse aggregate-10mm
waste used —%— Coarse aggregate-20mm —@— Brick dust waste
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3.1 Experimental Method
3.1.1 Mix design and sample preparation

Based on BS 8500-2:2015+A1-2016, concrete type RC35/45
was adopted and four batches of concrete mix were pre-
pared with ratio 1:2:3 and water-cement ratio (w/c) 0.5,
cement was partially replaced with BDW based in the con-
trol mix. Nine (9) cubes (100 mm x 100 mm x 100 mm)
and two (2) cylindrical specimens (100 mm diameter and
200 mm height) were made per mix. Based on the design
criteria for control mix in Table 4, Mix composition (MC)1-3
were designed by replacing cement with BDW at 10%, 20%
and 30% by weight of various materials.

Based on the mix design, dry materials were mixed
using a concrete mixer and a measured amount of water

Particle size (mm)

added. An oiled steel cube and cylindrical moulds filled
with fresh concrete and vibrated for up to 40 Hz for 5 s
using a vibrating table until no further settlement was
observed, and a compact and air free concrete achieved.
The surface was levelled and store without any seal in a
room for 24 h with a temperature of about 20+ 5 °C. With
the help of a powered tool, the dry concrete samples were
de-moulded and cured in water to be tested after 7, 14
and 28 days.

3.1.2 Fresh concrete testing

3.1.2.1 Slump test Slump test was carried out for all mix
compositions in line with BS EN 12,350-2:2009. During the
test, a metal cone mould with height 300 mm, base diam-
eter 200 mm and top diameter 100 mm with two handles
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Mineralogy of brick dust waste

Aunite Quartz Illite

Kaolinite

Com-

pound

41

54

Percent-

age

Physical Properties of PC

Colour

Blaine fineness (m3/kg)

Relative density

Bulk density (m3/kg)

Insoluble residue

Properties

Grey

365

3.1

1400

Description

and two fool rest were used. The cone was placed on a
non-absorbent surface with the top diameter 100 mm
facing up. With a firm grip of the handle and footrest, the
mould was filled with fresh concrete in three layers. Each
layer of concrete was tapped 25 times with a standard
steel rod (16 mm diameter and 600 mm length). The rod
was rolled horizontally over the top of the mould to level
the concrete. The mould was lifted slowly using the handle
leaving unsupported concrete to slump. The metal cone
is placed next to the slumped concrete and the 600 mm
long rod was placed on top of the empty cone mould to
set as a target. The distance between the set target and
the slumped concrete was measured using a measuring
ruler. The value of the measurement is the slump value of
fresh concrete. Figs. 5 and 6 show the slump test and the
types of slump.

3.1.2.2 Compaction index (Cl) test Compaction index was
carried out to determine the degree of compaction of
fresh concrete. This test was carried out for all mix com-
positions in accordance with BS 12350-4:2009. A meas-
uring ruler, hand trowel, vibrating table, 600 mm long
steel rod and a rectangular metal container with internal
dimensions 400 mm height and 200 mm base were used
in this test. With the help of a hand trowel, the rectangu-
lar container was filled with fresh concrete to the top and
levelled by rolling a 600 mm steel rod over the top of the
mould. The mould with concrete was then vibrated for
up to 40 Hz using a vibrating table until no further set-
tlement was observed. The distance (S) from the surface
of the compacted fresh concrete to the top edge of the
metal mould was measured with a measuring ruler and
the values recorded. Compaction index was determined
using Eg. 1. Compaction index test process is shown in
Figs. 7,8 and 9.
H

Cl= 7—s (1)
where, H=Internal height of the container and S=Mean
value of ‘S"

3.1.3 Hardened concrete testing

3.1.3.1 Unconfined compressive strength (UCS) Hardened
concrete cube was tested for compressive strength after
7, 14 and 28 days of curing in line with BS EN 12,390-
3:2019 and ASTM C109/C109M-20b. Using compressive
test equipment, a vertical force was applied to cube speci-
men at a rate of 6kN/sec until failure and the failure load
was recorded. Base on recorded failure loads for various
mix composition, unconfined compressive strength was
determined using Eq. 2.
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Stone (20mm)

Fig.4 Concrete cubes and cylinder specimen in a curing tank

5 _F
UCS (N/mm?) = 2)

where, F=Maximum failure load (N) and Ac=Cross-sec-
tional area of specimen (mm?).

3.1.3.2 Tensile splitting strength (TSS) Tensile splitting
test was conducted on the cylindrical test specimen
after 28 days of curing. The splitting tensile method was
used in line with BS EN 12,390-6-2009 and ASTM C496/

C496M-17. The cylinder specimen was put into a steel
frame and places horizontally between the platens of
a compressive test machine. A constant vertical force
was applied along the length of the specimen at a stress
rate of 1.57kN/sec until failure and the failure load was
recorded as shown in Figs. 10, 11 and 12. Tensile split-
ting strength was determined using Eg. 3.
2F

TSS(N/mm) = —d (3)
where, F=Maximum load at failure (N), L=length of speci-
men (mm), d =diameter of specimen (mm).

4 Results and discussion

The results obtained from the laboratory test conducted
on the consistency and mechanical properties of con-
crete composed of varying brick dust waste propor-
tions show good consistency and workability for fresh
concrete and improved strength for hardened concrete.
A true slump and good compaction index values were
achieved. However, low slump was recorded for mix
composition MC2 composed of 20%BDW and MC3 com-
posed of 30% BDW and low compaction index value
recorded for MC 3 composed of 30% BDW. A gradual
reduction in slump and compaction index was observed
with an increase in brick duct waste content. High com-
pressive and tensile strengths were achieved for all mix
compositions which signify strength improvement with
the addition of brick dust waste as partial replacement
for cement. Compared to the control mix, no significant
difference in splitting tensile strength was achieved indi-
cating good performance. The overall results obtained
from this experiment prove that brick dust waste has
the ability to improve the strength and consistency of
concrete.
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Table 4 Mix proportions and

. Mix Composition Replacement PC BDW Sand Limestone
material
10 mm 20 mm water
(%) kg kg kg kg kg litres
Control Mix 0 5 0 10 6 9 3
MC 1 10 44 0.5 10 6 9 3
MC2 20 39 1 10 6 9 3
MC3 30 35 15 10 6 9 3

600mm long steel rod \

[ . ]

Slump |
X A
o
(SN
etal cone £
L4
mould .

True slump Shear slump

Fig.5 Slump test and types of slumps (British Standard)

Fig. 8 Levelling the top of the mould

4.1 Fresh concrete

4.1.1 Slump and Compaction Index

A variation in slump was observed for each mix composi-
Fig.6 Laboratory slump test tion and a drastic reduction in slump of 110 mm (MC 1) to
40 mm (MC 2) was observed. However, a true slump was
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Fig. 13 Applying vertical force on the cylindrical test specimen

achieved with MC 1 comprising of 10% BDW as shown in
Fig. 13 in accordance with BS EN 12350-2:2009. The results
show that MC 2 and MC 3 did not achieved the set target
range, however, they can still be used in construction work.
All mix compositions fell within the set target range for
compaction index in line with BS 12350-4:2009. However,
a gradual reduction in compaction index was observed as
BDW content increases. Variations in slump value of the
concrete mix are as a result of the physical properties of
BDW influencing the consistency of fresh concrete with
varying brick dust content [13]. In a similar study where
BDW was added to a concrete mix at 10%, 20% and 30%,
similar trend of results were observed by [9]. The study
indicates that every percentage increase in ground clay
bricks results in a gradual reduction in slump value [12].
However, the reduction in slump cannot be attributed
to the increase in BDW content alone, changes in water-
cement ratio (w/c) and rate of water absorption by BDW in
different mix compositions also play a major role. A study
Fig. 11 Failed cube specimen with cracks conducted by [8] revealed that 25% of PC replacement by
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ground brick in the concrete mix had no significant effect
on water demand. An increase in absorption properties of
concrete increased with an increased coconut shell con-
tent. In [14], it's observed that water absorption in con-
crete mix increased when brick dust waste was used as
a partial substitute for cement from between 5 and 30%.
Fluidity in the mix composition generally reduced under
the same w/c for varying mix compositions of brick dust
waste, leading to higher stiffness and subsequent reduc-
tion in slump. In [15] it's shown that BDW has 25% more
fineness compared to cement, and therefore requires
a high amount of water during hydration when ground
waste clay is used as a partial replacement. The gradual
increase in percentages of BDW between 10% and 30%
in fresh concrete influenced the ‘S’ value in their study. 'S’
value is the mean value of the four sides distance from
the edge top of the steel container to the surface of the
compacted concrete. It thus follows that the lower the
slump the higher the 'S’ value and vice versa. Clear factors

Fig. 14 Failed cylindrical specimen

=
<N
o

affecting compaction index include w/c, cement content,
mix proportions, aggregate shape and size. All compaction
index values achieved in the current study are within the
target range as shown in Fig. 14 with the highest compac-
tion index of 1.18 mm recorded for MC 1.

4.2 Hardened concrete
4.2.1 Unconfined compressive strength (UCS)

A high compressive strength was achieved at later stages
for all mix compositions in the current study. It's observed
that at the early age of curing, a low compressive strength
was generally observed but was followed by a predomi-
nate increase in compressive strength for all mix com-
position after curing age 7, 14 and 28 days as shown in
Fig. 15. But in a similar study conducted by [4] at different
replacement of 5%, 10% and 15%, a higher compressive
strength was obtained with 15% brick dust waste. Another
study by [16] revealed that a high compressive strength
could be achieved when sand is replaced with up to 15%
of BDW. Hardened concrete with BDW generally shows
lower compressive strength at early ages, but a compa-
rable strength with cement only concrete at later ages
[12]. In the current study, MC 1 achieved the set target
with a compressive strength of 36 N/mm?, while desir-
able strength values of about 75% and 65% of the con-
trol strength were achieved with MC 2, MC 3 composed
of 30% less cement did not achieve the desired compres-
sive strength at even at 28 days. The results showed an
increase in strength as curing age increases as the forma-
tion of calcium silicate hydrate gel (C-S-H) developed dur-
ing the hydration process shown in Fig. 16. The presence
of pozzolans reacts with the calcium hydroxide during
hydration and forms calcium silicate hydrate gel (C-S-H)
[17]. The pozzolanic characteristics are responsible for high

Fig. 15 Slump values of con-
crete mix with BDW
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Fig. 16 Compaction index of 1.25
concrete mix with BDW

1.2

11 | — — ===

Target fange

(1.04mm -|1.10mm)

Compaction Index values (mm)

Y

0 Control

AMC1 (10% BDW) 4 MC2 (20% BDW) %= MC3 (30% BDW)

compressive strength at 50% brick waste replacement
ratio [5]. The chemical reaction of brick dust in concrete
shows a reaction of pozzolana with lime in the presence
of water to form hydraulic compounds. The pozzolanic
behaviour of ground clay brick (GCB) is similar to conven-
tional materials such as fly ash and calcined clay at later
age of 28 days [17]. The continuous of C-S-H gel within
a pore structure contribute to strength development in
concrete [14]. Results achieved in recent study show an
increase in compressive strength as curing age increased
due to the formation of C-S-H gel [18]. In line with this
current study; development of additional C-S-H gel was
observed when clay brick waste was used in mortar and
concrete in an experimental study [19]. The high strength
recorded for MC 1 can be attributed to the presence of
pozzolanic material (brick waste) which contribute to high
strength at a later age due to the rapid increase in silicon
dioxide (SiO,) leading to dicalcium silicate (2S) which is
responsible for high strength at later age. This is because

S
[

MC 1 has a lower cement replacement level which has
resulted in high strength. Cement is responsible for the
early strength of concrete and pozzolana from brick dust
waste is responsible for strength at later ages by provid-
ing an extra amount of C-S-H gel [4]. Figure 17 shows the
compressive test result. 3

4.2.2 Tensile splitting strength (TSS) test

MC 1 which is composed of 10% BDW achieved the high-
est TSS of 3.6 N/mm? in Fig. 18 compared to MC 2 and
MC 3. The results show no significant difference in ten-
sile strength for all mix compositions. However, a gradual
reduction in strength as BDW percentage increase was
observed for MC 2 and MC 3. High tensile strength was
recorded when cement was replaced with 15% brick
dust [4]. The close interval in tensile strength between
mix compositions indicates a significant contribution to
the increase in strength with the addition of BDW as a

Fig. 17 Compressive strength
of concrete mix with BDW
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Fig. 18 Tensile strength of 4

concrete mix with BDW
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partial replacement for cement. The high tensile strength
observed could be attributed to the angular shape of the
aggregate coupled with the presents of pozzolans from
BDW responsible for the production of high C-S-H gel
during hydration [19]. Properties like tensile strength were
significantly enhanced when waste materials were used
to replace cement [4]. According to [17] tensile strength
increased when brick waste was added to a concrete mix.
The slow early strength observed in TSS is due to the pre-
sents of brick dust, however, the strength gain is higher
compared to traditional concrete mix [17].

5 Conclusion and recommendation

The consistency and mechanical behaviour of concrete
with varying proportions of brick dust waste content
was investigated, discussed and the results showed high
strength and good workability for all mix composition. MC
1 composed of 10% BDW achieved the highest UCS and
TSS after 28 days of curing. MC 1 achieved all targets set
in accordance with the relevant standard. A reduction in
strength was observed with an increase in BDW percent-
age, However, the strengths achieved in this study are usa-
ble in construction. The strength pattern of concrete with
BDW is similar to conventional concrete with cement only.
A drastic reduction in slump was observed in MC 2. How-
ever, the concrete is still usable for construction. Results
showed that brick dust waste has high water absorption
abilities which can lead to variation in slump compared to
traditional concrete. An increase in strength with increase
in curing age was observed for all mix compositions. Some
limitations associated with using brick dust waste in con-
crete mix is the process of harvesting. Brick dust waste

are mostly contaminated with various construction and
demolition materials such as concrete, steel and wood, this
makes it difficult to and time-consuming during separa-
tion. Grinding bricks into powder using heavy crushing
machine generate lots of noise, dust, heat and carbon
dioxide (CO,) which affects the environment. However, this
is low compared to the problems associated with cement
production. After careful consideration on the results, it's
recommended that at least 10% of cement can be replaced
with BDW in concrete mix in real-life construction, in order
to reduce overall construction cost. Future investigation
into the effect of BDW on the durability and rheological
properties of fresh concrete and steel reinforcement in
concrete can be carried out.
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