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ABSTRACT
Waste materials are often used in brick manufacturi

generated from the palm oil industry, was used in brick produ

5,10, 15 and 20% by weight. The brick specimens were produced in a local factory to study the feasibility
of manufacturing bricks containing POFA under real industrial production conditions and their properties
were compared with conventional bricks (POFA}. The results show that a lighter brick is produced

develop a sustainable building material and
reduce the consumption of natural clay resources. In this study, palm oil fuel ash (POFA), a waste
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when mixed with POFA but the flexural and compressive strength decreased. Water absorption and initial
rate of absorption increased when clay is mixed with POFA due to the presence of a more porous
structure than conventional bricks. Further, brick specimens containing POFA had a higher resistance to
the formation of efflorescence than conventional bricks; however, their resistance was poor when
subjected to sulphate attack. The findings of this study suggest that up to 5% POFA can be used as
clay replacement for bricks produced in a local brick kiln industry to meet the current international

standards for conventional bricks.

Introduction

ricks are commonly used as the construction material for
walls in buildings and their use continues to increase year
on year. However, the depletion of clay deposits due to the
increasing production of bricks has become an environmental
issue. Approximately 3.13 billion m* of clay soil is required
each year for brick manufacturing, and this demand is pre-
dicted to increase in the future (M@98jerani et al. 2019). This
situation demands alternative new materials that can be used
to replace clay in brick production. At the same time, the huge
amount D%:tc material generated from palm oil industry
including p oil fuel ash (POFA) can be used as an alter-
native material in the manufacturing of bricks. In this study, an
att@Pgpt is made to utilise this waste for brick production.
ﬁ)cmesia is the largest palm-oil-producing country in the
world, accounting for approximately 48% of global production
in 2011 (Gatto, Ilni, and Qaim 2015). The biomass solid
te generated after the palm oil extraction process, such as
palm kernel shells, mesoc bre, and empty fruit brunches,
is mainly used as fuel in p oil mills or power plants to
produce electricity when combusted at temperatures of 800~
1000°C (Mushtaq et al. 2015 Umar, Jennings, and Urmee
2013). After combustion, approximately 5% of the solid
waste material is POFA (Sata, Jaturapitakkul, and
Kiattikomol 2004). As a result of its low nutritional value,
POFA is mostly disposed in open fields, which creates envir-
onmental problems and health issues including lung disease
(Tay and Show 1995). The disposal of POFA is, therefore,
a significant challenge for the palm oil industry. Recognising

this, POFA has great potential toE: used as a locally produced
raw material in brick manufacturing to reduce environmental
impact and reduce brick production costs.

2. Literature review
2.1. Existing studies

The property of bricks is mainly influenced by the manufac-
turing process and the characteristics of the raw materials
(Abbas et al. 201gPMAttempts have been made to find alter-
native materials that can be used to replace clay in brick
production, such dustrial and agricultural waste materials.
For instance, the produc of bricks by mixing fly ash and
clay has n suggested (Abbas et al. 2017; Leiva et al. 2016;
Lingling et al. 2005). Leiva et al. (2016) reported that the
compressive strength of fly ash-clay bricks depends on the
firing te rature; increases in compressive strength were
observed at a firing temperature of 1000 °C and this decreased
with higher proportions of fly ash content and at lower firing
temperatures. A lighter brick can be produced with fly ash,
which reduces transportation and labour costs, offers ler
handling, and reduces the overall weight of structures (Abbas
et al. 2017).

The use of waste glass in brick manuf; ing has been
shown to enhance strength and increase resistance against
sulphate attac eze-thaw, and efflorescence-driven degra-
dation (Kazmi et al. 2017; Djangang et al. 2014). The replace-
ment of 15% of the clay content with brick kiln dust produced
bricks that satisfy the compressive strength requirements
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of second-class bricks when used for ordinary masonry con-
struction, and provides higher resistance against efflorescence
(Riaz, Khitab, and Ahmed 2019). The replacement of 40% of
the clay content with ceramic sludge and firing at 850 °C
produced bricks with a 32% improvement in compressive
strength compared with conventional bricks categorised as
having moderate weathering resistance and better thermal
performance (Subashi De Silva and Hansamali 2019).
Furthermore, incorporating 40-60% quarry residues in clay
bricks has been shown to increase the compressive strength by
a factor or 1.5 relative to normal clay bricks at firing tempera-
tures of 1000~ l °C (Rukijkanpanich and Thongchai 2019).

Agricultural waste materials such as rice husk, rice husk ash
(RHA), and suane bagasse ash (SBA) have also been used
to replace clay in brick production. The replacement of clay
with rice husk ash in relativel§@@®w proportions (i.e., 4% by
weight) was shown to provide better structural, thermal, and
acoustic properties than conventional clay bricks (Subashi De
Silva and Perera 2018). Similarly, incorporating RHA produces
lighter bricks with improved resistance against efflorescence
(Kazmi et al. 2016a). However, brick porosity increases with >

RHA content by weight of clay, leading to increases in
water absorption (Kazmi et al. 2016a; Andreloa et al. 2018).
Furthermore, incorporating SBA at proportions of up to 5% by
weight of clay produced bricks that satisfy the international
standard for burnt clay bricks (Kazmi et al. 2016a; Faria,
Gurgel, and Holanda 2012).

Agricultur id waste materials including rice husk and
palm oil shell can be used as additive in brick production.
Lighter bricks were ob d with the addition of rice husk
owing to increase in the porosity of the bricks; thus, it reduced
the compressive strength of the bricks (Gorhan and Simsek
2013; Sutas, Mana, and Pitak ). However, the addition of
5% and 10% rice husk yielded a compressive strength of 7-10
MPa, which can be used for indoor structural walling materials
with a lower thermal conductivity (Gorhan and Simsek 2013).
Similarly, the addition of 3% palm fibre and palm kernel shell
into clay bricks increased the porosity followed by a decrease
in density, thermal conductivity, and compressive strength
(Kadir, Zahari, and Mardi 2013).

POFA has been used as a replacement for clay to reduce its
environmental impact and brick production costs. In their study,
Kadir and Sarani (2020) produced bricks with different propor-
tions GPOFA, thatis 0, 1, 5, 10, 20 and 30% by clay weight, and
?g in a furnace at a temperature of 1050 °C. Their study found

at the addition of POFA decreased the compressive strength of
bricks but produced lightweight bricks owing to the higher por-
osity, and up to 5% POFA was considered as optimum replace-
ment for producing non-load bearing bricks. Another study by
Elhusna and Wahyuni (2016) also foumim.ilar results in which
the addition of POFA decreased the compressive strength and
increased the absorption capacity of bricks.

Since the properties of bricks are mainly influenced by the
manufacturing process including the preparation and firing
method, the feasibility of POFA as clay replacement under real
industrial production conditions in a larger scale should be
investigated. The method of manufacturing bricks in the labora-
tory and in a real industrial condition may differ, which sig-
nificantly affects the properties. Furthermore, existing research

on the durability properties of POFA-containing bricks (initial
rate gsorption, efflorescence, and sulphate resistance) is very
rare. In the present miy, POFA was used as a replacement for
clay at dosages of 5, 10, 15 and 20% by weight of clay for
m turing bricks in local industrial kilns on a large scale,
and their mechanical and durability properties were compared
with those of conventional bricks without POFA.

2.2. Research significance

The use of clay for producing bricks on alarge scale can reduce
the use of natural clay deposits, which has a negative impact on
the environment. Natural clay, which is non-renewable, is at
risk of being depleted, and urgent measures are required to
ensure its preservation. On the other hand, the environmental
burden due to the generated industrial waste as a result of
inefficient waste management systems increases every year.

This study investigates the feasibility of using POFA as clay
replacement for bricks production in a large s@le. In a real
industrial condition, conventional bricks are produced on
a large scale in a brick kiln, unlike the approach in previous
studies (Kadir and Sarani 2020; Elhusna and Wahyuni 2016) in
which a controlled firing temperature was used in the labora-
tory. Different produ?n methods can affect the brick prop-
erties. The primary objective of this study therefore, is to
investigate the mechanical and durability properties of POFA-
containing bricks manufactured under full-scale production
conditions compared with those of conventional bricks. This
study aims to fill the research gap in this subject area, as well as
promote a sustainable approach to the utilisation of POFA as
clay replacement in the brick industry.

In addition, as the highest palm-oil-producing country in
the world, Indonesia produces a huge amount of POFA
annually, ich causes significant environmental impact.
Therefore, the use of POFA as a locally produced raw material
for brick manufacturing can reduce the negative environmen-
tal impact of the material and brick production costs.

3. Materials and methods
3.1. Materials

Clay materials were obtained from local kiln bricks in Makassar,
onesia, and POFA materials were obtained from the local

oil industry. The chemical properties of the clayand POFA
materials were determined using X-Ray fluorescence (XRF), the
results of which are presented in Table 1. The clay is composed

Table 1. Chemical properties of clay and POFA.

Compenent (%) Clay POFA
Si0; 59.62 67.74
Aly05 13.55 5.67
Ca0 9.97 5.64
Fe,04 7.83 6.13
K20 5.80 7.51
TiO; 248 0.1
P,0, - 5.84
MnO 023 0.48
Sr0 022 0.04
Zr0; 012 -

LOI 8.90 11.22




of 56.62% Si0, along with 13.55, 9.97, 7.83 and 5.80% of AL, O,
CaQ, Fe,

05 and K,O, respectively. Other oxides including TiO,, MnO,
and SrO are also present in small quantities. Clay containing
50-60% SiO, is commonly used in local brick factories (Velasco
et al. 2014). Here, the SiO, content of the clay met this specified
range, and having a CaO content of more than 6%, the clay is
classified as calcareous with low refractory properties (Netinger
et al. 2014; Musthafa, Janaki, and Velraj 2010). The POFA
contains a high amount of S§i0; (67.74%) and, to a lesser extent,
K,O (7.51%), Fe, 04 (6.13%), P,Os (5.84%), Al,O; (5.67%) and
Ca0O (5.64%). The high K,O content is as a result of the uptake
of K,O from the soil by the palm oil trees durin@glie cultivation
period (Thomas, Kumar, and Arel 2017). The loss on ignition
(LOI) of the POFA is higher that of the clay, which is
attributed to presence of organic matter in the ash. In
addition, the specific gravilﬂ the POFA (2.12) is lower than
that of the clay (2.24). Therefore, the use of POFA as
a replacement for clay should result in lighter bgigks.

The X-Ray diffraction (XRD) patterns of the clay and POFA
are shown in Figure 1. The clay shows the presence of the
following crystalline phases: quartz (Si0,), calcite (CaCOs),
haematite (Fe,O3), and alumina (Al,O3), with quartz (SiO,)
being d@ffinant. On the other hand, the POFA is comprised of
quartz (510,), potassium aluminium phosphate (K;Al, (PO,)5)
, calcite (CaCO;), and haematite (Fe,0;), also with

Clay

Intensity (cps)
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a significant quantity of quartz (SiO,). These results are con-
sistent with @ XRF data.

Figure 2 shows the particle size distribution curve of the
clay and POFA. The POFA is finer than the clay; the clay
consists of 97.12% and 2.88% sand and silt, respectively,
whereas the POFA coffifins 77.46% and 22.54% sand and
silt, respectively. The gradation of such raw materials is
another important parameter affecting the porosity of bricks

(l\gari et al. 2015).

anning electron microscope (SEM) images of the clay and
POFA are shown in Figure 3. The clay has irregularly sh@
particles, whereas the POFA particles are more angular and
irregular in form, with a porous surface texture. Both the clay
and the POFA contain different particles sizes, which agree
with the particle size analysis result.

3.2. Preparation and testing of bricks

Bricks were produced by mixing the clay with various
percentages of POFA, specifically 0 (control),pgg 10, 15
and 20% by weight of clay (Table 2). The amount of
water added to the mixture was adjusted to achieve
a casting consistency according to factory stand . The
mixtures were then cast into brick moulds ( mm
x 100 mm x 50 mm) without applying pressure, which is
common for local brick production. The brick specimens

H = Hematite (Fez0s)
Q = Quartz (Si0z)

C = Caicite (CaCOs)
A = Alumina (ALO:)

20 30 40 50 60
2 0 (deg)
. | POFA Q H = Hematite (Fe:0;)
Q = Quartz (Si0;)
C = Calcite (CaCO;)

Intensity (cps)

i A

K = Potassium Aluminum Phosphate (K;AL (POu))

A i i

20 30

Eﬂe 1. XRD patterns of the clay and POFA used to manufacture bricks.
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20 (deg)




A.R DJAMALUDDIN ET AL.

L= |
o o

W s
c o

Percentage passing (%)
[ i
= =

[
e o
I

0.01

1 0.1
Particle size (mm)

!lgure 2. Particle size distributions of the clay and POFA used to manufacture
bricks.

were dried for § s in sunlight before being transferred
to a brick kiln. The bricks were fired at 750-850 °C for
96 h using wood and rice husk as fuel. After the burning
process, the specimens were cooled for an additional
14 days before being transported to the laboratory for
further testin

Laboratory tests were conducted to determine the density,
flexural strength, compressive strength, water absorption,
initial rate of absorption (IRA), efflorescence, sulphate resis-
tance, and microstructural characterisation. Five specimens of
each miffure (Table 2) were tested in each case.

The density was determined by dividing the weight by
the volume of the samples. The mechanical properties (flex-
ural and compressive) were measured in accordance with
the American Standard Testing and Material (ASTM) C67
(ASTM Stanlrd C67 2003). The water absorption test was
conducted in accordance withfflle ASTM C67 (ASTM
Standard C67 2003). The brick specimens were first dried
in an oven at 105°C for 24 h to obtain their dry weights
(W1). The imens were then immersed in water for
further 24 h re-weighted to obtain the saturated weights
(W2). Water absorption (Wa) was determined using the
following equation:

Wa = ((WgJ- W1)/W1) x 100%(1)

The IRA was determined by immersing the specimens in
BB-m.m depth of water for 1 min. The samples were then
removed and weighted in accordance with the ASTM Ceo7
(ASTM Standard C67 2003). The cfﬂorcsmc was measured
by immersing one end of each brick in water at a constant
depth OPS mm for 7 days. After 7 days, the presence of soluble
salts on brick specimens were inspected after drying in an oven
for 24 h. I e sulphate resistance tests, the bricks were fully
immersed In a 5% sodium sulphate solution for 30 days as
specified in the ASTM C1012 WTM Standard C1012 2018).
After 30 days of immersion, the weight change and the residual

pressive strength of the brick specimens were measured
after drying in an oven at 105°C. The development of porosity

of the selected brick specimens were also further investigated
using SEM.

4. Results and discussion

4.1. Physical properties

4.1.1 Density

Figure 4 shows the density of the bricks p?uccd using differ-
ent proportions of POFA. Notably, the density of the bricks
decreased with an increase in the POFA content, leading to
lighter bricks as the POFA was increased. The density reduc-
tions corresponding to 5, 10, 15 and 20% replacements of clay
a:re 2.32, 3.64, 7.03 and 10.43%, respectively. This is attributed
to the increase in the porosity of bricks due to the presence of
POFA. A similar result was reported in previous studies (Faria,
Gurgel, and Hola 2012; Kazmi et al. 2016b; Kadir and Sarani
2020), where the replacement of clay by agricultural waste ash
reduced the density of bricks. Furthermore, the density values
are still in the range of 1200-2200 kg/m® as prescribed by the
German Institute for Standardisation (DIN) 105-100 (DIN
Standard 105-100, 2012) for a good quality brick.

5

4.1.2. Water absorption
Figure 5 shows the results e water absorption tests. The
amount of water absorbed increased with an increase in the
POFA content. The water absorption of the 5, 10, 15 and 20%
POFA bricks increases by 9.26, 30.63, 49.97 and 59.23%,
respectively compared with that of the control bricks. This
likely reflects the porous nature of POFA giv@3 that the trend
in water absorption showed good agreement with the density
measurements; a higher density indicates less internal pore
?acc and capillaries that can hold water (Leiva et al. 2016).

ricks with water absorption of less than 17% are categorised
as having resistance to severe weathering as stipulated in the
ASTM C62 (ASTM Standard C62 2013), whereas those with
less than 22% have moderate resistance. Thus, incorporating
5% POFA as a clay replacement gives a water absorption value
(21.47%) within the moderate weathering resistance category.

4.1.3. ﬁr’a.‘ rate of absorption

The IRA of bricks greatly influ@ffes bonding between the
bricks and mortar. Bricks with higher IRA result in quick
absorption of moisture from mortar to pair the brick, which
lctc— weak bonding between the two materials. In contrast,
a very low IRA also adversely affects the bonding strength
(Christy and Tensing 2011).

Figure 6 shows the IRA measurements for bri ontaining
POFA; the IRA values were all higher than those of the control
bricks and increased proportionally with the increase in the
POFA contsa. For instance, the average IRA value of the 0%
POFA brick was 0.28 g,l’minfcmz, iarcasing to 0.82 g,l’min,lfcm2
for the 20% POFA brick. This is attributed to the higher
porosities of the bricks containing more POFA. Similar results
have also been previously reporfdll (Eliche-Quesada et al.
2017). Bricks with IRA values of more than 0.15 g/min/cm®
should be wetted before laying in accordance with the ASTM
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Figure 3. SEM images of the clay and POFA used to manufacture bricks.

Table 2. Mixture proportions of the test bricks.

Clay POFA Water/Solids
Brick mixture (wt%) (with) (witdh)
0% POFA {control) 100 0 15.24
5% POFA 95 5 15.87
10% POFA 90 10 16.13
15% POFA 85 15 16.87
20% POFA 80 20 17.21

C62 (ASTM Standard C62 2013) to avoid dehydration of the
mortar. Therefore, it can be concluded that both the control

and POFA bricks should be wetted before laying.

INTERNATIONAL JOURMNAL OF SUSTAINABLE ENGINEERING @ 5

%. Mechanical properties

4.2.1. Flexural strength
w results of the flexural strength tests are shown in Figure 7.
e flexural strength decreased with an increase in the POFA
content. For instance, the flexural strength reduced from
1.39 N/mm” for the control bricks to 0.79 N/mm? for bri
containing 15% POFA. This agrees with results reported in
previous studies (Kazmi et al. 2016a, 2016b; Ugwu and
kson 2014) in which the flexural strength of brick
ecreased with the addition of agricultural waste ash. The
replacement of clay with up to 15% POFA satisfies the
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20%POFA

15%POFA

10%POFA

5%POFA

0%POFA

0 200 400 600 800 1000 1200 1400 1600
Density (kg/m?)

Figure 4. Density of bricks with various amounts of clay replaced by POFA.

20%POFA

15%POFA

10%POFA

5%POFA

0%POFA

Water absorption (%)

27
Figure 5. Effect of POFA on the water absorption properties of bricks.

20%POFA

15%POFA

10%POFA

5%POFA

0%POFA

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9

Initial rate absorption (g/min/cm?)

Figure 6. Effect of POFA on the initial rate of absorption of bricks.

minimum flexural strength requirements of building brick as However, a 20% POFA content yielded a flexural strength
specified in the ASTM Co67 (ASTM Standard C67 2003). below the value recommended in this standard. Generally,
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20%POFA

15%POFA

10%POFA

5%POFA

0%POFA
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0.8

1.0

Flexural strength (N/mm?2)

Figure 7. Flexural strength of bricks with different levels of clay replacement with POFA.

the ﬂxural strength of brick is related to its micro tural
characteristics, and in this case, the addition of POFA led to an
increase in the porosity and, hence, a lower flexural strength
(Riaz, Khitab, and Ahmed 2019; Bilgin et al. 2012).

13

45 Compressive strength

Figure 8 shows the compressive strength of bricks with various
POFA contents. Similar to the flexural sgth, the compres-
sive strength of bricks containing POFA was lower than those
of the control bricf® For instance, the compressive strength
was 13.26% lower with the addition of 5% POFA compared
with that of the control mix. These reductions are attributed to
the enhanced por? structure of bricks when clay is replaced
with POFA. The decomposition of organic matter and high
amount of silica in POFA can result in hi@r porosities and
may induce flaws during the firing process. Similar results have
been reported in previous studies for bricks conta#fing other
porous material as a replacement for clay (Leiva et al. 2016;
Kazmi et al. 2016a; Aouba et al. 2016).

Although the compressive strength decreased as more clay
w replaced with POFA, the 5% POFA mix still satisfied the
minimum compressive strength requirements for conven-
tional bricks ac@@ding to the European Standard (EN) 771-2
(EN Standard 771-2, 2011) and the British Standard (BS)
3921:1985 (British Standard BS3921 1985), that is, 5 N/mm>
and 5.2 N/mm?, respectively. Therefore, incorporating up to
5% POFA as a replacement for clay can produce more sustain-
able bricks that meet strength standards.

4.3. %abiﬁty propetrties

4.3.1 Efflorescence

Efflorescence is a grey or white deposit of salts that forms on
the surface of brickggwhich can cause aesthetic problems on
masonry structures. Efflorescence is considered as ‘slight” if the
white deposits cover less than 10% of the surface, ‘moderate’
when covering approximately 50% of the surface, and ‘heavy’
when covering more than 50% of the surface (Leiva et al. 2016).

20%POFA

15%POFA

10%POFA

5%POFA

0%POFA

4 5 6 7 8 9

Compressive strength (N/mm?2)

Figure gﬂ‘ecl of POFA content on the compressive strength of bricks.
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Figure 9. Efflorescence of brick specimens with different POFA contents.

A ?ght efflorescence (7% of the surface area) was observed
on the bricks without POFA (Figure 9). In contrast, no efflores-
cence was found on the bricks incorporating POFA. CaO is

idered the primary cause of efflorescence on the bricks
(Kazmi et al. 2016a; Netinger et al. 2014). The chemical analysis
showed that the clay used in the brick mixes has a 9.97% CaO
content, whereas the ‘A has a content of 5.65%. In addition,
the presence of Fe;O; In the bricks would have also contributed
to the formation of efflorescence. Furthermore, the clay used in
the mixes has a slightly higher amount of Fe,O5 (7.83%) than the
POFA (6.13%). Therefore, by replacing clay with POFA, and
hence decreasing the relative quantities of CaO and Fe,0; in the
bricks, the resistance of the bricks to efflorescence was
improved. Similar results have been reported is previous studies
(Riaz, Khitab, and Ahmed 2019; Kazmi et al. 2016a). These
observations indicate that the occurrence of efflorescence on
bricks can be minimised by incorporating POFA.

4.3.2 Sulphate resistance

The results of the sulphate resistarflests are shown in Figure 10.
It can be observed that in all casesmcompressive strength of the
test bricks decreased and the weight increased due to sulphate
attack. For instance, the control bricks (without POFA) showed
a 21.47% reduction in compressive strength after the sulphate test
compared with a 22.31-32.21% reduction for the POFA bricks,
depending on the mix. This is attributed to the pressures pro-
duced by salt crystallisation within pores, which results in internal
micro-crack formation and a corresponding decrease in compres-
sive strength.

Furthermore, the average weight gain of the control bricks
was 9.54% compared with 12.89-23.12% for the POFA bricks.
The partial in-filling of pores by salt crystals likely explains the
observed increases in weight. Previous studies (Riaz, Khitab,
and Ahmed 2019; Kazmi et al. 2016a; Faria, Gurgel, and
Holanda 2012) reported similar results with respect to

20%POFA

15%POFA

10%POFA

5%POFA NG

owrors IO

R

.

b

)
o

B Weight gain
B Strength reduction

35

Strength reduction and weight gain (%)

Figure 10. Effect of POFA on the sulphate resistance of bricks.
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Figure 11. Appearances of brick specimens after sulphate immersion with different POFA content.

1
reductions in the compressive strength and increase in the

weight of bricks during the sulphate resistance test. Even
though cracks were not observed on the surface of the test
specimen after the sulphate test, the appearance of the test
specimens changed from reddish to dark colour (Figure 11).
This indicates that the POFA bricks resistance when subjected
to sulphate attack was poor. Therefore, the use of bricks with
POFA should be avoided in severe sulphate environments.

4.4. Microstructure

Figure 12 shows the SEM images for the control brick (0%
POFA) and with 15% POFA content. Both specimens
showed a porous microstructure; however, the addition of
POFA resulted in a more visibly por tructure compared
with the control brick. These results are in agreement with
the density, strength, water absorption, and sulphate test
results.

4.5. Relationships among properties

40
A linear regression analysis was performed to deter the

effect of the physical properties of bricks, namely density,

0% POFA

Figure 12. SEM images of bricks with 0% (left) and 15% (right) POFA content.

water absorption, and IRA on the compressive strength and
sulphate resistance of bricks containing-POFA.

Figure 13 shows the correlation between the physical prop-
erties of bricks. All the physical properties showed strong
relatiofghip with an R* value of >0.85. This was expected
owing to the increas he porosity of bricks, as the addition
of POFA reduced the density of the bricks, increasing the water
absorpti nd IRA values.

The relationships between the compressive strength
and the physical properties of bricks are shown in
Figure 14. As discussed in Section 4.2.2, the porous struc-
ture of bricks is enhanced when clay is replaced with
POFA. Thus, the compressive stren has a direct rela-
tionship with density, with an R° wvalue of 0.82.
Furthermore, the inverse relationship between the C@’l-
pressive strength, water absorption, and IRA indicates that
the strength of bricks deteriorated with the increase in
porosity (Lawanwadeekul et al. 2020).

The strength loss and weight gain of bricks after sulphate
test was significantly influenced by the physical properties,
with an R? value of >0.90 (Figure 15). The higher porosity of
the bricks facilitated easy access of sulphate ions into the
material, thereby decreasing the compressive strength and
increasing the weight gain. The results of the linear regression

15% POFA
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Figure 13. Linear relationshipgtween pairs of physical properties: (a) density
and water absorption; (b) density and initial rate absorption; () water absorption
and initial rate absorption.

performed in this study demonstrated that the physical prop-
erties of bricks directly correlated with their compressive
strength and sulphate resistance.

5. Conclusions

Fired clay bricks incorporating POFA as a replacement for clay
by up to 2 72 by weight were manufactured in a local brick kiln
and their properties were compared witmose of convention-
ally produced bricks in Indonesia. The following conclusions
can be drawn based on the test results:
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Figure 14. glea lationship between compressive strength and physical prop-
erties of bricks: (a) compressive strength and density; (b) compressive strength
and water absorption; (c) compressive strength and initial rate absorption.

(1) The density of bricks decreased as more clay was
replaced with POFA. This is related to an increase in
porosity, resulting in lighter bricks. With a 20% POFA
replacement, the brick density was reduced by up to
10.43%. Lighter bricks are more easily handled and also
reduce the dead load of the structures they are made
from.

(2) Higher porosities resu@g from the replacement of
clay with POFA caused an increase in the water absorp-
tion capacity of the brick specimens. Specimens with
5% POFA had a water absorption of 21.47%, which is
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Figure 15. Linear relationship between sulphate resistance and physical proper-
ties of bricks: (a) strength loss, weight gain, and density; (b) strength loss, weight
gain, and water absorption; (c) strength loss, weight gain, and initial rate
absorption.

suitable for use in regions requiring moderate weath-
ering resistance.

(3) The IRA tests for all the bricks yielded values ngher
than 0.15 g,l'minfcmz, indicating that these bricks
Quld be wetted before use in masonry structures.

(4) The compressive strength of bricks decreased with an
increase in POFA content; replacement of clay with
5% POFA achieved a compressive strength of 7.22 N/
mm?, which satisfies the requirements for conventional
bricks (> 5 N/mm?) as specified by the EN 771-2 and
BS 3921:1985.

(5) Replacing up to 15% of clay with POFA achieved
a flexural strength higher than 0.65 N/mm?, which is
the minimum value required for conventional bricks as
specified by the ASTM Ce67.
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(6) The brick specimens containing POFA had greater
resistance to the formation of efflorescence than con-
ventional bricks; however, their resistance was poor
when subjected to sulphate attack. Therefore, the used
of bricks with POFA should be avoided in severe sul-
phate environments. q-‘

(7) The SEM observations indicated that the addition of
POFA to bricks resulted in a more porous structure
than the conventional bricks, which explains many of
the observed differences in their mecha#@al properties.

(8) Linear regression analysis results indicated that the physical
properties of bricks strongly correlated with the mechanical
and durability properties investigated in this study.

Overall, the replacement of clay with up to 5% POFA in
brick production can produce a more sustainable building
material. The use of POFA in large-scale brick production is
not only useful for reducing the environmental impacts asso-
ciated with the disposal of this waste material but also for
conserving limited clay deposits.
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