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This study investigated the use of palm oil fuel ash (POFA), a by-product of burning solid waste from palm oil
production, as a clay replacement in brick manufacturing. Clay was thus replaced with 5%, 10%, 15%, and 20%
POFA by weight in bricks produced in a local factory to study the feasibility of large-scale manufacturing. The
physico-mechanical properties of these bricks (linear shrinkage, weight per unit area, compressive strength, and
apparent porosity) were compared with those of conventional bricks without POFA. The thermal performances
of the bricks were assessed by measuring the difference in temperature between their top and bottom surfaces
during exposure to direct sunlight. The results of this study indicate that replacing clay with POFA reduced the
linear shrinkage of the bricks. Furthermore, the weight per unit area and compressive strength of bricks contain-
ing higher replacement percentages of POFA decreased due to their increasingly porous structure. Replacing clay
with up 10% POFA still met the minimum compressive strength criteria of the Indonesian Industrial Standard
for non-load-bearing wall materials (i.e., 2.5 N/mm?). Furthermore, 10% POFA bricks provided better thermal
performance, exhibiting a temperature difference of about 6 °C compared to 2.5 °C for conventional bricks with-
out POFA. Therefore, using 10% POFA as a clay replacement in large-scale brick production can address POFA
disposal problems, reduce clay consumption, and decrease energy demand for indoor cooling, yielding a more

environmentally friendly clay brick.

1. Introduction

In recent years, production of bricks has increased considerably in
many developing countries such as Indonesia. For reasons of speed and
economy, bricks are increasingly preferred as building materials. How-
ever, this increases the need to make the buildings more environmen-
tally friendly. Bricks are typically produced using conventional methods
that consume enormous amounts of clay material, approximately 3.13
billion m? of clay soil per year [1]. Many researchers have therefore fo-
cused on the development of brick material technology using waste by-
products to reduce the consumption of natural soil clay. Moreover, this
approach promises to overcome the waste management issues caused
by such by-products and reduce the degradation of natural environment
resulting from soil clay extraction, thereby leading to more sustainable
brick production [2,3]. Fly ash, quarry residues, rice husk ash (RHA),
and sugarcane bagasse ash (SBA) have all accordingly been introduced
as alternatives to clay in brick production [4-10].

The physical properties of clay bricks are affected by the raw ma-
terial properties, manufacturing methods, and firing temperatures. A

high firing temperature causes the quartz in clay to soften and devel-
ops bonds between clay particles after cooling. Additives are often as
fluxing agents to help increase the development of bonds between clay
particles at lower firing temperatures [4]. Comparing the compressive
strengths of bricks fired at temperatures of 800 °C, 900 °C, and 1000 °C,
the highest compressive strength was obtained at a firing temperature of
1000 °C when fly ash was added to the clay brick mixture (0-100 wt.%
clay) [5]. Clay replacement with 50-60% of quarry residues and firing at
1000-1100 °C yielded a compressive strength that was 1.5 times higher
than that of conventional bricks [6]. The addition of RHA or SBA to clay
mixtures reduced the brick density according to the waste content, re-
sulting in bricks that were lighter than conventional bricks [7-10]. The
increased apparent porosity in bricks containing RHA or SBA has been
identified as the main reason for the observed reduction in brick density
[10].

The consumption of electrical energy produced by non-renewable
fuels increases CO, emissions, which promotes global warming. As 40%
of the energy consumed by a building is used for heating and cooling
purposes, and 12% is consumed by the building walls alone [11, 12],

Abbreviations: POFA, palm oil fuel ash; RHA, rice husk ash; SBA, sugarcane bagasse ash; XRF, X-ray fluorescence; XRD, X-ray diffraction; SEM, scanning electron
microscopy; ASTM, American Society for Testing and Materials; LOI, loss of ignition.
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using microporous bricks as a wall material can improve the thermal
performance of walls and reduce the energy demand for cooling, lead-
ing to more energy-efficient buildings [13]. Waste materials can be used
as additives to develop micropores in bricks, thereby improving their
thermal performance [12]. Indeed, several waste materials have been
used to prepare microporous bricks, including ceramic sludge [14], re-
cycled paper waste [12], pumice [15], RHA [8], and SBA [4]. The use of
bricks with 4% RHA added to a clay brick mixture showed a 6 °C indoor
temperature reduction compared to the use of conventional bricks [8].
Similarly, bricks with 40% ceramic sludge exhibited an indoor/outdoor
temperature difference of 10.1 °C compared to a difference of only 4.2 °C
when using conventional bricks [14].

Palm oil fuel ash (POFA) is a waste material produced by the burn-
ing of the solid waste from palm oil production (e.g., palm kernel shells,
mesocarp fibers, and empty fruit brunches) as a boiler fuel to generate
electricity in palm oil mills or power plants. As much as 5% of the burned
solid waste material is converted into POFA [16]. This POFA is mostly
disposed of in open fields due to its low nutritional value. This disposal
method creates environmental problems and leads to health issues, in-
cluding lung diseases [17]. Indonesia is the largest producer of palm
oil, accounting for 49.39% of global production [18]; consequently, In-
donesian palm oil industries are currently facing a significant challenge
in disposing of POFA. Therefore, using POFA waste as a raw material
in brick production can offer a solution to the POFA disposal problem,
reduce clay consumption, and produce environmentally friendly clay
bricks.

Though POFA is a pozzolanic material that is commonly used to im-
prove the strength and durability of concrete, only a few studies in the
literature have discussed the use of POFA in fired clay brick production.
Kadir et al. [19] studied the effects of clay replacement with different
palm oil waste materials (i.e., POFA, palm kernel shells, palm fibers,
and empty fruit bunches) on the technological properties of fired clay
bricks. Clay replacement with 1-10% of palm oil waste adversely af-
fected the strength and durability of the bricks, but lightweight bricks
with lower thermal conductivity were obtained. Similar results were
also reported by other researchers [20,21], who determined that the
density and compressive strength of clay bricks decreased and water
absorption increased with increasing POFA content due to increased
porosity.

Most previous studies have produced POFA brick specimens under a
controlled firing temperature in the laboratory on a small scale. How-
ever, conventional bricks are typically produced on a large scale using a
brick kiln. As different production methods may affect brick properties
[10,14] this study investigated the feasibility of POFA as a clay replace-
ment in large-scale brick production. The clay was therefore replaced
by 5%, 10%, 15%, and 20% POFA, and the effect of these replacement
percentages on the physico-mechanical and thermal performances of the
resulting bricks were compared with those of conventional bricks with-
out POFA. In addition, for the first time, the thermal performances of
POFA bricks were evaluated under direct sun exposure. The results of
this study provide significant data for various stakeholders such as the
brick industry, which can advantageously utilize waste materials, as well
as industries that produce waste POFA, thus enabling the production of
environmentally friendly and economically beneficial bricks.

2. Experimental procedures
2.1. Materials

The clay used in this study was obtained from a local kiln brick
manufacturer in Makassar, Indonesia. The POFA was supplied by the
local palm oil industry. Table 1 lists the chemical compounds of the raw
materials obtained by X-ray fluorescence analysis. The clay contained
62.39% of SiO, as its major component, and other oxides such as Al,04
(14.28%), Fe,03 (9.02%), CaO (7.96%), and K,0 (4.88%). Note that
the SiO, content of the clay used in this study was slightly higher than
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Fig. 1. XRD patterns of clay and POFA.

that of commonly used clays (50-60%) in the brick industry [22]; a
higher content of SiO, will decrease the brick porosity and increase the
risk of brick cracking during the cooling process after firing [8]. Clay
containing 10-20% Al,O3 is commonly used for brick making [22]; in
this study, the Al,05 content of the clay met this specified range. In
addition, the F,04 content of the clay was less than 10%, which is the
recommended value for preventing the formation of efflorescence on
bricks [22]. Similar to the clay, the POFA used in this study also con-
tained a large amount of SiO, (72.04%) along with CaO (8.99%), K,0
(6.53%), P,O5 (4.84%), and Fe,03 (2.13%). The fluxing agent content
(Fe, 03, K50, MgO, CaO, and Na,0) in the POFA was lower than that
in the clay, which can increase the brick porosity after the firing pro-
cess [10]. In addition, the loss on ignition (LOI) of the POFA was higher
than that of the clay, indicating the presence of organic matter in the
ash. Fig. 1 shows the clay and POFA X-ray diffraction (XRD) patterns.
Quartz was the main clay component, followed by hematite, calcite, and
alumina. The POFA was also dominated by quartz, followed by traces
of cristobalite, calcite, and potassium aluminum phosphate. Fig. 2 pro-
vides scanning electron microscopy (SEM) images of the clay and POFA
used in this study. The POFA particles had a porous structure by nature,
which can increase the water required to achieve the appropriate brick
mixture consistency for casting.

Fig. 3 shows the particle size distribution of the clay and POFA used
in this study, determined by sieve analyses performed in accordance
with ASTM C325 [23] and ASTM C136 [24], respectively. The clay ma-
terial was finer than the POFA, containing 86.8% silt and clay and ap-
proximately 13% sand. In contrast, only approximately 66.39% of the
POFA particles passed sieving at 0.25 mm. This is important as the raw
material gradation has been observed to affect the brick porosity after
firing [25]. In addition, the specific gravities of the POFA and clay were
determined in accordance with ASTM D854 [26]. The specific gravity
of the POFA (1.92) was smaller than that of clay (2.36), indicating that
lighter bricks can be obtained by replacing clay with POFA.

2.2. Sample manufacturing

The brick specimens were manufactured following the typical proce-
dure used in the local brick industry. The POFA proportions added to the
brick mixture were based on the replacement of clay weight (Table 2).
First, clay and POFA were manually dry-mixed until the mixture be-
came homogeneous. Thereafter, water was added to the mixture, fol-
lowed by additional mixing to obtain a uniformly distributed mixture
suitable for making bricks. Subsequently, the clay mixture was placed
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Table 1
Chemical compounds of clay and POFA.
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Component (%) Sio, Al,04 CaO Fe, 03 K,O TiO, P,05 MnO LOI
Clay 62.39 14.28 796  9.02 4.88 1.03 - 0.23 9.94
POFA 72.04 3.29 8.99 213 6.53 0.10 484 0.41 12.05
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Fig. 3. Particle size distribution of clay and POFA.

Table 2
Brick specimen mixing proportions.
Mix ID Clay (g§) POFA(g)  Water (g)
0% POFA 1000 0 153
5% POFA 950 50 159
10% POFA 900 100 161
15% POFA 850 150 169
20% POFA 800 200 172

into 200 x 100 x 50 mm brick molds and then leveled and compacted
manually until flat and solid. The bricks were then removed from the
molds and dried for 8 days before being fired in a brick kiln at 850 °C
for 3 days. After the firing process, the brick specimens were allowed to
cool for 14 days before being transferred to the laboratory for further
testing. A total of 100 brick specimens were prepared.

2.3. Measurement methods

The linear shrinkage of each brick specimen was determined by mea-
suring the change in its length before and after the firing process as
per ASTM C326 [27]. The unit weight and the compressive strength of
each brick specimen was measured according to ASTM C67-07 [28].
The ASTM C20 [29] guidelines were followed to obtain the apparent

Fig. 2. SEM images of the raw (a) clay and (b)
POFA.
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porosity of the brick specimens. Five brick specimens of each type were
used for each of these tests.

Thermal performance tests were performed from 08:00 to 14:00 on
a sunny day in a manner similar to previous works [8,14], as shown in
the experimental setup in Fig. 4. A polyester board was used to cover
all sides of the bricks except their top surfaces (i.e., 200 x 100 mm),
which were exposed to direct sunlight. Wood sawdust was used to fill
the space between the bottom of each brick specimen and the polyester
board to avoid trapping air beneath the brick. Digital thermometers
were attached to the top and bottom of the exposed bricks to record
the temperature changes during direct sunlight exposure. The tempera-
ture difference between the top and bottom of the bricks was then used
to determine the thermal performance. The thermal performances of
the bricks with POFA were compared to that of the conventional brick
without POFA. Finally, SEM images were obtained to characterize the
microstructures of the various brick specimens corresponding to their
measured performance.

3. Results and discussion
3.1. Linear shrinkage

Brick shrinkage occurs as a result of the evaporation of water from
inside the bricks during the firing process; hence, it is closely related
to the firing temperature. Fig. 5 shows the effects of POFA content on
the linear shrinkage of bricks. The addition of POFA clearly reduced the
linear shrinkage of the bricks. The control bricks without POFA shrank
4.19%, whereas those with POFA shrank between 2.94 and 3.73%. The
decrease in the shrinkage of bricks made with POFA was caused by their
high content of silica, which is a non-plastic component and that be-
haves as a filler material to decrease the plasticity of the clay/POFA
mixes. Indeed, a similar trend was observed by other researchers [9],
who reported that the linear shrinkage of fired bricks decreased with
increasing SBA content.

Suitable bricks generally have a linear shrinkage value less than 8%
[30]. All clay bricks evaluated in this study exhibited linear shrinkage
values less than 8%, indicating that the POFA can reduce linear shrink-
age during the firing process. Visual inspection was conducted to eval-
uate the cracking due to shrinkage. It is worth noting that no cracks
were observed on the brick surfaces after production, indicating that
bricks containing POFA will not be easily broken when transported and
handled.
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Fig. 4. Experimental setup to evaluate the
thermal performance of brick specimens.
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Fig. 6. Weight per unit area of brick specimens.

3.2. Weight per unit area

Fig. 6 presents the effects of POFA percentage on the weight per unit
area of the brick specimens, showing a reduced weight per unit area in
bricks containing POFA. For instance, the bricks without POFA had a
weight per unit area of 76.41 kg/m? that decreased by 10.76, 12.53,
18.68, and 23.34% for bricks containing 5, 10, 15, and 20% POFA,
respectively. This result can be attributed to the increased porosity of
the bricks with POFA and the lower specific gravity of POFA compared
to clay. Previous studies [9,10] also found that the brick porosity in-
creased when incorporating agricultural waste ash, producing lighter
bricks. Lighter bricks can reduce the cost of construction by making it
easier to transport them to the construction site, requiring less energy
to lift them to the higher floors of multi-story buildings, and decreasing
the dead load of the resulting structure.
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Fig. 7. Apparent porosity of brick specimens.
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Fig. 8. Relationship between the apparent porosity and the weight per unit area
of brick specimens.

3.3. Apparent porosity

Fig. 7 shows that the apparent porosity increased with increasing
POFA content, and confirms the results in Fig. 6, indicating that the
increasing porosity with increasing POFA content corresponded to a de-
creasing weight per unit area, as shown in Fig. 8. For example, an ap-
parent porosity of 36.58% was observed for the bricks without POFA,
whereas an apparent porosity of 45.46% was obtained for the brick spec-
imens with 20% POFA. Note that the evaporation of water during the
de-hydroxylation reaction of carbonate decomposition and the biomass
residual combustion generally affect brick porosity [31]. In addition, the
fluxing agent content in the raw material is an important factor when
developing or reducing brick porosity.

During the firing process, a higher fluxing agent content will increase
the liquid phase, resulting in a molten material that compresses the in-
terspaces inside the bricks [10]. The fluxing agent content of the clay
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used in this study was higher than that of the POFA; therefore, the brick
porosity increased with increasing POFA content. The increase in the
porosity of bricks incorporating POFA will also lead to a higher water
absorption capacity. These results are in line with the SEM images of
the bricks and the relationship between porosity and weight per unit
area (Fig. 8). Previous studies have reported similar results for bricks
incorporating porous materials such as RHA and SBA [9,10,32].

3.4. Compressive strength

Fig. 9 shows the effect of POFA content on the compressive strength
of the brick specimens. The compressive strength almost linearly de-
creased with increasing POFA content. The bricks without POFA exhib-
ited a compressive strength of 6.44 N/mm?, whereas those containing 5,
10, 15, and 20% POFA exhibited a 48.34, 58.13, 74.56, and 80.47% de-
crease in the compressive strength, respectively. The porosity, density,
and pore size have been found to strongly influence the compressive
strength of bricks [10,31]. Accordingly, Fig. 10 shows the linear rela-
tionship between the compressive strength, weight per unit area, and
apparent porosity of the bricks according to POFA content. Similar re-
sults were also found in previous studies [10,32,33].

The organic matter decomposition and the high silica content in the
raw materials used in this study clearly affected the porosity of the
bricks and may induce flaws in the clay brick body [9]. In this work,
the POFA had LOI of 12.05%, indicating that the considerable presence
of organic matter in the ash likely affected the brick porosity. The silica
content in the POFA was also ~50-60% greater than the preferred limit
in clay [34]. Therefore, the higher amount of silica in POFA strongly af-
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fected the compressive strength of the bricks. Although the replacement
of clay with any amount of POFA resulted in a decrease in the compres-
sive strength, the replacement of clay with 10% POFA still achieved a
compressive strength greater than 2.5 N/mm?, satisfying the Indonesian
Industrial Standard [35] for non-load bearing wall materials.

3.5. Thermal performance

Based on the results of the compressive strength tests, only brick
specimens containing 0, 5 and 10% POFA were selected for further study
of thermal performance, as these specimens satisfied the Indonesian In-
dustrial Standard [34] for non-load bearing wall materials. Fig. 11 shows
the variations in the top and bottom surface temperatures of bricks with
0, 5, and 10% POFA over time. It can be observed that there was no
significant difference in the temperature of the top surface of the brick
specimens according to POFA content. However, the bottom surfaces
of the brick specimens containing POFA exhibited lower temperatures
than those of the brick specimens without POFA. For example, at 12:00,
which was expected to have the highest temperature during the day, the
temperatures of the bottom surface of the 0% POFA, 5% POFA, and 10%
POFA bricks were 44.2, 41.9 and 40.2 °C, respectively. The differences
between the top and bottom surfaces of the 5% POFA and 10% POFA
bricks were approximately 3.8 and 5.6 °C, respectively, whereas that of
the 0% POFA bricks was only 2.5 °C. This indicates that the replace-
ment of clay with 10% POFA provided a better thermal performance
than the use of only clay, along with a compressive strength within the
permissible limits for wall materials.

The increased brick porosity with added POFA is the main reason for
the observed improvement in thermal performance. Similar results were
obtained by previous studies in which agricultural waste materials, such
as RHA or SBA, were added to clay bricks to obtain improved thermal
performance. Indeed, 29% and 31% reductions in thermal conductivity
compared to conventional clay bricks were obtained when using 15%
RHA or 15% SBA, respectively [4]. Furthermore, adding 4% RHA to a
clay brick mixture resulted in a 6 °C reduction in the indoor temperature
compared with the use of conventional bricks [14]. Using POFA bricks
as a wall material would therefore reduce the energy demand for indoor
cooling and help to improve the energy-efficiency of buildings.

3.6. Microstructures

The microstructures of the brick specimens containing POFA were
characterized through SEM images. Fig. 12 shows the microstructure
of a brick specimen without POFA (control) and with 10% POFA. A
porous structure can be observed in both specimens; however, more
visible pores can be found in the brick specimen containing 10% POFA
due to the organic materials initially present in the POFA and released
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in the form of carbon dioxide during firing. Consequently, this increased
the porosity of the brick specimens containing POFA. These results are
consistent with the results of the compressive strength, weight per unit
area, apparent porosity, and thermal performance tests.

4. Conclusions

This study investigated the use of POFA, a by-product of burning the
solid waste from palm oil production, as a clay replacement for large-
scale brick production. The following conclusions can be drawn from
the test results characterizing the brick properties according to POFA
content:

(1) The replacement of clay with POFA in bricks resulted in a smaller
linear shrinkage and weight per unit area. Bricks with a lower weight
per unit area can reduce the cost of construction and the dead load
of the structure they are used to construct.

(2) The compressive strength of the bricks decreased with increasing
POFA content due to the resulting higher porosity. Up to 10% of
the clay can be replaced with POFA when manufacturing bricks. A
compressive strength of 2.66 N/mm? was obtained at this level of
replacement, satisfying the Indonesia Industrial Standard for non-
load bearing wall materials.

(3) In terms of thermal performance, the 10% POFA bricks yielded the
highest temperature difference between top and bottom surfaces of
about 5.6 °C, followed by 5% POFA and 0% POFA at about 3.8 °C
and 2.5 °C, respectively. This improved temperature difference can
help to reduce the energy demand for indoor cooling and improve
the energy-efficiency of buildings when using POFA bricks as wall
materials.

The findings of this study indicate that 10% replacement of clay
with POFA offers an attractive approach for the large-scale production
of lightweight bricks for use in non-load-bearing wall materials. The use
of such bricks can therefore reduce the usage of natural clay resources
in brick manufacturing, reduce the environmental impact of POFA dis-
posal, and produce eco-friendly and sustainable building materials that
result in lower energy consumption.

Funding

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest
There are no conflicts of interest to declare.
Acknowledgments

The author’s would like to thank Muhammad Hidayat M, ST and
Cynthia Lestari, ST for their assistance during testing the specimens.

Materialia 17 (2021) 101130

Fig. 12. SEM images of bricks with POFA con-
tents of (a) 0% and (b) 10%.

Also, thank to PT. Liung Jaya Terang for granting permission to use and
publish the clay properties used in this study.

References

[1] A. Mohajerani, A. Ukwatta, T. Jeffrey-Bailey, M. Swaney, M. Ahmed, G. Rodwell,
S. Bartolo, N. Eshtiaghi, S. Setunge, A proposal for recycling the world’s unused
stockpiles of treated wastewater sludge (bio-solids) in fired-clay bricks, Buildings 9
(1) (2019), doi:10.3390/buildings9010014.

[2] A.R. Djamaluddin, M.A. Caronge, M.W. Tjaronge, A.T. Lando, R. Irmawaty, Evalu-

ation of sustainable concrete paving blocks incorporating processed waste tea ash,

Case Stud. Constr. Mater. 12 (2020) e00325, doi:10.1016/j.cscm.2019.e00325.

A.R. Djamaluddin, M.A. Caronge, M.W. Tjaronge, I.R. Rahim, Md.N. Noor, Abrasion

resistance and compressive strength of unprocessed rice husk ash concrete, Asian J.

Civil. Eng. 19 (7) (2018) 867-876, doi:10.1007/542107-018-0069-5.

[4] S.M.S. Kazmi, M.J. Munir, 1. Patnaikuni, Y.F. Wu, U. Fawad, Thermal performance

enhancement of eco-friendly bricks incorporating agro-wastes, Energy Build 158

(2018) 1117-1129, doi:10.1016/j.enbuild.2017.10.056.

C. Leiva, C. Arenas, B. Alonso-farinas, L.F. Vilches, B. Paceno, M. Rodriguez-Galan,

Characteristics of fired bricks with co-combustion fly ashes, J. Build. Eng. 5 (2016)

114-118, doi:10.1016/j.jobe.2015.12.001.

J. Rukijkanpanich, N. Thongchai, Burned brick production from residues of quarry

process in Thailand, J. Build. Eng. 25 (2019), doi:10.1016/j.jobe.2019.100811.

[7] F. Andreloa, 1. Lancellotti, T. Manfredini, F. Bondioli, L. Barbieri, Rice husk ash
(RHA) recycling in brick manufacture: effect on physical and microstructural prop-
erties, Waste Biomass Valor 9 (2018) 2529-2539, doi:10.1007/s12649-018-0343-5.

[8] G.H.M.J. Subashi De Silva, B.V.A. Perera, Effect of waste rice husk ash (RHA) on
structural, thermal, and acoustic properties of fired clay bricks, J. Build. Eng. 18
(2018) 252-259, doi:10.1016/j.jobe.2018.03.019.

[9] K.C.P. Faria, R.F. Gurgel, J.N.F. Holanda, Recycling of sugarcane bagasse ash
waste in the production of clay bricks, J. Environ. Manag. 101 (2012) 7-12,
doi:10.1016/j.jenvman.2012.01.032.

[10] S.M.S. Kazmi, S. Abbas, M.A. Saleem, M.J. Munir, A. Khitab, Manufacturing of sus-
tainable clay bricks: utilization of waste sugarcane bagasse and rice husk ashes,
Constr. Build. Mater. 120 (2016) 29-41, doi:10.1016/j.conbuildmat.2016.05.084.

[11] J.J. del Coz Diaz, P.J. Garcia Nieto, J. Dominguez Herndndez, A. Sudrez Sanchez,
Thermal design optimization of lightweight concrete blocks for internal one-
way spanning slabs floors by FEM, Energy Build 41 (12) (2009) 1276-1287,
doi:10.1016/j.enbuild.2009.08.005.

[12] M. Sutcu, S. Akkurt, The use of recycled paper processing residues in making porous
brick with reduced thermal conductivity, Ceram. Int. 35 (7) (2009) 2625-2631,
doi:10.1016/j.ceramint.2009.02.027.

[13] M. Sutcu, Influence of expanded vermiculite on physical properties and ther-
mal conductivity of clay bricks, Ceram. Int. 41 (2) (2015) 2819-2827,
doi:10.1016/j.ceramint.2014.10.102.

[14] G.H.M.J. Subashi De Silva, E. Hansamali, Eco-friendly fired clay bricks incorpo-
rated with porcelain ceramic sludge, Constr. Build. Mater. 228 (2019) 116754,
doi:10.1016/j.conbuildmat.2019.116754.

[15] O. Gencel, Characteristics of fired clay bricks with pumice additive, Energy Build
102 (2015) 217-224, doi:10.1016/j.enbuild.2015.05.031.

[16] V. Sata, C. Jaturapitakkul, K. Kiattikomol, Utilization of palm oil fuel ash
in high-strength concrete, J. Mater. Civ. Eng. 16 (6) (2004) 623-628,
doi:10.1061/(ASCE)0899-1561(2004)16:6(623.

[17] H.M. Hamada, G.A. Jokhio, F.M. Yahaya, A.M. Humada, Y. Gul, The present state
of the use of palm oil fuel ash (POFA) in concrete, Constr. Build. Mater. 175 (2018)
26-40, doi:10.1016/j.conbuildmat.2018.03.227.

[18] Statista. https://www.statista.com/statistics/613471/palm-oil-production-volume-
worldwide/ (Accessed 27 September 2020).

[19] A.A. Kadir, N.A.M. Zahari, N.A. Mardi, Utilization of palm oil waste into fired clay
brick, Adv. Environ. Biol. 7 (12) (2013) 3826-3834.

[20] Elhusna, A.S. Wahyuni, The compressive strength and the absorption of the clay
brick with the rice husk ash and the palm oil fuel ash, in: Proceeding of the In-
ternational Conference on Engineering and Science for Research and Development
(ICESReD), 2016, pp. 19-23.

[3

=

[5

—

[6

[}


https://doi.org/10.3390/buildings9010014
https://doi.org/10.1016/j.cscm.2019.e00325
https://doi.org/10.1007/s42107-018-0069-5
https://doi.org/10.1016/j.enbuild.2017.10.056
https://doi.org/10.1016/j.jobe.2015.12.001
https://doi.org/10.1016/j.jobe.2019.100811
https://doi.org/10.1007/s12649-018-0343-5
https://doi.org/10.1016/j.jobe.2018.03.019
https://doi.org/10.1016/j.jenvman.2012.01.032
https://doi.org/10.1016/j.conbuildmat.2016.05.084
https://doi.org/10.1016/j.enbuild.2009.08.005
https://doi.org/10.1016/j.ceramint.2009.02.027
https://doi.org/10.1016/j.ceramint.2014.10.102
https://doi.org/10.1016/j.conbuildmat.2019.116754
https://doi.org/10.1016/j.enbuild.2015.05.031
https://doi.org/10.1061/(ASCE)0899-1561(2004)16:6(623
https://doi.org/10.1016/j.conbuildmat.2018.03.227
https://www.statista.com/statistics/613471/palm-oil-production-volume-worldwide/
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0019
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0019
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0019
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0019
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0020
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0020
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0020

M.W.

[21]

[22]

[23]
[24]

[25]

[26]
[27]

[28]

Tjaronge and M.A. Caronge

A.R. Djamaluddin, M.A. Caronge, M.W. Tjaronge, R. Irmawaty, Fired clay bricks
incorporating palm oil fuel ash as a sustainable building material: an industrial-scale
experiment, Int. J. Sustain. Eng. (2020), doi:10.1080/19397038.2020.1821403.

P. Velasco, M. Ortiz, M. Giro, L. Velasco, Fired clay bricks manufactured by adding
wastes as sustainable construction material — A review, Constr. Build. Mater. 63
(2014) 97-107, doi:10.1016/j.conbuildmat.2014.03.045.

ASTM C325Standard Guide for Wet Sieve Analysis of Ceramic Whiteware Clays,
ASTM International, Philadelphia, PA, 2007 www.astm.org.

ASTM C136Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates,
ASTM International, Philadelphia, PA, 2001 www.astm.org.

K. Elert, G. Cultrone, C.R. Navarro, E.S. Pardo, Durability of bricks used in the con-
servation of historic buildings — Influence of composition and microstructure, J.
Cult. Heritage 4 (2) (2003) 91-99, doi:10.1016/51296-2074(03)00020-7.

ASTM D854Standard Test Methods for Specific Gravity of Soil Solids by Water Pyc-
nometer, ASTM International, Philadelphia, PA, 2006 www.astm.org.

ASTM C326Standard Test Method for Drying and Firing Shrinkages of Ceramic
Whiteware Clays, ASTM International, Philadelphia, PA, 2009 www.astm.org.
ASTM C67Standard Test Methods for Sampling and Testing Brick and Structural Clay
Tile, ASTM International, Philadelphia, PA, 2007 www.astm.org.

[29]

[30]

[31]

[32]

[33]

[34]
[35]

Materialia 17 (2021) 101130

ASTM C20Standard Test Methods for Apparent Porosity, Water Absorption, Appar-
ent Specific Gravity, and Bulk Density of Burned Refractory Brick and Shapes by
Boiling Water, ASTM International, West Conshohocken, PA, 2015 www.astm.org.
E.A. Okunade, The effect of wood ash and sawdust admixture on the engineer-
ing properties of a burnt laterite—clay brick, J. Appl. Sci. 8 (2008) 1042-1104,
doi:10.3923/jas.2008.1042.1048.

L. Aouba, C. Bories, M. Coutand, B. Perrin, H. Lemercier, Properties of
fired clay bricks with incorporated biomasses: cases of olive stone flour
and wheat straw residues, Constr. Build. Mater. 102 (1) (2016) 7-13,
doi:10.1016/j.conbuildmat.2015.10.040.
I. Demir, An investigation on the
with processed waste tea, Build. Environ.
doi:10.1016/j.buildenv.2005.05.004.

G. Gorhan, O. Simsek, Porous clay bricks manufactured with rice husks, Constr.
Build. Mater. 40 (2013) 390-396, doi:10.1016/j.conbuildmat.2012.09.110.

P.C. Varghese, Building Materials, PHI Learning Pvt. Ltd., Delhi, India, 2015.
SI1-0021-1978Tolerance Class and Standard Size Module For Bricks, Indonesian In-
dustrial Standard, Jakarta, Indonesia, 1978.

production of construction brick
41 (9) (2006) 1274-1278,


https://doi.org/10.1080/19397038.2020.1821403
https://doi.org/10.1016/j.conbuildmat.2014.03.045
http://www.astm.org
http://www.astm.org
https://doi.org/10.1016/S1296-2074(03)00020-7
http://www.astm.org
http://www.astm.org
http://www.astm.org
http://www.astm.org
https://doi.org/10.3923/jas.2008.1042.1048
https://doi.org/10.1016/j.conbuildmat.2015.10.040
https://doi.org/10.1016/j.buildenv.2005.05.004
https://doi.org/10.1016/j.conbuildmat.2012.09.110
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0034
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0034
http://refhub.elsevier.com/S2589-1529(21)00133-2/sbref0035

	Physico-mechanical and thermal performances of eco-friendly fired clay bricks incorporating palm oil fuel ash
	1 Introduction
	2 Experimental procedures
	2.1 Materials
	2.2 Sample manufacturing
	2.3 Measurement methods

	3 Results and discussion
	3.1 Linear shrinkage
	3.2 Weight per unit area
	3.3 Apparent porosity
	3.4 Compressive strength
	3.5 Thermal performance
	3.6 Microstructures

	4 Conclusions
	Funding
	Declaration of Competing Interest
	Acknowledgments
	References


