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The particle size (µm) of coal bottom ash displayed significant effects on the concrete
engineering properties. This research aims to assess the improvement of engineering
properties of concrete containing CBA (fineness: 75 and 100 µm) known asMix 75 andMix
100, and to optimize the percentage of coal bottom ash as supplementary cement
materials in concrete. The physicochemical properties of coal bottom ash were analyzed
using X-ray fluorescence, X-ray diffraction, particle size distribution (PSD), and a scanning
electron microscope. The strength of concrete was determined based on workability and
compressive and splitting tensile strengths. The concrete strength improvement was
optimized by response surface methodology. The results of the study showed that coal
bottom ash was rich in silicates based on the highest peak at 45°. The scanning electron
microscope images showed that coal bottom ash has few cenospheres and components
of irregular-shaped char particles. The splitting tensile strengths in 28 curing days gradually
decreased with an increase in coal bottom ash. The optimal percentage of coal bottom ash
in Mix 75 is equivalent to 6% within 45.4 curing days producing 40 MPa of compressive
strength. Meanwhile, the optimal percentage of CBA in Mix 100 is equivalent to 12%within
56 curing days producing 50MPa of compressive strength. The future works needed to
extend the experimental observations are the economic analysis and effect of the
greenhouse reduction on the usage of CBA in building infrastructure.

Keywords: Coal bottom ash, concrete strentgh properties, compressive strength, splitting tensile strength,
physicochemical properties, Economical optimization

INTRODUCTION

Coal bottom ash (CBA) is a component waste material of coal combustion produced by coal-
generated power plants. It is rich in heavy metals (Beddu et al., 2020a; Kamal et al., 2019) and
classified as scheduled waste (Cho et al., 2013; Odimegwu et al., 2018; Sun et al., 2020). Some of the
Malaysian coal-generated power plants are Tanjung Bin in Johor Darul Takzim (2,100 MW), Jimah
in Negeri Sembilan Darul Khusus (1,400 MW), Kapar in Selangor Darul Ehsan (2,420 MW),
Manjung in Perak Darul Ridzuan (2,295 MW), Mukah (270 MW), PPLS (110 MW), and
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Sejingkat (100 MW) in Sarawak Bumi Kenyalang (Oh, 2010;
Beddu et al., 2021). The electricity generations in Malaysia
from these power plants produce CBA waste ranging from
9–250 tons/day (Beddu et al., 2020a), in addition to the other
household waste generated about 19,000–3,000 ton/per day in
Malaysia (Ahmad and Ayob, 2015). Concrete contains 12%
ordinary Portland cement (OPC) and up to 80% of aggregate
by mass (Muda et al., 2013; Ahmad et al., 2021a). Aggregate is any
particulate material that can be either natural (gravel, crushed
stone, and sand) (McNeil and Kang, 2013) manufactured (slag, a
mixture of metal oxides and silicon dioxide from metal mining)
(Ahmad et al., 2020), or recycled waste materials (recycled
concrete (Jian and Wu, 2021) geosynthetic aggregates
(Robinson and Howard, 2021), diapers polymers (Mohamad
et al., 2017; Abd Manan et al., 2021a), and CBA (Yahya et al.,
2017; Beddu et al., 2018)). Marine aggregate requires acid wash to
remove sodium that will corrode the concrete structures (Wang
et al., 2021). Aggregate from desserts has round grain structures
due to wind erosion, and hence, it is incapable of binding to
concrete. Therefore, aggregate mining from riverbeds and
quarries was utilized at the rate of 10–11 billion ton per year
contributing to adverse impacts on the environment (AbdManan
et al., 2019). The OPC is the binder material in concrete. CBA is
commonly used as an aggregate instead of SCM due to its natural
raw size similar to aggregate (Abd Manan et al., 2021a). To be
used as SCM, CBA requires a grinding process to obtain the filler
size. Nevertheless, CBA can be sieved to simulate the fineness of
OPC. The physicochemical properties of CBA are in good
association with OPC (Beddu et al., 2020b; Singh and
Siddique, 2015), making it a good alternative material while
maintaining and/or improving the engineering properties of
concrete. Mass production of CBA as mentioned previously
guarantees a sustainable construction material (i.e., aggregate
and SCM) in the industry converting waste to green material.

Table 1 presents comparison studies on concrete property
improvements using CBA with the current research. The
application of CBA was reported to be in terms of SCM
(particle size: 45, 75, and 100 μm) and sand replacement
material (particle size: 4.75 mm).

Singh and Siddique (2015) applied CBA (w/c ratio: 0.55) at
different volumes (C1: control mix, C2: 30% CBA, C3: 50%
CBA, C4: 75% CBA, and C5: 100% CBA) as sand replacement
material in normal concrete. The compressive strength
improvement at 7 days was achieved at 94.6% (C2), 91.0%
(C3), 86.3% (C4), and 84.8% (C5) more than the
compressive strength of C1. The compressive strength
improvement at 28 days was achieved at 34.4% (C1), 38.0%
(C2), 44.3% (C3), 52.9% (C4), and 45.0% (C5) more than the
compressive strength at 7 days. The exact figures on
compressive strengths, however, are not mentioned. As sand
replacement material, the particle size of CBA used was higher,
equivalent to 4.75 mm. Khongpermgoson et al. (2020) used
CBA (w/c ratio: 0.25) at different volumes (0, 15, 25, 35, and
45% of CBA) as SCM in high-strength concrete. The authors
reported that the compressive strengths of 0%, 15%, 25%, and
35% CBA were more than 55 MPa. However, the compressive
strength for 45% CBA was lower than 55 MPa. The CBA particle
size was 45 μm. Kamal et al. (2021) studied the effect of CBA
fineness (45, 75, and 100 μm) at different water-cement ratios
(w/c: 0.40, 0.45, and 0.50) as SCM in normal concrete.

The optimal compressive strength obtained was 30 MPa
(75 μm, w/c 0.45) and 32 MPa (100 μm, w/c 0.50) for 10% and
15% CBA, accordingly. In the application of high-strength
concrete, the compressive strengths used by Khongpermgoson
et al. (2020) (>55 MPa) and Mohamad et al. (2018) (50 and
61 MPa) were comparable regardless of the materials used. The
compressive strength from CBA as SCM by Kamal et al. (2021)
was 28 and 33 MPa. Sachdeva and Khurana (2015) investigated

TABLE 1 | Review studies on concrete properties.

Material Water
cement

(w/c) ratio

Function Type of
concrete

Particle
sizes

Compressive strength (MPa),
28 days

Splitting tensile strength
(MPa), 28 days

References

CBA 0.45 Sand
replacement
material

Normal
concrete

4.75 mm C1 34.4%, C2 38.0%, C3 44.3%,
C4 52.9%, and C5 45.0% over
7 days’ compressive strength

n.a. Singh and Siddique
(2015)

CBA 0.25 SCM High
strength
concrete

45 µm 0, 15, 25, and 35% >55 n.a. Khongpermgoson
et al. (2020)

CBA 0.40 SCM Normal
concrete

45, 75, and
100 μm

10% CBA (75 μm, w/c 0.45): 30 n.a. Kamal et al. (2021)
0.45 15% CBA (100 μm, w/c 0.50): 32
0.50

CBA 0.38 Fine aggregate Normal
concrete

4.75 μm 0% (47.92), 10% (47.45), 20%
(46.52), 30% (45.92), and 40%
(39.59)

n.a. Sachdeva and
Khurana (2015)

CBA n.a. Partial substitute
of cement

Normal
concrete

2 mm Std (40.9), 5% (40.38), 10% (40.24),
15% (33.57), and 25% (29.13)

n.a. Kurama and Kaya
(2008)

CBA
Fineness

0.47 SCM Normal
concrete

75 and
100 µm

15% CBA (75 µm): 35 The splitting tensile
strengths gradually
decreased with an increase
of CBA

Current research
15% CBA (100 µm): 33
Optimal duration
6% CBA (75 μm, 45.4 days): 40
12% CBA (100 μm, 50.7 days): 50
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the BA as a sand replacement to produce an M40 concrete mix
and investigated the compressive strength. The fine aggregates
were replaced with coal BA by 10, 20, 30, and 40%. An obvious
decrement was noted when BA was used up to 20%. Therefore,
20% is considered the optimum replacement percentage for this
study. Kurama and Kaya (2008) observed that the compressive
strength improved by 5% greater than the control concrete
mixture at 56 days of curing.

The current research presents the effects of Malaysian CBA
fineness on concrete property improvements. Compared to
previous studies, the current research takeaway presents
optimization studies of 15% CBA application (0.47 w/c,
75 and 100 µm of particle size) as SCM in concrete
technology. In addition, concrete strength evaluation such as
compressive strength in the current study was further explored
with an addition of split tensile strength. This research is one of
the concrete technology innovations promoting United Nations
Sustainable Development Goals nos. 7 (affordable and providing
clean energy) and 12 (responsible production and consumption)
(Kurama and Kaya, 2008).

MATERIALS AND METHODS

Sampling Location
The CBA samples were collected from Malaysian power plant,
oven-dried for 24 h, and ground and sieved to 75 and 100 μm.
The material engineering properties of CBA including
identification of oxides elements, crystallinity, particle size
measurement, and observation of structural morphology of
CBA were described by Abd Manan et al. (2021a). Our study
complies with relevant institutional, national, and international
guidelines and legislation.

Experimental Characterization
The samples were prepared in triplicates for each heavy metal,
oven-dried for 6 h to remove moisture, and ground and sieved to
45 and 75 µm. The sieved samples were prepared in pellet form
using a pressed pellet technique. The physicochemical properties

of ash samples were analyzed using X-ray fluorescence (XRF),
X-ray diffraction (XRD), particle size distribution (PSD), and a
scanning electron microscope (SEM). The XRF analysis
(RaynyEDX-700/800, Shimadzu Corporation, Tokyo, Japan)
was conducted to determine the chemical oxide content in BA.
The XRD analysis was conducted using Xpert Pro PANalytical to
determine the amorphous state of BA. The sample was prepared
in powdered form. The PSD was carried out using a particle size
analyzer. The structural composition of BA was observed and
recorded using a SEM (ZEISS GeminiSEM 500, Oberkochen,
Germany).

Workability and Properties of Concrete
The mix design process was based on the method of the trial
mix, the test mixes were prepared based on the Department of
Environment (DOE, BS EN 12350-2) method guidelines
European standard (2019; 12350), cited by Abd Manan et al.
(2021b), and the result was taken from an average of three
samples. The 28-day strength target was 30 MPa for various
mixture groups. CBA was used with a maximum size of fine
aggregates equivalent to 4.75-mm (ASTM C33/C33M). Sieve
analysis tests (75 and 100 µm) were conducted on fine
aggregates. Fine aggregates were dried in the oven for 24 h at
100°C before mixing in the concrete mixture. The mix ratio for
CBA (mix 75: 75 µm and, mix 100: 100 µm) concrete including
control mix (CM) is shown in Table 2. The blends have six
different CBA percentages, which are 5, 10, 15, 20, 25, and 30%,
respectively. These percentages were added to the experiment by
referring to the trend of the previous study on cement
replacement content.

The workability of the freshly made concrete mix was assessed
via a slump test (BS-EN 12350-2:2009, slump cone). The goal for
the slump test was 180 mm. The indication of workability is
shown in Table 3.

The compressive strength (MPa, BS EN 12390-3:2002,
cubes, 100 m3) and the splitting tensile strength (MPa, BS
1881: Part 117:1973, cylinders, 150 mm Ø × 300 mm high) of
concrete were conducted using a universal testing
machine (UTM).

TABLE 2 | Mix proportion for Mix 75 and Mix 100 CBA replacement.

Mix 75 and
mix 100

OPC (kg/m3) Percentages of
CBA replacement

(%)

CBA (kg/m3) Fine aggregate
(kg/m3)

Coarse aggregate
(kg/m3)

W/C

CM 323–340 0 0
5CBA75 323 5 17
5CBA100
10CBA75 306 10 34
10CBA100
15CBA75 289 15 51 515 1,385 0.47
15CBA100
20CBA75 272 20 68
20CBA100
25CBA75 255 25 85
25CBA100
30CBA75 238 30 102
30CBA100
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Model Optimization
Model optimization was conducted using a central composite
design (CCD) with a second-order polynomial equation (Eq. 1)
in RSM using the Design Expert® software (Version 12).
Optimization is required to assess the link between process
variables, namely, curing days (day) and CBA composition in
concrete (%) with the response variable, compressive strength.

Y � β0 +∑k

i�1βi · xi +∑k

i�1βii · x2
i +∑k

i≤ j
∑k

j
βij · xi · xj + . . . + e,

(1)
where

Y = predicted response variable
β = regression coefficient
k = number of factors or process variables in the experiment
e = random error.
The ranges of process variables [curing days (day) and CBA

(%)] and coded factors [curing days: 3 (−1) and 56 (1); CBA: 0
(−1) and 30 (1)] are shown in Table 4. The percentages of errors
between experimental and predicted values of compressive
strengths were evaluated using Eq. 2.

Error (%) �
∣∣∣∣∣∣∣∣
Experimental Value − Predicted Value

Experimental Value
× 100%

∣∣∣∣∣∣∣∣.

(2)

RESULTS AND DISCUSSION

The physicochemical properties of ash samples were analyzed
using X-ray fluorescence (XRF), X-ray diffraction (XRD), particle
size distribution (PSD), and a scanning electron
microscope (SEM).

The XRF analysis showed the chemical oxide content in
OPC, FA, and CBA (45 and 75 µm), and the selected properties
of FA (class F and class C according to ASTM 1994) (Table 5).
The chemical oxides were silicon dioxide (SiO2), magnesium

oxide (MgO), sulfur trioxide (SO3), calcium oxide (CaO),
potassium oxide (K2O), aluminum oxide (Al2O3), and iron
(II) oxide (FeO).

SiO2 is a metal oxide that is also known as silica or silox. It is a
type of glass. It has a very low coefficient of expansion (similar to
Pyrex glass) with low thermal conductivity (insulation properties
for a semiconductor). The percentages of SiO2 obtained were
20.6% (OPC), 46.80% (FA), 50.75% (CBA, 45 µm), and 54.26%
(CBA, 75 µm). In descending order, the highest SiO2 content was
CBA (75 µm), followed by CBA (45 µm), FA, and OPC. It showed
that the finer the particle size of CBA, the higher will be the SiO2

content.
Higher SiO2 content indicates higher resistance to expansion

and the best insulation properties (poor thermal conductivity). It
exhibits higher thermal shock resistance which is a leading
example of energy-efficient concrete and building
infrastructure with lower thermal conductivity.

MgO is also known as magnesia. It is a semiconductor with a
rock-salt structure that has a wide valence band (~6 eV) and a
large dielectric constant (9.8) (George et al., 2021). Reactive MgO
is used to solidify soil (Yi et al., 2013). MgO mineralizes carbon
dioxide (CO2) and produces the hydrated magnesium carbonate
species (formation of M-S-H gel), generating higher strength,
lower permeability, and finer microstructure (Wang et al., 2019).
MgO is also reported to be more efficient than hydrated lime used
in concrete. It can function as an activator of ground granulated
blast-furnace slag and FA used in cement or concrete pastes and
soft soil solidification. The percentages of MgO obtained were
2.2% (OPC), 1.15% (FA), 0.34% (CBA, 45 µm), and 0.26% (CBA,
75 µm). Although there is no significant difference between the
percentages of CBA and its particle size, MgO does exist in OPC,
FA, and CBA in low concentration that ranged between
0.26 and 2.2%.

SO3 is produced from sulfur coal burned in coal-fired power
plants. High SO3 content in FA causes efflorescence (deposits of
salts) in concrete (Ríos et al., 2020). SO3 reacts with calcium
hydroxide in normal concrete resulting in the cracking of the

TABLE 3 | Workability, slump, and applications.

Degree of workability Slump (mm) Applications

High 100–178 Sections with congested reinforcement
Medium 50–100 Manually compacted flat slabs using crushed aggregates. Normal reinforced concrete manually compacted and heavily

reinforced sections with vibrations
Low 25–50 Foundations with light reinforcement. Roads vibrated by hand-operated machines
Very low 0–25 Road pavement and roads vibrated by power-operated machines

TABLE 4 | Process variables and coded factors.

Process
variables

Coded
factors

Units Type Low
actual

High
actual

Low
coded

High
coded

Mean Standard
deviation

Curing days A Day Numeric 3 56 −1 1 29.51 17.64
CBA B % Numeric 0 30 −1 1 15.00 9.99
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cement paste, affecting its durability (Mohammed et al., 2004).
For this reason, the maximum SO3 content of cement or blended
cement is regulated around the world (e.g., NCh 148, ASTM
C989, ASTM C150, ASTM C10, ASTM C595, and IS 3812-1981)
and restricted to 5% or less. The percentages of SO3 were 2.7%
(OPC), 0.53% (FA), 0.75% (CBA, 45 µm), and 0.62% (CBA,
75 µm). The SO3 concentration is still below the permitted
limit of 5%.

CaO is also known as quicklime. It is a type of property
modifier, produced by the thermal decomposition of materials
(e.g., limestone or seashells) that contain calcium carbonate
(CaCO3). It has the ability to form solutions with silicates
accelerating the phase separation of borosilicate glasses
(Ahmad et al., 2019). It is also the main ingredient in OPC
(Ahmad et al., 2018). The percentages of CaO were 62.9% (OPC),
3.32% (FA), 7.37% (CBA, 45 µm), and 5.53% (CBA, 75 µm).

TABLE 5 | Chemical oxide content in OPC, FA, and CBA (45 and 75 µm) and selected properties of FA (class F and class C according to ASTM 1994).

Percentage of
chemical composition
(%)

Chemical formula Current research ASTM (1994)

OPC FA BA (45 µm) BA (75 µm) Class F Class C

Silicon dioxide SiO2 20.6 46.80 50.75 54.26 50 53
Magnesium oxide MgO 2.2 1.15 0.34 0.26
Sulphur trioxide SO3 2.7 0.53 0.75 0.62 0.4 0.1
Calcium oxide CaO 62.9 3.32 7.37 5.53 8 0.1
Potassium oxide K2O 0.5 1.34 2.68 2.62 — 0.4
Aluminum oxide Al2O3 4.4 18.41 17.91 17.43 20 43
Iron (II) oxide FeO 3.3 6.08 17.94 17.00 8 0.5
ASTM classification 28.3 71.29 86.6 88.69
Class F
SiO2, Al2O3, and FeO3 ≥ 70% -None- Class F Class F Class F — —

Class C
SiO2, Al2O3, and FeO3 ≥ 50%
CSA A3001 cementitious materials for use in concrete 62.9 3.32 7.37 5.53
Class F Class CH Class F Class F Class F — —

<8% of CaO
Class CI
8–20% of CaO
Class CH
>20% of CaO

FIGURE 1 | XRD analysis for (A) 45 and (B) 75 µm of CBA.
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K2O is an alkali metal oxide containing potassium and oxygen.
It provides a wide variety of binding sites and adsorbate
orientations. It is important for the adsorption of sulfur
dioxide (SO2) from electricity generation. SO2 can be reduced
via oxy-coal combustion. Potassium (K) has the highest SO3

binding strength (gaseous phase) through the formation of a
sulfate (SO4

2−)-like molecule as compared to calcium (Ca),
magnesium (Mg), and sodium (Na). K2O present in FA in
lesser amounts ranged from 0–4% (weight percentages)
Galloway et al. (2015). The percentages of K2O were 0.5%
(OPC), 1.34% (FA), 2.68% (CBA, 45 µm), and 2.62%
(CBA, 75 µm).

Al2O3 (also identified as aluminum (III) oxide) contains
aluminum and oxygen. FA high in alumina content is needed
to fabricate the ceramic tile (Ahmad et al., 2021a). It is an
electrical insulator used as a substrate for integrated circuits
(Khosla et al., 2021). The percentages of Al2O3 were 4.4%
(OPC), 18.41% (FA), 17.91% (CBA, 45 µm), and 17.43%
(CBA, 75 µm). In general, iron in coal mainly exists as pyrite
(FeS2), and less as jarosite (KFe3(SO4)(OH) (Zeng et al., 2009) or
siderite (FeCO3). Coal-bound pyrite accounts for over 90% (Ruan

et al., 2020). During combustion, excluded pyrite is initially
decomposed to pyrrhotite (FexS) which is further melted to an
iron oxy-sulfide droplet (Müller et al., 2013). Magnetite (Fe3O4)
and hematite (Fe2O3) are then crystallized out successively
from the aforementioned melt; while included pyrite is
directly decomposed into molten FeS, subsequently, it is
either oxidized into FeO/Fe3O4/Fe2O3 step-by-step or
incorporated into glassy particles with being gradually
oxidized. The percentages of FeO were 3.3% (OPC),
6.08% (FA), 17.94% (CBA, 45 µm), and 17.00% (CBA,
75 µm). Most iron-rich coals are enriched by Si + Al
elements (SiO2 + Al2O3 ≈ 60–70%) (Srinivasachar et al.,
1990). The percentages of SiO2 + Al2O3 obtained were 25.0%
(OPC), 65.21% (FA), 68.66% (CBA, 45 µm), and 71.69%
(CBA, 75 µm). The FA and CBA originated from iron-rich
coals.

The comparison of the chemical oxide content in OPC, FA,
CBA (45 and 75 µm) and selected properties of FA (Class F and
Class C according to ASTM 1994) is shown in Table 5. Class F is
classified as pozzolan while class C is cement (ASTM C618). The
classification is based on the sum percentages of SiO2, Al2O3, and

FIGURE 2 | PSD analysis for (A) 45 and (B) 75 µm of CBA.
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FeO3 (ASTM C618). The sum percentages of SiO2, Al2O3, and
FeO3 equivalent to ≥70% and ≥50% can be classified as class F and
class C, accordingly. The reference percentages of chemical oxides
in class F were 52% (SiO2), 0.8% (SO3), 5% (CaO), 2% (K2O), 23%
(Al2O3), and 11% (FeO) (ASTM C618). The reference
percentages of chemical oxides in Class C were 35% (SiO2),
41% (SO3), 21% (CaO), 0.7% (K2O), 18% (Al2O3), and 6%
(FeO) (ASTM C618). Class C contains high percentages of
SO3. The classification for OPC (28.3%) is none. The FA
(71.29%) and BA (45 µm: 86.6%, and 75 µm: 88.69%) can be
classified as class F. Another alternative for coal ash classification
is based on the percentage of CaO content (CSA
A3001 cementitious materials for use in concrete). The
classifications are class F (<8% of CaO), class CI (8%–20% of
CaO), and class CH (>20% of CaO) of FA. The classification for

OPC (62.9%) is class CH. The FA (3.32%) and BA (45 µm: 7.37%,
and 75 µm: 5.53%) can be classified as class F.

Figure 1 shows the XRD chromatogram for 1) 45 and 2)
75 µm of CBA. The 2θ scale is an angle between diffracted x-ray
and an incident x-ray beam. A smooth gradual scatter indicates
the fully amorphous material, while a flat and sharp peak of the
graph scatters indicates a fully crystalline material.

Sen (2014) reported that the types of crystalline elements that
can be detected in the cenosphere are quartz (SiO2), rutile (TiO2),
alumina (Al2O3), hematite (Fe2O3), dipotassium oxide (K2O),
calcium oxide (CaO), sodium oxide (Na2O), magnesium oxide
(MgO), sillimanite or aluminosilicate (Al2SiO5), and mullite or
porcelainite (3Al2O32SiO2 or 2Al2O3SiO2). The CaO peak can be
detected at 15°. The mullite can be detected at 15°, 25°, 33°, and 60°.
SiO2 can be detected at 22°, 25°, and 42°. TiO2 can be detected at 25°.

FIGURE 3 | SEM images for 45 and 75 µm of CBA under ×300 (A,B) and ×100 (C,D) magnifications.
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Al2SiO5 can be detected at 32°, 33°, 60°, and 75°. Al2O3 can be
detected at 33° and 35°. K2O can be detected at 39° and 41°. CaO is
marked at 39°. The Na2O peak is at 58°. The CaO peak is at 60°. The
MgO peak at 75° (Sen, 2014). Phases with the same chemical
composition can have drastically different patterns. The
diffraction pattern of a mixture represents a combination of
scattering of each phase. The curved line at the first 30° at the
2θ position represents glass (SiO2). Crystobalite (SiO2) at 22°

and quartz (SiO2) at 26° (Banerjee et al., 2008). The calcium
silicate (Ca2O4Si) (Hoy et al., 2018) akermanite
(Ca2Mg(Si2O7), gehlenite (Ca2Al(AlSi)O7), melilite
(Ca2(Al, Mg, Fe)((Al, Si, B)SiO7), and quartz (SiO2) can be
detected at 45° (Thunuguntla and Gunneswara Rao, 2018).
These elements are silicates.

The observed diffraction peaks for CBA were at 15°, 21°, 22°,
27°, 28°, 33°, 35°, 36°, 41°, 43°, 45°, and 50°. The crystalline
compounds observed were mullite (15°), quartz (22°, 25°, and
42°), crystobalite (22°), TiO2 (25°), Al2SiO5 (33°), and Al2O3 (33°

and 35°). The CBA were rich in silicates based on the highest peak
at 45° indicating possible crystalline compounds such as Ca2O4Si,
Ca2Mg(Si2O7), Ca2Al(AlSi)O7, Ca2(Al,Mg,Fe)((Al,Si,B)SiO7),
and quartz (SiO2). Amorphous content is vital in concrete
technology because it increases the material reactivation
toward hydration (e.g., water retaining structure) and gives a
positive effect on the strength and durability of concrete. If it is
not reactive, it will act as a filler (Babat et al., 2016). The CBA
samples contained both amorphous and crystalline compounds.

Figure 2 shows the PSD analysis for 45 and 75 µm of CBA.
The 45 µm CBA showed a mean particle size of 27.91 µm. The
finest size obtained was 8.48 µm. The coarser particle size
obtained was 43.62 µm. The mean particle size of 75 µm CBA
was 26.88 µm. The finest particle size obtained was 7.32 µm. The
coarser particle size obtained was 58.52 µm.

By comparing the time taken for the grinding process, ranging
from 15–39 min, it was shown that CBA with a grinding period of
15 min had an optimal particle size distribution, while CBA with

TABLE 6 | Percentages of CBA (%), slump (mm), and types of slumps.

Types of
mix

Mix Code Percentages of
CBA (%)

Slump (mm) Degree of
workability

Type of
slumps

CM CBA0 0 180 High Collapse
Mix 75 5CBA75 5 175 High Collapse

10CBA75 10 165 High Collapse
15CBA75 15 164 High Collapse
20CBA75 20 155 High Collapse
25CBA75 25 145 High Collapse
30CBA75 30 120 High Collapse
5CBA100 5 180 High Collapse
10CBA100 10 164 High Collapse

Mix 100 15CBA100 15 155 High Collapse
20CBA100 20 152 High Collapse
25CBA100 25 140 High Collapse
30CBA100 30 130 High Collapse

FIGURE 4 | Compressive strength (MPa) of Mix 75 and Mix 100 at 3 days.
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a grinding period of more than 15 min was observed to have an
even particle distribution with a sufficient number of fine
particles of less than 125 μm, which had a positive impact on
the concrete particle packing and on improving the concrete
properties (Bajare et al., 2013). The data obtained showed a
uniform particle distribution, which did not exceed the 5%
average limitation established in the ASTM C618 standard.
The use of a partial cement replacement material with a
particle size of 14.5 µm to fill the voids between the aggregate
particles can reduce the volume of the voids to be filled with

cement paste, thereby reducing the volume of the cement paste
needed to produce concrete (Chen et al., 2014).

The SEM images for 45 and 75 µm of CBA
under ×300 and ×100 magnifications are shown in Figure 3.
FA contains many spherical and other variant structures such as
ferrospheres, cenospheres, aluminosilicate spheres, plerospheres,
sub-angular minerals (quartz/feldspars), and irregular-shaped
char particles (Choudhary et al., 2020). The morphological
components of FA and CBA will be relatively the same. The
micromorphology observation of CBA in the current research

FIGURE 5 | Compressive strength (MPa) of Mix 75 and Mix 100 at 7 days.

FIGURE 6 | Compressive strength (MPa) of Mix 75 and Mix 100 at 28 days.
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showed that it has few cenospheres and components of irregular-
shaped char particles scattered.

Effects of CBA Fineness on Concrete
Workability
The workability characteristics of fresh concrete were used to
determine its properties in this analysis. The percentages of CBA

(%), slump (mm), and types of slumps for each mixture
proportion are shown in Table 6. The CM (CBA0) has the
highest slump equivalent to 180 mm indicating the high
degree of workability. The slump type can be classified as
collapse. Mixtures with a reference slump value of 180 mm
were selected for this study, and the addition of CBA caused
an almost 30% reduction (for 30% replacement) in slump values.
The CBA naturally absorbed water in the mixture contributing to

FIGURE 7 | Compressive strength (MPa) of Mix 75 and Mix 100 at 56 days.

FIGURE 8 | Splitting tensile strength (MPa) of CM, Mix 75, and Mix 100 in 28 curing days.
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a higher reduction in workability and fresh mix density of
concrete (Mangi et al., 2019). A superplasticizer was reported
to contribute to the workability effect (Ovbeniyekede et al., 2018),
similar to other porousmaterials such as BSA (Manan et al., 2018)
and palm oil biomass clinker (Wan Ibrahim et al., 2017). The
fineness of materials used as SCM or cement replacement
materials is an indication of a bigger surface area for water
absorption in the fresh concrete mix.

Effects of CBA Concrete Strength
Improvement
The percentages of CBA (%) and comparison of compressive
strength (MPa) of the mortar are shown in Figures 5–6 and
Figure 7 for 7, 14, 28, and 56 days, respectively, and the splitting
tensile strength is shown in Figure 8. The compressive strengths
for CM (CBA0) were 14.42 ± 0.52 MPa (3 days), 20.76 ±
1.13 MPa (7 days), 23.86 ± 1.19 MPa (28 days), and 31.61 ±
1.60 MPa (56 days). The compressive strengths of CM, Mix 75,
andMix 100 were observed to increase with curing days’ duration
to 28 days. The strength values in 56 days have the same ranges of
compressive strengths in 28 days. The compressive strength of
concrete depends on the water-binder ratio, concrete age, type,
and characteristics of the mix proportion. The higher percentage
of water in the mix was observed to reduce the strength of
concrete containing BA at early ages (below 28 days). The
pozzolanic reactivity of BA particles contributes to the strength
development at later ages (28 days and above). Calcium silicate
hydrate (C-S-H) bond and calcium hydroxide [Ca(OH)2 or free
lime] will be produced upon the reaction between cement and water
producing cementitious properties. As for the concrete containing

TABLE 7 | Design layout in RSM and ANOVA for Mix 75.

Mix Run Process variables Response variable

A (curing days, day) B (CBA, %) Compressive strength (MPa)

1 3 (−1) 0 (−1) 17.83
2 56 (1) 0 (−1) 40
3 29.5 (0) 2.8 (−1) 35.45
4 51.0 (1) 15 (0) 35.47
5 29.5 (0) 15 (0) 33.16
6 29.5 (0) 15 (0) 33.16

Mix 75 7 7.9 (−1) 15 (0) 20.58
8 29.5 (0) 15 (0) 33.16
9 29.5 (0) 15 (0) 33.16
10 29.5 (0) 15 (0) 33.16
11 29.5 (0) 27.2 (1) 24.51
12 3 (−1) 30 (1) 8.17
13 56 (1) 30 (1) 28

TABLE 8 | ANOVA for the response surface quadratic model.

Source SS DF MS F-value Prob > F Indication

Mix 75 2.17 5 0.4332 90.27 <0.0001 Significant
A-curing days 1.16 1 1.16 241.30 <0.0001 Significant
B-CBA 0.3881 1 0.3881 80.87 <0.0001 Significant
AB 0.0449 1 0.0449 9.35 0.0184 Significant
A2 0.1463 1 0.1463 30.49 0.0009 Significant
B2 0.0497 1 0.0497 10.37 0.0147 Significant
Residual 0.0336 7 0.0048
Lack of fit 0.0336 3 0.0112
Pure error 0.0000 4 0.0000

TABLE 9 | Design layout in RSM and ANOVA for Mix 100.

Mix Run Process variables Response variable

A (curing days, day) B (CBA, %) Compressive strength (MPa)

1 56 0 40
2 3 0 11.86
3 29.5 2.8 38.23
4 29.5 15 38.94
5 51.0 15 42.4
6 29.5 15 38.94

Mix 100 7 7.9 15 21.03
8 29.5 15 38.94
9 29.5 15 38.94
10 29.5 15 38.94
11 29.5 27.2 25.34
12 56 30 39.63
13 3 30 6.4
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BA, the water will be quenched or utilized by the cement for
hydration, gaining strength in the early days. Once the majority
of the C-S-H gel is formed, the water then goes toward BA (Hashmi
et al., 2021). This explains the slowermechanism of the improvement
of strength at later ages (28 days and above) for concrete containing
BA as compared to the control (concrete containing OPC).

The splitting tensile strength (MPa) in 28 days was and the
splitting tensile strengths gradually decreased with an increase of
CBA. The highest splitting tensile strengths were obtained with
5% CBA for Mix 75 and Mix 100 with 3.60 MPa (5CBA75), and
2.95 MPa (5CBA100) of tensile strengths, accordingly. The
splitting tensile strength (MPa) of CM, Mix 75, and Mix
100 in 28 curing days is shown in Figure 8.

Model Optimization
The design layout in RSM and the analysis of variance
(ANOVA) for Mix 75 are shown in Tables 7, 8 and mix
100 is shown in Tables 9, 10. The two sets of
13 experimental runs in the RSM optimization, consisting of
curing days (day), percentages of CBA (%), and compressive
strengths (MPa) were executed using CCD. Model terms for
every model Mix 75 andMix 100 with any values of Prob > F less
than 0.05 are classified as significant.

Theβcoefficientsofactual factors for theMix75quadraticmodel
andmodel termsare2.79437(y-intercept),0.40213A(A),−0.001253
(B), 0.000267 (AB), −0.000451 (A2), and 0.000821 (B2). Quadratic
modelMix 75 andmodel termsA, B, AB, A2, and B2 are significant
(p-value < 0.05) (Figure 9). The β coefficients of actual factors for
the Mix 100 quadratic model and model terms for actual factors
are 10.23191 (y-intercept), 1.10873 (A), 0.63574 (B), −0.010139
(A2), and −0.03115 (B2), and are shown in Fit summary in
Table 11.

Quadratic model Mix 75 and model terms A, B, A2, and
B2 are significant (p-value < 0.05) (Figure 8). The
significant regression parameters of predictive models
(Mix 75 and Mix 100) in terms of actual factors are

shown in Eqs 3, 4. Overall, the quadratic model is
significant for optimization purpose (Table 10). The R2
(Mix 75: 0.9847 and Mix 100: 0.9714) represents the
goodness of fit close to 1 (Ríos et al., 2020).

ln Compressive Strength (MPa)
� 2.79437 + 0.40213A − 0.001253B + 0.000267AB

− 0.000451A2 − 0.000821B2, (3)
Compressive Strength (MPa) � 10.23191 + 1.10873A

+ 0.63574B − 0.010139A2

− 0.03115B2,

(4)
where,

A = curing Days.
B = CBA (%).
The patterns of predicted versus actual values’ plot and

standard error designs for compressive strength are shown in
Figure 10. The scatterplots were in a straight line showing a
linear relationship and the proposed model terms were
sufficient, and the constant variance assumption was verified.
The standard error designs for Mix 75 and Mix 100 showed that
the error is least in the middle of the contour equivalent to 0.5%
compressive strength. In Mix 75, the ranges of CBA were from
10–20% and curing days from 20–40.1 days. In Mix 100, the
ranges of CBA were from 10–24% CBA and curing days from
20–40.1 days.

The contour plots model Mix 75 and Mix 100 for CBA (%),
curing days (day), and compressive strength (MPa) are shown in
Figure 11. In the optimization model Mix 75, curing days
equivalent to 5 and below at all ranges of CBA (0%–30%) will
produce a compressive strength below 20 MPa. Curing days
between 5 and 18.9 days will produce a compressive strength
in a range between 20 and 30 MPa. Curing days between 18.9 and
40.1 days will produce compressive strength between 30 and
40 MPa. The highest compressive strength (40 MPa) will be
obtained at 45.4 curing days with 6% of CBA.

In the optimization model Mix 100, curing days from
3–13.6 days with 0–24% CBA will produce compressive
strength ranging from 10–20 MPa. Curing days from
13.6–24.2 days with 0–24% CBA will produce compressive
strength ranging from 20–30 MPa. Curing days from
24.2–45.4 days with 0%–30% CBA will produce compressive
strength ranged from 30 to 40 MPa. Curing days from
29.5–56 days with 0%–24% CBA will produce compressive
strength ranging from 40–50 MPa. Curing days from
50.7 days with 12% CBA will produce the highest
compressive strength, 50 MPa. Table 9 shows the validation

TABLE 10 | ANOVA for the response surface quadratic model.

Source SS DF MS F-value Prob > F Indication

Mix 100 3.94 5 0.7886 47.57 <0.0001 Significant
A-curing days 2.45 1 2.45 147.65 <0.0001 Significant
B-CBA 0.1733 1 0.1733 10.45 0.0144 Significant
AB 0.0923 1 0.0923 5.57 0.0504 Not significant
A2 0.23.6 1 0.2336 14.09 0.0071 Significant
B2 0.1660 1 0.1660 10.01 0.0158 Significant
Residual 0.1161 7 0.0166
Lack of fit 0.1161 3 0.0387
Pure error 0.0000 4 0.0000

TABLE 11 | Fit summary results for Mix 75 and Mix 100.

Response Significant model Std. dev. R2 Adj. R2 Predicted R2 Adeq. precision F-value

Compressive strength (MPa) Quadratic model Mix 75 0.0693 0.9847 0.9738 0.7754 32.1387 90.27
Quadratic model Mix 100 0.1287 0.9714 0.9510 0.5801 23.2690 47.57
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of the optimized model. In engineering applications, a
variability of 20% of error percentage is often acceptable
(Zhang et al., 2007; Baji, 2014). The period of 28 curing days
was found to be the best duration for curing Mix 75 (for 5, 10,
and 15% of CBA) andMix 100 (for all percentages of CBA, 5, 10,
15, 20, 25, and 30%).

The percentages of error for Mix 75 were 3.53, 9.38, and
12.11% for 5CBA75, 10CBA75, and 15CBA75, respectively.
Meanwhile, the percentages of error for Mix 100 were 11.81,
9.68, 7.35, 0.10, 11.22, and 12.43% for 5CBA100, 10CBA100,
15CBA100, 20CBA100, 25CBA100, and 30CBA100, respectively.

The period of 56 curing days was found to be the best duration
for curing Mix 100 (10CBA100, 15CBA100, 20CBA100, and
25CBA100). The percentages of error for Mix 100 were 11.62,
0.34, 2.11, and 7.28% for 10CBA100, 15CBA100, 20CBA100, and
25CBA100, respectively. The compressive strengths for both Mix
75 (35 MPa, 75 μm, w/c 0.47, 15% CBA) and Mix 100 (33 MPa,
100 μm, w/c 0.47, 15% CBA) on the 28th day were comparable to
compressive strengths reported by Kamal et al. (2021) (10% CBA,
75 μm, w/c 0.45: 30 MPa, 15% CBA, 100 μm, w/c 0.50: 32 MPa
and Abd Manan et al. (2021b) 1% BSA, 75 μm, w/c 0.55: 28.77 ±
1.45 MPa, 2% CBA, 75 μm, w/c 0.55: 29.50 ± 1.45 MPa. However,
compressive strength of high-strength concrete reported by
Khongpermgoson et al. (2020) was higher, equivalent to more

than 55 MPa for 0, 15, 25, and 35% CBA percentages (45 μm, w/
c 0.25).

DISCUSSION

This research consisted of physicochemical properties of CBA
using the technique of X-ray fluorescence (XRF), X-ray
diffraction (XRD), particle size distribution (PSD), and a
scanning electron microscope (SEM) and mechanical
properties of the concrete strength properties (workability,
compressive, and splitting tensile strengths), and optimization
of concrete strength improvement using response surface
methodology (RSM) has been investigated and findings are
discussed. Coal bottom ash was collected from the Jimah
Coal-Generated Power Plant located in Port Dickson, Negeri
Sembilan Darul Khusus, Malaysia, oven-dried for 24 h, and
ground and sieved to 75 and 100 μm. The XRF analysis
showed the chemical oxide content in OPC, FA, and CBA
(45 and 75 µm) and the selected properties of FA are shown
inTable 12. The percentages of SiO2 obtained were 20.6% (OPC),
46.80% (FA), 50.75% (CBA, 45 µm), and 54.26% (CBA, 75 µm). It
showed that the finer the particle size of CBA, the higher will be
the SiO2 content. Higher SiO2 content indicates higher resistance

FIGURE 9 | β coefficient of actual factors for quadratic models: (A) Mix 75 and (B) Mix 100.
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to expansion and the best insulation properties (poor thermal
conductivity). It exhibits higher thermal shock resistance. SO3 is
produced from sulfur coal burned in coal-fired power plants.
High SO3 content in FA causes efflorescence (deposits of salts) in
concrete (Ríos et al., 2020). SO3 reacts with calcium hydroxide in
normal concrete resulting in cracking of the cement paste,
affecting its durability (Mohammed et al., 2004). Fly ash is
high in Al2O3, which contains aluminum and oxygen. The FA
is high in alumina content which is needed to fabricate the
ceramic tile (Ahmad et al., 2021b). It is an electrical insulator
used as a substrate for integrated circuits (Khosla et al., 2021).

The SEM images for 45 and 75 µm of CBA
under ×300 and ×100 magnifications found that FA contains
many spherical and other variant structures such as ferrospheres,
cenospheres, aluminosilicate spheres, plerospheres, sub-angular
minerals (quartz/feldspars), and irregular-shaped char particles
(Choudhary et al., 2020). The morphological components of FA
and CBA will be relatively the same. The micromorphology
observation of CBA in the current research showed that it has

few cenospheres and components of irregular-shaped char
particles scattered. The 45 µm CBA showed a mean particle
size of 27.91 µm. The finest size obtained was 8.48 µm. The
coarser particle size obtained was 43.62 µm. By comparing the
time taken for the grinding process, ranging from 15–39min, it
was shown that the CBA with a grinding period of 15min had an
optimal particle size distribution, while the CBA with a grinding
period of more than 15min was observed to have an even particle
distribution with a sufficient number of fine particles of less than
125 μm,which had a positive impact on the concrete particle packing
and on improving the concrete properties (Bajare et al., 2013).

The workability characteristics of fresh concrete versus the
percentages of CBA (%), slump (mm), and types of slumps for
each mixture proportion found that CBA0 has the highest slump
equivalent to 180 mm indicating a high degree of workability. The
CBA naturally absorbed water in the mixture contributing to the
higher reduction in workability and fresh mix density of concrete
(Mangi et al., 2019). The compressive strength (MPa) of CM, Mix
75, andMix 100 against 3, 7, 28, and 56 curing days indicated that

FIGURE 10 | Predicted vs. actual values’ plot and standard error designs for compressive strength.
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compressive strength increased on the 28th day. The compressive
strength of concrete depends on the water binder ratio, concrete
age, type, and characteristics of the mix proportion. The
pozzolanic reactivity of BA particles contributes to the

strength development at later ages (28 days and above). Once
the majority of the C-S-H gel is formed, the water then goes
toward BA (Hashmi et al., 2021). This explains the slower
mechanism of the improvement of strength at later ages

FIGURE 11 | Contour plots for CBA (%), curing days (day), and compressive strength (MPa).
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(28 days and above) for concrete containing BA as compared to
the control (concrete containing OPC). Response surface
methodology (RSM) analysis of variance (ANOVA) for Mix
75 and Mix 100 indicating that model terms for every model
Mix 75 andMix 100 with any values of Prob > F less than 0.05 are
classified as significant. The significant regression parameters of
predictive models (Mix 75 and Mix 100) show that overall, the
quadratic model is significant for optimization purpose. The
established model for strength enhancement of concrete using
CBA was statistically significant and showed that it adequately
represented the design space. The established model can
significantly assist in the application of CBA in construction
industries.

CONCLUSION

This research consisted of the physicochemical properties of
CBA (XRF, XRD, PSD, and SEM) and the strength properties
(workability, compressive, and splitting tensile strengths)
and optimization of concrete strength improvement using
RSM. The particle size of CBA displayed significant effects on
the concrete engineering properties and volume of CBA
applied in the concrete. The slump type for Mix 75 and
Mix 100 was classified as the collapse type. Although the
workability of Mix 75 and Mix 100 was reduced with the
addition of CBA, the degree of workability for both mixes was
classified as high and suitable for sections with congested
reinforcement.

Based on the ASTM 1994 classification, the FA (71.29%) and
BA (45 µm: 86.6%, and 75 µm: 88.69%) can be classified as class F.
CSA A3001 classification for OPC (62.9%) is class CH. FA
(3.32%) and CBA (45 µm: 7.37%, and 75 µm: 5.53%) can be
classified as class F. CBA was rich in silicates based on the highest
peak at 45° indicating possible crystalline compounds observed
on 45 and 75 µm CBA. The mean particle sizes of 45 and 75 µm
CBA were 27.91 and 26.88 µm, respectively. The SEM images for
45 and 75 µm of CBA under ×300 and ×100 magnifications
showed that CBA has few cenospheres and components of
irregular-shaped char particles scattered.

The compressive strength of concrete increased with the
number of curing days. The optimal percentage of CBA in Mix
75 is equivalent to 6% within 45 curing days producing
40 MPa of compressive strength. Meanwhile, the optimal
percentage of CBA in Mix 100 is equivalent to 12% within
51 curing days producing 50 MPa of compressive strength.
Based on the validation of the optimized model, the period of
28 curing days was found to be the best duration for curing
Mix 75 (for 5, 10, and 15% of CBA) and Mix 100 (for all
percentages of CBA, 5, 10, 15, 20, 25, and 30%). The period of
56 curing days was found to be the best duration for curing of
Mix 100 (10, 15, 20, and 25% of CBA). The established model
for strength enhancement of concrete using CBA was
statistically significant and showed that it adequately
represented the design space. The established model can
significantly assist in the application of CBA in
construction industries.T
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The limitation of the present study is the regulation by the
Malaysian government in permitting the use of CBA in the
construction industry. The future work needed to extend the
experimental observations is the cost-benefit analysis and
estimation of greenhouse effect reduction on the usage of CBA
in the concrete.
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