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Abstract Thequantity of coal combustionproducts, partic-
ularly fly ash (FA) and bottom ash (BA), has been increasing
from coal power plants around the world. Themajor problem
of a coal combustion-based power plant is that it produces
huge quantities of solid waste. Recently, there have been
efforts to use FA and BA together as a mixture in construc-
tionworks. This paper investigatesmorphology and chemical
and strength characteristics of an FA–BAmixture for various
curing periods. Scanning electron microscopy (SEM), X-ray
fluorescence (XRF), and consolidated undrained triaxial tests
were used to determine the physico-chemical characteristics
of the mixture. Based on SEM results, it was found that, with
an increasing ratio of BA to FA, the number of irregular par-
ticles in the mixture increased. The results of XRF indicated
noticeable changes in the surface composition of both FA and
BA particles after mixing. The physico-chemical test results
indicate the formation of a new gel form product in the mix-
ture, which has been identified as calcium silicate hydrate
(C-S-H). From an engineering point of view, the results indi-
cated that the value of modulus of elasticity decreases with
increasing BA content, from 30 to 70%, in the ash mixture.
However, the increase in BA from 30 to 70% did not have
any significant effect on the shear strength of the FA–BA
mixture.
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1 Introduction

The major problem of coal combustion products (CCPs) is
the production of large quantities of solid waste. The CCPs
include silica (61%), alumina (22%) and iron oxide (7%),
which make up to 90% of the ash. The other elements are
calcium (Ca), magnesium (Mg), sodium (Na), potassium (K)
and sulphur (S) [1]. The quantity of CCP, particularly fly ash
and bottom ash, has been increasing from the coal power
plants around the world. The ash collected at the bottom
of the boiler—the so-called bottom ash—is of coarse grain
size, unlike the fine-sized fly ash [2]. Fly ash and bottom
ash being industrial wastes, if not utilized suitably, have to
be disposed off in landfill, ponds or rivers. However, since
they are produced in large volumes as a residual matter, their
disposal may result in serious environmental problems. For
example, India produces about 100 million tons of Portland
cement annually. Nevertheless, it also generates 100 million
tons of fly ash annually [3].

In recent years, the cost of disposing of CCPs has
been a cause for concern. Hence, engineers are forced
to seek alternatives to take advantage of these coal solid
wastes. Coal-burning power plants produce a large vol-
ume of coal ash and bottom ash [4]. Most of the CCPs
are disposed off as slurry into ash ponds, owing to low
operation costs and easy operation. The solid CCPs are
collected and mixed with water, and the slurry is pumped
through a series of pressurized pipes into ash ponds [5].
In recent years, some studies have been conducted to iden-
tify the CCPs’ physical and chemical properties [6,7]. The
chemical composition in fly ash dependsmainly on the chem-
ical properties of the coal burned. In addition, it is also
affected by the grinding equipment, furnace, combustion
process, and nitrogen oxide control equipment used. The
key factor in determining its potential use in manufactur-
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ing and construction applications is the properties of fly ash
[8].

Fly ash is a type of pozzolan material and has the abil-
ity of undergoing pozzolanic activity [9,10]. In pozzolanic
activities, when fly ash is added with water, the active chemi-
cal components such as silica, SiO2, and alumina Al2O3 will
react with calcium hydroxide, Ca(OH)2. The product of both
active components and Ca(OH)2 leads to the formation of
new cementitious products, which depend on the majority
of the elements inside. The latter is called the pozzolanic
process, which is time-consuming [11,12]. The pozzolanic
reaction is similar to the hardening of cement, so it reacts to
the same types of hardening accelerators and retarders that
are used in Portland cement applications [13–16].

In recent years, some studies have been conducted to uti-
lize the fly and bottom ash mixture as a replacement material
in geotechnical works, such as road and embankment con-
struction [17–20]. In addition, the results of previous studies
have indicated that the geotechnical properties of fly ash,
such as specific gravity, permeability, consolidation charac-
teristics, and internal friction angle, indicate that the material
is appropriate for embankments and structural fills [13,15].
It is well established that the properties of fly ash enhance
good bearing support, with minimal settlement, and fly ash
is a suitable material for placement over low bearing strength
and soft soil, owing to its low unit weight. Readily available
fly ash can be compacted layer by layer, to achieve the level
of compaction needed using the respective moisture content
obtained from a compaction test. Thus, construction time and
cost can be reduced [2,10].

On the other hand, previous studies indicated that bottom
ash has particles that are coarser than those of fly ash and can
be used in structural fills, road base, or sub-base applications,
as well as fine aggregate in asphalt paving mixtures [21]. It
should be noted that the range of particle size for bottom ash
is from 10 to 0.075mm, which means from fine gravel to fine
sand sizes. The dry bottom ash has specific gravity around
2.0–2.6, while the specific gravity for boiler slag ranges from
2.6 to 2.9 [22]. It was reported by other researchers that,
because of bottom ash properties, there are many benefits
of using it in various geotechnical and material engineering
works [23,24].

Prior studies indicated that the Tanjung Bin power plant
in Johor, a state in southern Malaysia, produces 180 tons per
day of bottom ash and 1620 tons per day of fly ash, from
burning 18,000 tons of coal per day alone [21]. In addition,
it was found that the major chemical composition of bottom
ash in the coal power plants in TanjungBin in Johorwas silica
(SiO2), alumina (Al2O3), iron oxide (Fe2O3), and calcium
oxide (CaO) [20].

Generally, in Malaysia, the study of the coal ash and bot-
tom ash mixture and its physico-chemical characteristics are
limited, and a clear lack of understanding, regarding themor-

Table 1 Physical characteristics and chemical composition of the FA
and BA

Physical properties and
chemical composition

Values

FA BA

pH (L/S = 2.5) 8.57 8.44

Specific gravity 2.19 236

Optimum moisture content (%) 19 24

Maximum dry density (mgm−3) 1.56 1.14

BS classification ML SW-SM

Coefficient of permeability (m/s) 2.86× 10−7 6.88× 10−6

CO2 (%) 0.10 0.10

SiO2 (%) 40.08 46.60

Al2O3 (%) 18.81 23.61

Fe2O3 (%) 17.7 12.40

CaO (%) 14.32 11.31

TiO2 (%) 4.44 1.84

K2O (%) 1.84 1.34

MgO (%) 1.52 1.26

P2O5 (%) 0.37 0.62

Na2O (%) 0.72 0.62

SO3 (%) 0.1 0.30

SrO (%) 1.63 0.19

BaO (%) 0.85 0.13

phology, chemical composition, and strength assessment of
the fly ash and bottom ash mix design, is apparent.

Also, the appropriate proportion of fly ash and bottom
ash mixtures is also important to maximize the strength of
the mixture. Hence, this paper has made an effort to recog-
nize the morphology changes, chemical composition, and
strength assessment of fly ash and bottom ash mixtures for
various curing periods. The used tests were scanning elec-
tron microscopy (SEM), energy-dispersive X-ray spectrom-
etry (EDAX), X-ray fluorescence (XRF), and consolidated
undrained (CU) triaxial.

2 Materials and Experimental Programme

2.1 Materials

The FA and the BA were prepared at the Tanjung Bin power
plant, Johor, Malaysia. Table 1 presents the physical and
chemical properties of the selected FA and BA. The table
shows that the FA and the BA consist mainly of silica, alu-
mina, ferric oxide, and calcium oxide. The X-ray diffraction
(XRD) result, shown in Figs. 1 and 2, indicates that the main
minerals present in the FA and BA are mullite, quartz, cal-
cite, and haematite [25]. The BA that was taken from the
power plant was wet, while the fly ash was dry. All the FA
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Fig. 1 XRD pattern of FA

Fig. 2 XRD pattern of BA

and the BA were kept in a box after they were taken from the
power plant, to prevent the materials from being exposed to
the environment. The bottom ash was sieved by a No. 200
sieve and dried in the oven for 24h, to get rid of the moisture
in the bottom ash sample [26].

3 Sample Preparation and Testing Program

In this study, the BAwas mixed with different proportions of
FA, which were 30% BA:70% FA as the high amount of FA
content, and 70% BA:30% FA as the high amount of BA.
With this aim, the FA and theBAwere sieved by a 2mmmesh

to confirm theuniformity of thematerials [27]. In order to pre-
pare two mix designs, a standard protocol was used. The first
step was conducted based on clause 3.3.4.2 of BS 1377: Part
4: British Standards Institution (1990a). This step included
the determination of the optimummoisture content and max-
imum dry density for FA and BA mixtures [20]. To prepare
a homogeneous sample, irregular hand-mixing with palette
knives was done. Subsequently, the desired dry density and
the moisture content were reached by compressing the sam-
ples in a steel cylindrical mould, fitted with a collar that
accommodated all the mixtures. The required compaction
was done by a hydraulic jack using persistent compaction,
based on clause 4.1.5 of BS 1924: Part 2: British Standards
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Institution (1990b). The cylindrical samples were extruded
using a steel plunger. They were then trimmed, cleaned of
releasing oil, placed in a plastic bottle, and wrapped in sev-
eral runs of cling film. These samples were used for the tests
immediately after preparation (0day curing) and after cured
for 28days in a temperature-controlled room [28].

The strength improvement indexwas determined by a con-
solidated undrained triaxial compression shear test (CU) at
various curing periods. To do this, the specimens were placed
under three different confining pressures (100, 200, and
400kPa), and the strain rates of 0.05% perminwas chosen as
that adopted by Head and Epps (1980). After the specimens
had been cured, they were tested on an electron micro-
scopic and an XRFmachine. The morphology of the mixture
was then tested by using a SEM machine. A JSM-6380LA
JEOL scanning electron microscope machine equipped with
energy-dispersive X-ray spectrometry (EDAX) was used in
this study. It should be noted that the sample preparation for
SEM analysis involved drying the samples and placing them
onto an aluminium stub, covered with double-sided carbon
tape, and coating the specimenwithplatinum, using avacuum
sputter coater, in order to prevent surface charging and loss of
resolution. X-ray fluorescence is a technique to analyse and
determine the major material elements and chemical compo-
nents of mixtures. In addition, it can be used to carry out a
wide ranging elemental survey of the composition of sam-
ples. The samples were prepared in a size of 20–50mm in
dry conditions. Then, a Bruker AXS Model S4 Pionner was
used to identify the chemical content of the samples.

4 Results and Discussion

The SEMwas used to analyse themorphology characteristics
of the BA and FAmixtures, to characterize the shape and sur-
face texture of themixtures particles, and to gain some insight
into the behaviour of the mixtures. Figures 3 and 4 present
the electronmicrographs of three different proportions of ash
mixture, with two different curing periods. 0% BA samples,
indicating that they were 100% FA, were used as the control
sample. Initially, at day 0, it was found that the texture of
FA was glassy, well rounded, and spherical in shape; there
were numbers of irregularly shaped particles and smooth par-
ticle surfaces. As the portion of BA increased in the samples,
whichwere 30 and70%BA, thenumber of irregularly shaped
particles also increased. This was because BA had irregular
shape, was rough, and had gritty textural surface. However,
BA’s surface was still shiny, clean, and dust free.

The electron micrographs of the samples for 28days of
curing period are shown in Fig. 4. The micrographs indi-
cated that after 28days of curing, the shapes of the fly ash
and bottom ash were coarser, as a result of the pozzolanic
reaction, and the numbers of irregular shapes increased [11].

Fig. 3 SEM micrographs of coal ash mixtures particles from Tanjung
Bin power plant at 0-day curing period

There were also some agglomerate-bonded particles caused
by crystal growth and pozzolanic activities. The agglomer-
ate forms ranged from lightly cemented to strongly bonded.
In addition, based on the SEM results after a 28-day cur-
ing period, it was found that the size of FA also increased
when the curing period increased [7]. The pozzolanic reac-
tion products were formed when water was added to the FA
and the BA mixture. The formation of resultant products
was different with a variety of ash mixtures. The new prod-
ucts formed decreased with the BA content in the mixture.
The gels bonded the ash particles together and the bond-
ing increased with curing time. When the particles became
coarser, owing to the reaction that had occurred, the rough
surface of the particle reduced the movement between them,
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Fig. 4 SEM micrographs of coal ash mixtures particles from Tanjung
Bin power plant after 28-day curing periods

which affected the particle interlocking. Thus, the strength
of the mixtures increased as the duration of curing of the

mixture increased. It should also be noted that by using an
energy-dispersive X-ray spectrometer (EDAX) technique,
this compound was roughly identified as calcium silicate
hydrate (C-S-H) [29].

It is well established that fly ash consists of a high per-
centage of silica, alumina, and calcium [29]. In order to better
understand the surface composition of treated particles, the
time-dependent variations in the ratios of SiO2/Al2O3 and
CaO/Al2O3 for different mix designs, obtained from XRF
results analysis, are shown in Tables 2 and 3. The comparison
of the results revealed a noticeable change in the surface com-
position of both FA and BA particles after mixing. Tables 2
and 3 show that both SiO2/Al2O3 and CaO/Al2O3 reduced
with curing periods. Based on the elemental composition of
FA and BA (SiO2 is the dominant element in both of them),
the silica layer placed at the surface had reacted with the cal-
cium, causing the reduction in the SiO2/Al2O3 ratio of the
mixtures. For the CaO/Al2O3 ratios in particular, there was
a significant reduction in the ratio of the mixed samples with
increased curing time. The latter was a result of the consump-
tion of calcium when reacting in the mixtures, in the newly
formed cementing product, which was identified as C-S-H
[7,11,30].

The results of the CU tests indicated that the graph of
deviator stress versus axial strain and pore water pressure
changed with axial strain for two different specimens, of
70% FA and 70% BA. The specimens were compacted with
a relative compaction level of 95% and sheared in a triax-
ial undrained condition for three different confining stresses,
i.e., 100, 200, and 400kPa. It can be observed that in both
samples, as the deviator stress, q, increased, the pore water
pressure increased too. The peak strength of the samples was
the maximum value of deviator stress. The deviator stress of
the critical state occurred when the pore water pressure was
constant. If compared to the response of 70%BA to 70% FA
mixtures, the peak deviator stress increased with the increase
in dilation of pore water pressure. Figure 5a, b indicates that
the curing period of samples and confining stress, σ3, also
affect the deviator stress and the pore water pressure at a crit-
ical state. For example, for a specimenwith 70%BA content,
the deviator stress is at critical for a confining pressure of 100,

Table 2 SiO2/Al2O3 and
CaO/Al2O3 ratios of 70%
FA:30% BA mixture at various
curing time obtained from XRF
analysis

100% FA FA and BA mixture—0days FA and BA mixture—28days

SiO2/Al2O3 = 2.13 SiO2/Al2O3 = 2.00 SiO2/Al2O3 = 1.69

CaO/Al2O3 = 0.76 CaO/Al2O3 = 0.43 CaO/Al2O3 = 0.38

Table 3 SiO2/Al2O3 and
CaO/Al2O3 ratios of 70%
BA:30% FA mixture at various
curing time obtained from XRF
analysis

100% BA BA and FA mixture—0days BA and FA mixture—28days

SiO2/Al2O3 = 1.97 SiO2/Al2O3 = 1.63 SiO2/Al2O3 = 1.31

CaO/Al2O3 = 0.47 CaO/Al2O3 = 0.36 CaO/Al2O3 = 0.27
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Fig. 5 Consolidated undrained compression test results for normally consolidated 70% BA samples a 0day of curing, b 28days of curing

Fig. 6 Consolidated undrained compression test results for normally consolidated 70% FA samples a 0day of curing, b 28days of curing
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200, and 400kPa, and corresponding effective consolidation
pressures were at 208, 278, and 614kPa, respectively. The
pore water pressure was directly proportional to the increas-
ing effective confining pressure.

After curing for28 days, the deviator stress at critical state
had increased to 478, 563, and 1026kPa, respectively, with
the effective consolidation pressure of 100, 200, and 400kPa.
For the 70% FA specimen, Fig. 6a, b shows that the higher
the effective confining pressure, the higher the deviator stress
will ultimately be. For effective confining pressure of 100,
200, and400kPa, the specimens reached their critical states at
deviator stresses of 152, 264, and 434kPa, respectively. After
28days of curing, the specimens were tested with the same
effective confining pressure, and the results gained were 741,
883, and 1463kPa, respectively. In terms of deviator stress,
the 70% FA had much higher value compared to the 70%
BA. The deviator stress increased either at peak or critical
for both samples, before and after curing, especially for the
70% FA samples.

After curing time, the particles of the specimens became
coarser, as shown in the SEM micrographs. When the con-
fining pressure acted on the specimen, particles came closer,
thus resulting in a denser condition. This increased the inter-
locking between the particles, and the major and the minor
effective principle stresses needed higher stress to fail the
samples. This led to the deviator stress at failure to become
higher too [9,31,32]. Table 4 clearly states the comparison
on the result of deviator stress and axial strain at peak, for
30%FA:70%BAand 30%BA:70%FA specimenswith two
different curing periods.

The relationship between the deviator stress and the axial
strain results in the stiffness of the material. The stress–strain
curve is a straight line, and the stiffness is a constant value,
obeying the Hooke’s law (σ α ε). The slope E is presented
as the tangent and secant value. The reference point taken
for measuring E value is considered at 1% of the strain
value. Comparing the value of Esec, especially after the spec-
imens have undergone 28days’ curing, their Esec values fall
between 56.791 and 107.57MPa. This is similar to the E
value of dense sand. Table 5 shows the comparison in secant
value of E , to the modulus of elasticity for every specimen.
By comparing both 30 and 70% BA, we get that the E value
of 30%BA is generally higher than that of 70%BA.Accord-
ing to the range value of soils suggested by (Das 2011), the
Es value gained from these experiments falls in the range of
dense sand, which is between 34.4 and 69MPa.

Based on the results, it seems that the BA content has an
effect on the FA–BA mixtures’ shear properties. It is found
that as the curing days go on, and the pozzolanic process
occurs in the sample, this process increases the number of
irregularly shaped FA particles, and the particle sizes of FA
become coarser. With the increase in internal friction angle,
the shear strength of the sample also increases. Based on the Ta
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Table 5 Comparison in secant modulus (Es) for every sample at various curing period

Effective consolidation pressure (kPa) 0 curing clays 28 curing days

70% bottom ash 30% bottom ash 70% bottom ash 30% bottom ash

Esecant (MPa) Esecant (MPa) Esecant (MPa) Esecant (MPa)

100 16.16 20.29 33.31 56.79

200 27.50 34.88 40.20 88.25

400 36.40 63.98 63.02 107.57

Table 6 Comparison between
70% BA:30% FA and 30%
BA:70% FA on shear strength
of mixtures at various curing
period

Sample 0 curing day 28 curing days

70% bottom ash

Effective consolidation pressure (kPa) 100 200 400 100 200 400

Shear strength (kPa) 130.9 164.8 330.7 280.2 291.7 549.3

30% bottom ash

Effective consolidation pressure (kPa) 100 200 400 100 200 400

Shear strength (kPa) 121 186.6 337.5 461.4 474 844.1

results, it is found that the sample with a higher percentage of
FA has greater shear strength. This shows that the pozzolanic
process of FA plays a crucial role in increasing the strength of
the samples.Moreover, effective consolidation pressures act-
ing on the samples also affect their shear strength. The higher
the effective consolidation pressure, the more compact and
the denser the samples. This is because pore water is being
squeezed out. When a sample is denser, the friction between
the particles of the samples will increase, thus resulting in the
increasing of shear strength [18,33,34]. The results show that
the effective consolidation pressure is directly proportional
to the shear strength and are presented in Table 6.

Additionally, fromTable 6, it seems that for 70%BAspec-
imens, the shear strength increases by as much as 66–114%.
On the other hand, the percentage shear strength increases for
70% FA are much higher, i.e., between 150 and 281%. The
results show an apparent comparison between two different
ratio mixture specimens, because the ratio of FA in 30% BA
is much higher. The occurrence of pozzolanic reactions for
these samples is higher. As observed by SEM micrographs,
after 28 days of curing, the ratio of the gel-like product,
which binds between the sample particles as a result of poz-
zolanic reaction, is higher. The particles become coarser, and
the interlocking between particles increases the resistance of
particles to restrain shearing, thus resulting in greater shear
strength [11,35,36].

5 Conclusion

Avariety of tests were conducted to identify themorphology,
and the chemical and strength characteristics of FA and BA
mixtures. Both types of ash were taken from the Tanjung Bin

power plant, Johor, Malaysia. The following conclusions can
be drawn from this study:

• FA specimens are fine, well rounded, and spherical in
shape, with numbers of irregularly shaped particles and
smooth particle surfaces. Meanwhile, BA is irregular,
rough, and has a gritty surface texture. As the ratio of
BA increases, the number of irregular size increases in
the mixture. When both of them are mixed, the mixture
exhibits some special morphological characteristics that
are different from typical sand.

• SEM results indicate that the new cementitious product
formed by chemical reaction fill the porous areas inside
the mixture, and this leads to a better and stronger aggre-
gate of particles, and finally, a denser mixture is formed.
Based on the EDAX results, the new formed gel-like
cementitious compounds of C-S-H are believed to be the
main cause of this behaviour. In addition, theXRF results
show that there is a significant reduction in the elemental
ratio of themixed sampleswith the increased curing time.

• From engineering point of view, the results of triax-
ial tests show that the modulus of elasticity of both 30
and 70% BA mixture fall in the range between 56 and
107MPa after a 28-day curing period. At both 0 and
28 days of curing, the shear strength of the 70% BA
was higher than that of the 30% BA. This is a result of
the higher interlocking particles of samples with 70%
BA. After 28days, the samples have pozzolanic activity;
hence, the ash particles become coarser and this increases
the resistance of particles to restrain the shearing. How-
ever, the increase in BA from 30 to 70% does not have
any significant effect on the shear strength characteristic
of the FA–BA mixture.
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• Results obtained from this study can be used to determine
the suitability of FA andBAmixture ratio in geotechnical
works, such as soil replacement and soil embankment,
or to be used as back-filling material.
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