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The increase in the number of coal-fired power plants with the increase in coal production and its consumption has caused the
problem of the treatment of a large amount of coal ash in Indonesia. In the past studies, coal ash was applied to postmine land with
the aim of improving soil conditions for plant growth; however, heavy rain in the tropical climate may cause soil erosion with the
change in soil conditions. This study presents the effects of application of coal ash to postmine land on soil erosion by performing
the artificial rainfall test as well as physical testing. The results indicate that the risk of soil erosion can be reduced significantly by
applying the coal ash which consists of more than 85% of sand to topsoil in the postmine land at the mixing ratio of over 30%.
Additionally, they reveal that not only fine fractions but also microporous structures in coal ash enhance water retention capacity
by retaining water in the structure, leading to the prevention of soil erosion. Thus, the risk of soil erosion can be reduced by applying
coal ash to topsoil in consideration of soil composition and microporous structure of coal ash.

1. Introduction
Indonesia is one of the largest coal exporters in the world, and
the amount of coal production and the export has grown at
an annual average rate of more than 10% since 2000 [1]. The
increase in domestic demand for coal with economic growth
has promoted the energy policy such as the conversion to
coal-fired power generation and the construction of new
coal-fired plant in Indonesia [2]. This change created the
problem of the disposal of a large amount of coal ash [3].
Although coal ash such as fly ash and bottom ash are,
generally, disposed of to landfill as industrial waste, the
efficient use of them is required due to landfill shortage. 80%
of coal ash has ever been reutilized as cement raw materials
in Indonesia; however, alternative proposal for effective use of
them is needed in consideration of the increase in the amount
of coal ash in the future. In the past studies, coal ash was
utilized for improvement of soil conditions in revegetation

area [4–7]. Though coal ash was also used for reclamation in
mining areas in some cases [8–11], a high annual precipitation
and a squall in the tropical climate in Indonesia may cause
soil erosion with the change in soil conditions in the area.
Evaluation of soil erosion in postmine land to which coal ash
is applied is important to verify the applicability of coal ash to
postmine land as well as the effects on plant growth. However,
soil erosion in postmine land to which coal ash was applied
in Indonesia was evaluated in a few studies.
Coal ash is produced with combustion gas by variation of
ash composed of SiO2 and Al2 O3 after carbon and hydrogen
burn in coal-fired power plant. The physical and chemical
properties of coal ash are dependent on combustion process
and power plant design [12]. Thus, the physical and chemical
properties affect the applicability of coal ash in postmine land.
In the tropical climate where annual rainfall exceeds
2,500 mm, heavy rain and/or squall is a major cause of soil
erosion [13]. Figure 1 shows the mechanism of soil erosion.
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Figure 1: Mechanism of soil erosion.

Firstly, soil fractions retain water and are detached by the
impact from collision of raindrop. Soil fractions detached
from the ground are flown by surface stream water, resulting
in the deposition of soil fractions. Soil erosion progresses
through this process due to rainfall. The degree of soil erosion
is dependent on intensity of rainfall, rain duration, and
raindrop energy. Higher intensity of rainfall and that for
long term facilitate the transfer of soil fraction [14]. The
degree also depends on soil composition, soil permeability,
and the Atterberg limits of soils. Soil composition affects
permeability and the Atterberg limits of soils [15]. Since a
high infiltration rate of water into the ground decreases the
development of surface water flow, the soils which show high
permeability such as sand and gravel are less likely to cause
soil erosion than clay and silt which show low permeability
[16, 17]. Moreover, the Atterberg limits indicate the change in
physical properties of soils with the change in water content
and the resistance to deformation force, and it depends on soil
composition. Thus, the Atterberg limits which are influenced
by fine fraction in soils affect water retention capacity of
soils as well as soil erosion [17, 18]. These characteristics are
considered one of the predictive indicators for soil erosion.
For the reasons, the objective of this research is to
understand the effects of the application of coal ash to
postmine land on soil erosion, aiming at efficient use of
coal ash in postmine land in Indonesia. Soil erosion is to be
evaluated by performing the artificial rainfall test as well as
physical testing with the simulated topsoil mixed with coal
ash in this study.

2. Materials and Methods
2.1. Materials. Fly ash and bottom ash were taken in A coalfired power plant in the K mine in Indonesia: FA1 and BA1.
Another type of fly ash was also sampled in B coal-fired
power plant in Japan: FA2. The difference in the combustion
process and the power plant design between the coal-fired
power plants suggests the difference in the physical and
chemical properties of the coal ash samples. For the purpose
of understanding the chemical and physical properties of
them, specific gravity measurement by using pycnometer, XRay Fluorescent (XRF), X-Ray Diffraction (XRD), scanning
electron microscope (SEM), and water retention test were

Samples
Physical properties
Specific gravity (g/cm3 )
Chemical composition (mass%)
SiO2
Al2 O3
FeO
MgO
CaO
Na2 O
K2 O
SO3
H2 O
1600

FA1

BA1

FA2

2.10

1.96

2.07

30.93
13.30
5.93
2.24
1.82
0.16
1.54
1.21
41.02

44.56
16.48
7.60
2.73
2.34
0.46
1.69
7.22
22.32

67.39
18.70
4.16
1.10
2.87
0.67
1.23
0.22
1.97

Q

1400
1200
Intensity (cps)

Soil transport

Table 1: Physical and chemical properties of the coal ash.
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Figure 2: XRD patterns of the coal ash.

performed with the samples. The physical and chemical
properties of the coal ash samples are summarized in Table 1.
Figure 2 shows XRD patterns of them and Figure 3 shows
SEM images. The results of water retention test are shown in
Figure 4.
2.2. Sample Preparation. Simulated topsoil was prepared by
mixing the decomposed granite produced by the Gulin KitaKyu Co., Ltd., and the Kyushu Bentonite produced by the
Shinagawa Yogyo Co., Ltd., after screening on the basis of soil
conditions measured in postmine land in the mine as shown
in Table 2. The simulated topsoil was replaced by the coal
ash of FA1, BA1, and FA2 at the rates of 0%, 30%, 60%, and
100% in order to evaluate the application of coal ash to topsoil
in postmine land. They were named as topsoil (0%) without
coal ash, FA1-30, FA1-60, FA1-100, BA1-30, BA1-60, BA1-100,
FA2-30, FA2-60, and FA2-100, respectively. The samples were
homogeneously mixed by the cone and quartering method.
The grain size analysis, the standard test for the Atterberg
limits, and the falling head permeability test were performed
with the samples in order to understand the effects of
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Figure 3: SEM images of the coal ash.

Volumetric water content (cm3 /cm3 )

0.9

Table 2: Soil texture classes of topsoil in the K mine and the
simulated topsoil.
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Topsoil in K mine
Simulated topsoil
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Silt (%)
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Clay (%)
24.4–39.6
36.6
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0.3
0.2

wide angle goniometer RINT 2100 XRD under the conditions:
radiation CuK𝛼, step scanning 0.050∘ , scan speed 2.000∘ /min,
and scan range 2.000–65.000∘ .
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Figure 4: Water retention characteristics of the coal ash: curve
approximation was drawn by the Van Genuchten model.

the application of coal ash on chemical and physical properties of soils.
2.3. Experimental Methods
2.3.1. XRD Analysis. FA1, BA, and FA2 were supplied to XRD
analysis after drying at 80∘ C for 24 hours in an oven by using

2.3.2. SEM Observation. The surface condition of FA1, BA,
and FA2 was observed by using KEYENCE VE-9800. The AuPd coating was conducted prior to making SEM observations
on the surface of the samples with the MSP-1S Magnetron
Sputter. The specimens were vacuum-dried using a beam at
20 kV, followed by the beginning of SEM observation.
2.3.3. Physical Properties. Specific gravity of the samples was
measured by using pycnometer based on the ASTM D85414 [19]. Particle size distribution of samples was analyzed
based on the ASTM D422-63 [20]. In this test, the samples
were categorized into sand, silt, and clay according to the
classification. Atterberg limits test, which is to understand the
change in mechanical behavior of soils with the change in
water content, was also performed according to the ASTM
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with the simulated topsoil mixed with each type of coal ash
by equalizing the filling rate in each case. The rainfall intensity
was adjusted by changing hydraulic head. The surface stream
water and the percolation water were collected separately and
the volume was recorded during the test. The proportion of
surface stream water and the percolation water to the total
volume was calculated based on the results. The water content
in the simulated topsoil was also measured by drying the
soil samples in an oven at the end of the experiment. The
rainfall test was conducted under the same conditions with
each type of the samples. Besides, the risk of soil erosion
was evaluated based on the results according to the risk
assessment guideline of soil erosion in Indonesia as shown
in Table 4 [26, 27].

Water tank

Pressure head
83 mm

Rainfall

20 mm

4500 mm

Soil bed
35∘
Percolation water

Surface water

Figure 5: Schematic design of the artificial rainfall test.

3. Results and Discussion

D4318-05 [21]. Hydraulic conductivity of the samples was
measured by conducting falling head permeability test based
on the ASTM D5084-10 standard [22].
Additionally, the test for water retention capacity of the
samples was conducted based on the standard of JGS 01512009 in order to measure the relationship between suction
head and volumetric water content [23]. After the test, the
web interface of the SWRC Fit was used to draw soil water
retention curve by inputting the results and fitting by the Van
Genuchten model [24].
2.3.4. Artificial Rainfall Test. The amount of annual soil erosion was measured by performing the artificial rainfall test
in which artificial precipitation was supplied for an hour to
the simulated topsoil mixed with coal ash. Figure 5 shows
the schematic design of the equipment of the artificial rainfall
test. After collecting surface stream water, they were dried at
100∘ C in an oven and the weight of the residue was measured,
followed by the calculation of the amount of soil erosion per
an hour. We substitute the amount of soil erosion per an hour
𝐸, the annual rainfall 𝑅, the section area 𝐴, the dry density
of each sample 𝐺, and rain intensity 𝐼 into the equation to
calculate the annual soil erosion 𝐻 as follows:
𝐻=

(𝑅 × 𝐸)
,
(𝐴 × 𝐺 × 𝐼)

(1)

where 𝐻 is the annual soil erosion (cm/year), 𝐸 is the soil
erosion (g/hour), 𝐺 is the dry density (g/cm3 ), 𝐴 is the section
area (cm2 ), 𝑅 is the annual rainfall (mm/year), and 𝐼 is the
rain intensity (mm/hour).
In this test, the rainfall intensity was set at 80 (mm/hour)
which was recorded in the postmine land in the mine when
concentrated heavy rain occurred and based on the data in
the past [25–27]. Moreover, water content was set at 15%
which was measured in the postmine land. The slope angle
was set at 35∘ which is maximum slope angle at waste dump in
the postmine land according to the standard in the mine. The
annual rainfall was set at 3000 (mm/year) as the average value
in Indonesia [28]. 240 mm by 155 mm of the case was filled

3.1. Characterization of Topsoil Mixed with the Ash Samples.
The physical and chemical properties of the coal ash samples
are listed in Table 1. The specific gravity of each type of the
coal ash showed similar values: those of FA1, BA1, and FA2
were 2.10, 1.96, and 2.07 (g/cm3 ), respectively. Since specific
gravity of fly ash is, typically, between 2.1 and 3.1 (g/cm3 ),
they are typical fly ash samples [29]. Based on the chemical
composition of the samples, Si and Al constituted more than
half of BA1 and FA2. Additionally, the water content was
higher in FA1 and BA1 than that in FA2, indicating that
FA1 and BA1 contained unburnt materials. It would appear
that the difference in the combustion temperature and/or the
combustion efficiency between the coal-fired power plants
caused the difference among the samples.
The XRD patterns of the coal ash samples in Figure 2 indicated that they mostly consisted of quartz and mullite, and
there was not a large difference in XRD patterns among the
samples. This result also suggested that the coal ash samples
were typical coal ash due to the content of quartz and mullite
in the past studies [30–32]. Meanwhile, the microstructure
among the samples varied greatly as seen in the SEM images
in Figure 3. FA1 had microporous structures of 1–10 𝜇m in
diameter without fine fragments. Angular structure without
microporous structures and fine fragments was observed
in BA1, whereas the aggregation of 1–10 𝜇m diameters of
spherical particles without microporous structure was found
in FA2. Thus, the coal ash samples had a completely different
microstructure while they consisted of the same minerals.
Figure 4 presents soil water retention characteristic
(SWRC) of the coal ash samples. It can be seen that the water
content was higher in FA1 than the others at each suction
pressure and that of FA2 changed at lowest level. This implied
that FA1 contained fine fractions more than in BA1 and FA2
by reason that water retention capacity in soils increases due
to fine fraction [17, 18].
The soil composition of the simulated topsoil mixed with
0%, 30%, 60%, and 100% of the coal ash samples is shown
in Figure 6. Soil composition of the simulated topsoil mixed
with 0% of coal ash was set at 36.7% of sand, 26.7% of silt,
and 36.6% of clay based on the data in Table 2. The result
indicated that more than 85% of FA1 and BA1 consisted of
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Figure 7: Permeability of the simulated topsoil mixed with the coal
ash at the mixing ratio of 0%, 30%, 60%, and 100%.

Silt

Figure 6: Soil composition of the simulated topsoil mixed with the
coal ash at the mixing ratio of 0%, 30%, 60%, and 100%.

sand and more than 75% of FA2 consisted of silt. Therefore,
the proportion of sand rose and that of silt dropped with the
increase in the mixing ratio of FA1 and BA. On the other
hand, the percentage of sand and clay decreased and that of
silt increased with the increase in the mixing ratio of FA2.
The result was not consistent with the result of SWRC. The
highest water retention capacity was obtained in FA1 despite
a high percentage of sand, and the lowest water retention
capacity was recorded in FA2 despite a high percentage of
silt considered as fine fractions. It would appear based on
the SEM images in Figure 3 that FA1 had the high water
retention capacity by retaining water in the microporous
structure. Meanwhile, there were no voids which can retain
water among the spherical particles in FA2, resulting in low
water retention capacity in spite of a high content of silt.
Thereby, microstructure of coal ash has to be taken into
account in order to evaluate water retention capacity since
high water retention capacity is obtained in the coal ash with
microporous structures despite a low content of fine fractions.
Figure 7 shows the permeability of the samples and
Table 3 presents the summary of the results of the Atterberg
limits test. The physical properties were also changed by
mixing the simulated topsoil with the coal ash samples. While
the permeability of the simulated topsoil increased with the
increase in the mixing ratio of FA1 and BA1 which consisted
of more than 85% of sand, it decreased by mixing FA2 which
consisted of more than 75% of silt. The change in permeability
agreed with the soil composition of each sample in terms of
the improvement of permeability by mixing sand [17, 18]. In
Table 3, liquid limit, plastic limit, and plasticity index were not
measured after mixing the coal ash into the simulated topsoil.
This was due to a significant decrease in adhesion caused by a
high content of sand in FA1 and BA1 and due to a significant
increase in adhesion caused by a high content of silt in FA2.

Table 3: The Atterberg limits of the simulated topsoil mixed with
the coal ash at the mixing ratio of 0%, 30%, 60%, and 100%.

Topsoil (0%)
FA1-30
FA1-60
FA1-100
BA1-30
BA1-60
BA1-100
FA2-30
FA2-60
FA2-100

Liquid limit
(𝑊𝐿 )

Plastic limit
(𝑊𝑃 )

Plasticity
index (𝐼𝑃 )

18.6
ND
ND
ND
ND
ND
ND
ND
ND
ND

34.4
ND
ND
ND
ND
ND
ND
14.1
ND
ND

15.8
ND
ND
ND
ND
ND
ND
ND
ND
ND

Table 4: Risk assessment of soil erosion in Indonesia.
Class
Very high
High
Moderate
Low
Very low

Surface soil loss (cm/year)
>4.8
1.8–4.8
0.9–1.8
0.15–0.9
<0.15

It was impossible to shape the simulated topsoil mixed with
FA1 and BA1 owing to detachment of fractions and owing to
liquefaction of them in FA2. It suggested that the observation
of microstructure of coal ash was useful to evaluate water
retention capacity in the case that the Atterberg limits could
not be measured.
For the results, the application of FA1 to topsoil is,
especially, expected to control soil erosion due to adhesion
among fine fractions caused by high water retention capacity
[17, 18]. Furthermore, it is expected that surface stream
water may easily occur by applying FA2 which shows low
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Figure 8: Soil loss of the simulated topsoil mixed with the coal ash at
the mixing ratio of 0%, 30%, 60%, and 100% in the artificial rainfall
test: a range framed by dotted lines indicates high risk of soil erosion.

permeability contrary to FA1 due to a high content of silt,
leading to soil erosion.
3.2. Soil Erosion in Artificial Rainfall Test. Figure 8 shows the
amount of soil loss at the different mixing ratio of the coal
ash into the simulated topsoil in the artificial rainfall test, and
Figure 9 shows the change in water content in the samples
during the test. The risk of soil erosion based on the standard
in Indonesia is drawn with dashed lines in Figure 8 [26, 27].
The percentage of surface stream water and percolation water
in the rainfall test is presented in Figure 10. From Figure 8,
it was found that soil erosion was prevented significantly by
applying FA1 and BA1 to the simulated topsoil. The risk of
soil erosion was reduced from the category of “high” to that
of “very low” in the standard by applying more than 30% of
FA1 or BA1: the risk is considered very low when surface soil
loss is less than 0.15 (cm/year). Soil loss was reduced by up to
4.00 (cm/year) by applying FA1 and BA1. On the other hand,
the condition was classified into the category of “very high” by
applying more than 30% of FA2 to the simulated topsoil. Soil
loss increased by up to 24.68 (cm/year) by mixing FA2 with
the simulated topsoil. Moreover, these results agree with the
discussion of the effects of the application of the coal ash on
soil erosion on the basis of physical and chemical properties
of the ash mentioned previously. High water content was
obtained in Figure 9 in the sample mixed with FA1 which
showed high water retention capacity, whereas similar change
in water content was obtained in the sample mixed with BA1
and FA2 which showed similar water retention capacity.
Figure 10 demonstrates that the percentage of surface
stream water decreased contrary to the increase in the ratio
of percolation water by applying FA1 and BA1 with high
permeability. When FA2 with low permeability was applied,
there was an upward trend in the ratio of surface stream water.
Thus, the risk of soil erosion declined with the increase
in the mixing ratio of FA1 and BA1 with high permeability

FA1
FA2

40
60
80
Mixing ratio of the coal ash (%)

100

BA1

Figure 9: Water content of the simulated topsoil mixed with the coal
ash at the mixing ratio of 0%, 30%, 60%, and 100% in the artificial
rainfall test.

owing to the decrease in surface stream water caused by
improving the permeability in the simulated topsoil. The soil
loss in the sample mixed with FA1 was, furthermore, less than
that with BA1. This was possibly due to adhesion by water
retained in microporous structures in FA1. When FA2 with
low permeability due to a high content of silt was applied, soil
erosion progressed with the increase in the ratio of surface
stream water. This result indicated that soil composition
which affected permeability in soils was important to predict
soil erosion. Soil erosion could not be prevented by applying
FA2 which consisted of more than 90% of clay and silt as
shown in Figure 6. On the other hand, the risk of soil erosion
could be reduced by FA1 and BA1 which consisted of more
than 85% of sand at the mixing ratio of over 30%. The mixing
ratio, however, should be decided in consideration of the
effects of soil composition on plant growth as well as on
soil erosion in the case that coal ash is applied to postmine
land.

4. Conclusions
In this study, the simulated topsoil mixed with coal ash was
prepared to discuss the application of coal ash to postmine
land for the purpose of prevention of soil erosion. The
artificial rainfall test was performed with the samples in
addition to the grain size analysis, the standard test for the
Atterberg limits, falling head permeability test, and water
retention test, aiming at understanding the change in risk
of soil erosion by applying coal ash to topsoil. The main
conclusions from the experiments are summarized as follows:
(i) The risk of soil erosion was significantly reduced by
applying coal ash to topsoil which was considered
industrial waste with a focus on physical characteristics of the ash.
(ii) The application of the coal ash which consisted of
more than 90% of clay and silt to topsoil promoted
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Figure 10: Ratio of each type of water flow in the simulated topsoil mixed with the coal ash at the mixing ratio of 0%, 30%, 60%, and 100%
in the artificial rainfall test.

soil erosion. Meanwhile, soil erosion was prevented by
mixing the coal ash which consisted of more than 85%
of sand at the mixing ratio of over 30%. However, the
mixing ratio of coal ash to topsoil has to be decided
in consideration of the effects of soil composition on
plant growth as well as that on soil erosion.
(iii) Microporous structures in FA1 affected water retention capacity, leading to prevention of soil erosion.
The coal ash of FA1 with the structures showed high
water retention in spite of low content of clay.
(iv) For the purpose of prevention of soil erosion by mixing coal ash in topsoil in postmine land, microporous
structures in coal ash and soil composition which
affect permeability and water retention capacity are
useful to select coal ash and to decide the mixing
ratio.
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