
 

 

  
Abstract—Bottom ash is a by-product of the combustion process 

of coal in furnaces in the production of electricity in thermal power 
plants. In India, about 75% of total power is produced by using 
pulverized coal. The coal of India has a high ash content which leads 
to the generation of a huge quantity of bottom ash per year posing the 
dual problem of environmental pollution and difficulty in disposal. 
This calls for establishing strategies to use this industry by-product 
effectively and efficiently. However, its large-scale utilization is 
possible only in geotechnical applications, either alone or with soil. 
In the present investigation, bottom ash was collected from National 
Capital Power Station Dadri, Uttar Pradesh, India. Test samples of 
bottom ash admixed with 20% clayey soil were prepared and treated 
with different cement content by weight and subjected to various 
laboratory tests for assessing its suitability as an engineered 
construction material. This study has shown that use of 10% cement 
content is a viable chemical additive to enhance the mechanical 
properties of bottom ash, which can be used effectively as an 
engineered construction material in various geotechnical applications. 
More importantly, it offers an interesting potential for making use of 
an industrial waste to overcome challenges posed by bottom ash for a 
sustainable environment. 
 

Keywords—Bottom ash, environmental pollution, solid waste, 
sustainable environment, waste utilization. 

I. INTRODUCTION 

N India, coal is used as a major source of power generation, 
in which bottom ash is the by-product of the combustion of 

process of coal in furnaces in the production of electricity in 
thermal power plants. The coal of India has high ash content 
(30-45%) which leads to the generation of a huge quantity of 
bottom ash per year, whereas some lignite coals may have an 
ash content as high as 30% [1]. At present, nearly 150 million 
tons of coal ash is being generated annually in India, which 
requires a lot of land area for its disposal and is a major 
problem from an environmental point of view. 
Environmentally safe disposal of large quantities of bottom 
ash is not only tedious and expensive, but also poses 
challenging problems in the form of land usage, capital loss to 
power plants, health hazards, ecological imbalances and 
related environmental problems. Thus, there is a dire need for 
establishing strategies to use this industrial bi-product 
effectively and efficiently. Cachim et al. [2] observed that 
because of increasing environmental concerns and sustainable 
issues, the utilization of solid waste materials is the need of 
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the hour. However, it is only in geotechnical engineering 
applications, such as the construction of embankments/dykes, 
as back fill material, or as a sub-base material etc., that its 
large-scale utilization is possible either alone or with soil. On 
the other hand, the need for industrial wastes such as coal ash 
produced from power generating plants as a substitute for 
conventional construction material has increased due to the 
increased scarcity of stable soil deposits in recent years. The 
utilization of coal ash not only solves a waste disposal 
problem but also provides an economically viable construction 
material [3]. Many researchers have evaluated the 
characteristics of bottom ash as a substitute for conventional 
granular material in the literature [4]-[10]. Furthermore, many 
European countries beneficially utilize bottom ash as a 
sustainable transportation material with environmental criteria 
set by their strategic regulations [11]. Sivakumar et al. [12] 
has concluded that bottom ash can be successfully used as an 
effective stabilizer for preventing collapses, and the settlement 
of structures on soft soil deposits. Many other researchers 
[13]-[18] concluded that bottom as can successfully used as a 
granular material to enhance the strength and durability of 
concrete and to use it as a pozzolanic material. 

Bottom ash can generally be classified as coarse grained, in 
terms of the grain size of soils; while bottom ash particles 
range in size from fine gravel to fine sand, with low 
percentages of silt clay-sized particles. Physically, bottom ash 
is typically grey to black in color, is quite angular, and has a 
porous surface structure (Fig. 1). 

 

 

Fig. 1 Bottom ash generated from a thermal power plant 
 
Pulverized coal combustion dry bottom ash is a type of coal 

combustion by-product of burning coal under controlled 
conditions for the generation of electricity. Bottom ash 
collected under the furnace bottom is categorized as dry 
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bottom or wet bottom ash. If the ash is in a solid state at the 
furnace bottom, it is called dry bottom ash, as shown in Fig. 2 
[19]. Wet bottom ash refers to the molten state of the ash 
which leaves the furnace as a liquid. Wet bottom ash is more 
often called boiler slag. Bottom ash is collected at the bottom 
of the combustion chamber in a water-filled hopper and is 
removed by means of high-pressure water jets and conveyed 
by sluiceways to a decanting basin for dewatering, stockpiling, 
and possibly crushing. Although similar to natural fine 
aggregate, bottom ash is lighter and more brittle and has a 
greater resemblance to cement clinker [20]. 

 

 

Fig. 2 Schematic diagram of the ash handling system 
 
Bottom ash particles range in size from fine gravel to fine 

sand, with low percentages of silt clay-sized particles; it is 
usually a well-graded material, although variations in particle 
size distribution are possible in bottom ash samples taken from 
the same power plant at different times. Characteristics of 
bottom ash also depend on the type of coal burned and the 
type of furnace used. About half of all produced bottom ash is 
used in the construction industry, but with different 
applications, as depicted in Fig. 3 [21]. Fly ash has been 
mainly used as an additive for the stabilization of problematic 
soils [22], whereas bottom ash is used in the production of 
non-aerated concrete blocks and in road construction [23]. 
Many researchers [24], [25], have reported that coal bottom 
ash possesses pozzolanic properties, which can enhance the 
strength activity index of concrete. However, the use of 
bottom ash, with or without admixtures, in geotechnical 
engineering applications, and the amount of published 
literature on the geotechnical engineering properties of bottom 
ash, is limited. In the present investigation, bottom ash was 
collected from the National Capital Power Station (NCPS) 
Dadri, Uttar Pradesh, India. Specimens of bottom ash mixed 
with 20% clayey soil were treated with varying cement 
content by weight (0%, 5%, 10%, 15% and 20%) and 
subjected to various laboratory tests as per standard codal 
procedures for assessing its suitability as an engineered 
construction material in geotechnical applications. From the 
test results, it is observed that 10% of cement content is the 
optimum amount required to enhance the mechanical 
properties of bottom ash to be used as an engineered 
construction material. Therefore, the main objective of the 
study was to study the mechanical behavior of bottom ash 
stabilized with cement and bulk utilization of industrial waste 

by-product without adversely affecting the environment. 
Hence, using bottom ash has a two-fold advantage; first, to 
avoid the tremendous environmental problems caused by large 
scale dumping of bottom ash, and second, to help in 
sustainable development of the environment. 

 

 

Fig. 3 Utilization of Bottom ash in various applications [21] 

II. PROBLEMS ASSOCIATED WITH COAL ASH 

There are two types of problems associated with the 
generation of huge quantities of bottom ash: 
1. Environmental problems 
2. Land disposal problem 

Bottom ash can be disposed-off by two methods, the dry 
method and wet method. In the dry method, bottom ash is 
carried out by using trucks etc. and dumped in an open area 
which leads to wind-swept ash becoming airborne, which 
creates a lot of health hazards and dust in the environment. In 
the wet disposal method, bottom ash and fly ash are mixed 
with water to form slurry and disposed in catchments, which 
are known as ponds. If the water table is near to the ground 
surface then there is a chance of contamination of ground 
water due to the leaching problem. 

III. SOLUTION OF DISPOSAL PROBLEMS 

Solution to the disposal problem is possible by utilizing 
bottom ash in civil engineering construction practice. The 
construction of highways and roads embankments, abutments, 
earthen dams and other retaining structures requires huge 
amounts of natural soil and aggregates, and to meet this 
demand, the widespread exploitation of fertile soil and natural 
aggregate is being adopted. Due to rapid industrialization and 
the scarcity of availability of natural soil, scientists have 
thought to utilize the waste products of power plants as a 
replacement to the natural soil. This will reduce the scarcity of 
natural soil and also solve the environmental issues due to the 
deposition of industrial by-products. When used in structural 
fills, pavements or embankments (Fig. 4), fly ash and bottom 
offers several advantages over natural soil or rock. Its 
relatively low unit weight makes it well suited for placement 
over soft or low bearing strength soils, and its high shear 
strength, compared with its unit weight, results in good 
bearing support and minimal settlement [26], [27]. 
Geotechnical properties of bottom ash like low specific 
gravity lower maximum dry density, and higher permeability 
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leads to its use as a backfill material for retaining structures, 
because low specific gravity and lower dry density leads to 
lower levels of earth pressure on retaining walls, which 
ultimately leads to greater economy in retaining wall 
construction. In the construction of pavements, it is desirable 
for the materials have high permeability, which is essential for 
the quick drainage of water. Hence, the higher permeability of 
bottom ash makes it suitable for pavement construction as well 
as for retaining structures.  

 

 

(a) Road embankment 
 

 

(b) Retaining wall 

Fig. 4 Use of Ash in road embankments and retaining walls 

IV. MATERIALS AND METHODS 

For the present investigation, bottom ash was collected 
from National Capital Power Station (NCPS) Dadri, U.P.  

Clayey soil was collected from the National Institute of 
Technology Srinagar (NIT), behind the Jhelum hostel, while 
the cement used in the investigation was of 43 Grade and 
manufactured by J&K Cements Ltd. Specimens of bottom ash 
mixed with 20% clayey soil were treated with varying cement 
content by weight (0%, 5%, 10%, 15% and 20%), and then, 
Standard Proctor compaction tests and strength tests were 
carried out on the bottom ash – clayey soil – cement mixes. 
The specimen mixes were cured for 7 days and 28 days and 
subjected to direct shear and unconfined compression strength 
tests. All the samples were prepared as per standard 
procedures [28] and compacted at 0.95 γdmax and optimum 
moisture content. The physical properties are given in Table I.  

 

TABLE I 
PROPERTIES OF BOTTOM ASH, CLAYEY SOIL AND CEMENT 

Properties 
Bottom 

Ash 
Clayey 

soil 
Properties Cement 

Percentage finer than 75µm 26.6 95.82 Grade /Type 43 /OPC

Silt size (%) 26.6 88.32 Specific gravity 3.15 

Clay size (%) 0 7.5 Initial setting time 228 min.

Coefficient of uniformity 5.66 6.75 Final setting time 420 min 

Coefficient of curvature 2.08 1.40 Density (kg/m³) 3050 

Specific Gravity (G) 1.96 2.60   

Liquid Limit (%) NP 45.5   

Plasticity Index (%) NP 23.28   

MDD (kN/m³) 10.3 16.4   

OMC (%) 41 19   

Cohesion (kPa) 10.8 47.5   

Angle of internal friction (ϕ) 30° 10o   

V. EXPERIMENTAL PROGRAMME 

To evaluate the geotechnical properties of bottom ash 
admixed with clay and cement, the testing program is 
presented in Table II. 

 
TABLE II 

EXPERIMENTAL PROGRAMME FOR BOTTOM ASH- CLAY-CEMNENT MIXTURE 

Bottom Ash – Clayey soil – Cement Mixes 
Bottom Ash % 

(G = 1.96) 
Clayey Soil % 

(G = 2.60) 
Cement % 
(G = 3.15) 

Gmix 

80 20 0 2.09 

75 20 5 2.15 

70 20 10 2.21 

65 20 15 2.27 

60 20 20 2.33 

VI. RESULTS AND DISCUSSION 

The main objective of the stabilization is to improve the 
properties of the bottom ash by adding 20% clay and varying 
amount of cement. The effect of stabilization on various 
properties of bottom ash is given below. 

A. Effect of Stabilization on Specific Gravity  

Specific gravity of bottom ash increases when clayey soil is 
added to it, and the value of specific gravity further increases 
with increasing increments of cement content. The specific 
gravity of bottom ash is very low, 1.96, because of the 
cenospheres [29] present in it, which takes a lot of space but is 
very light in weight. The specific gravity of bottom ash was 
1.96, and when 20% clayey soil is added, the specific gravity 
of the composite specimen increased to 2.09, as illustrated in 
Table II. It is understandable that the increase in specific 
gravity is due to the addition of heavier particles of clay and 
cement in the mix samples, which makes the sample well 
graded and some cenospheres also become filled up by the 
clay particles.  

B. Effect on Compaction Characteristics 

The density of soils is an important parameter since it 
controls its strength, compressibility and permeability. 
Compaction of soil increases the shear strength and decreases 
the permeability, compressibility. Compaction is generally 
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used in the construction of sub-grades of roads and pavements 
and also in preparing foundation base soil prior to the 
construction of buildings. Compaction characteristics are a 
very important property when characterizing any soil sample. 
The compaction curves [30], [31] for bottom ash admixed 
with clay and cement mixes are shown in Fig. 5, and the 
variation of OMC and MDD for bottom ash admixed with 
20% clayey soil and varying cement content is shown in Fig. 
6. 
  

 

Fig. 5 Compaction curves for bottom ash admixed with clay and 
cement 

 
From Fig. 5, it is seen that the maximum dry density 

(MDD) of bottom ash is very low comparatively, and 
optimum moisture content (OMC) is very high. The reason 
behind the lower dry density is the large-sized cenospheres 
(hollow particles) present in the bottom ash which has very 
low specific gravity; also, the lower dry density is attributed to 
the poor gradation of bottom ash. The optimum moisture 
content of bottom ash is very high, this due to the storage of 
water in the cenospheres and due to the higher surface area of 
particles. Also, due to poor gradation, some water gets stored 
in the pores. From Fig. 6, it is seen that OMC of bottom ash 
samples prepared by mixing clay decreases, the possible 
reason of this decrease in OMC is that clay particles get 
inserted in the hollow bottom ash particles and the pores 
available, due to this quality of poor gradation of bottom ash. 
OMC further decreases with the increase in cement content 
due to the increment of fines in the sample which fills the 
pores of the soil.  

 

Fig. 6 Variation of OMC and MDD for bottom ash admixed with 
20% clayey soil 

C. Effect of Stabilization on Strength Behavior of Bottom 
Ash Admixed with Clay and Cement 

For using soil or any other solid waste material (e.g., 
bottom ash amongst others), either as a construction material 
or as a foundation material, it is mandatory to investigate their 
strength characteristics from a stability point of view [32], 
[33]. In some special cases, such as checking the short-term 
stability of foundations and slopes where the rate of loading is 
fast, but drainage is very slow, one of the most common shear 
tests is the unconfined compression test. The behavior of 
bottom ash under a load is a measure of its shear strength. 
Before bottom ash can be used for construction purposes, its 
shear strength must be determined. In the present study, 
unconfined compression strength (UCS) test [34] and direct 
shear test [35] with different cement content were conducted 
to establish the shear strength parameters as per relevant codal 
procedures. The tests results for unconfined compression 
strength tests are shown in Figs. 7 and 8. From Fig. 7, it is 
seen that unconfined compressive strength of composite 
samples increases with the increase in cement content due to 
pozzolanic reaction between cement and the CaO present in 
the clay and bottom ash. It is also observed that composite 
samples attain higher durability and that failure strain also 
increased, which is of great interest for field engineers. This 
will help in identifying failure patterns, and due to higher 
failure strain, structures may not fail abruptly. Cement being a 
mechanical additive, is often used to improve the strength and 
stiffness of soft clayey soils. From Fig. 8, it is seen that 
initially, the shear strength of 5% cement admixed bottom ash 
increases gradually. However, with 10% cement content, the 
cement per grain contact point increases and, upon hardening, 
imparts a commensurate amount of bonding at the contact 
points, which is designated as the active zone. Beyond this 
zone, there is gradual increase in shear strength with 
increasing cement content. Similar behavior has also been 
reported by other researchers, such as Currin et al. [36], [37]. 
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Fig. 7 Stress-strain curve for Bottom ash admixed with clay and 
cement content 

 

 

Fig. 8 Variation of qumax for different curing periods 
 

Direct shear tests (DST) were conducted [35] on bottom ash 
admixed with clayey soil and cement and compacted at 
0.95dmax and corresponding water content on dry side of 
optimum for immediate, 7 days and 28 days curing series 
tests, respectively. The variation of shear strength parameters 
with different curing periods is shown in Fig. 9. DST revealed 
the cohesion value of bottom ash as 10kPa and the angle of 
internal friction of 30°, which is very low for the use of 
bottom ash in the applications where loads are of higher 
magnitude.  

The “c & ϕ” parameters vary in the range of 10 kN/m2 to 
3000 kN/m2 and 12–30° indicators for bottom ash admixed 
clayey soil and cement specimens for different curing periods. 
It is seen from the test results that the value of cohesion 
intercept increases very rapidly, which is due to the bonding of 

particles of bottom ash with cement that is the result of 
pozzolanic reaction and the angle of internal friction 
decreasing as cohesion intercept increases. From the all three 
test series, it is seen that 10% cement content is the optimum 
cement content for bottom ash to enhance its shear strength 
parameters and to use it as an engineered construction material 
in various geotechnical applications for its large scale 
utilization for sustainable development of the environment. 

 

 

(a) Variation of undrained cohesion 
 

 

(b) Variation of internal shearing angle 

Fig. 9 Variation of cohesion and angle of internal friction with 
cement content 

VII. CONCLUSION 

Based on the results of laboratory evaluations of selected 
bottom ashes, the following conclusions are drawn: 
1. It has been shown that bottom ash appears to be suitable 

for various uses in geotechnical applications as a 
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substitute for conventional granular material. 
2. Bottom ash is non-plastic material. 
3. Specific gravity of bottom ash is 1.96, which is lower than 

that of conventional earth material; whereas the specific 
gravity of sand is found to be 2.65. This low specific 
gravity is attributed due to presence of cenospheres and 
poor gradation of bottom ash. However, specific gravity 
of bottom ash increases with the addition of 20% campus 
soil and it further increases with increasing increment of 
cement.  

4. Maximum dry density increases with the addition of clay 
and cement content. This increase is due to the filling of 
hollow particles of bottom ash with clay particle and the 
pores of bottom ash with fine particles of clay.  

5. Unconfined compression strength increases very rapidly 
at 10% cement content. 

6. Test results of direct shear test show that value of 
cohesion increases with addition of clay in bottom ash 
and it further increases with the increase in cement 
content. This increase in cohesion is due to the bonding of 
particles by cement.  

Thus, the present study brings out the two-fold advantage; 
first, to avoid the tremendous environmental problems caused 
by large scale dumping of bottom ash, and second, to help in 
sustainable development of environment. 
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The main emphasis of this paper is to investigate the 
suitability of bottom ash as an engineered construction 
material and to avoid the tremendous environmental 
problems caused by large scale dumping of bottom ash and 
to help in sustainable development of environment by its 

bulk utilization in various Geotechnical applications. 
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