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Expansive soils are a type of soil that exhibits the ability to swell and shrink with the variation of moisture content. Lightweight
structures such as pavements, sidewalks, and driveways face failures due to the swelling and shrinkage behavior of expansive soils.
Terefore, the aim of this study is to investigate the efect of waste incineration bottom ash on the engineering properties of
expansive subgrade soils. To investigate the waste incineration bottom ash, tests such as specifc gravity, Atterberg limit, free swell
test, compaction characteristics, unconfned compression strength, and Californian bearing ratio (CBR) were conducted. Te soil
was stabilized by waste incineration bottom ash with proportions of 10%, 15%, 20%, 25%, and 30% by dry weight. From the
laboratory test results, the soil under this category has poor engineering properties which include high plastic index, high free swell
index, low UCS, and low CBR.Te performance of soil improved as waste incineration bottom ash content increased with respect
to curing time. Te curing time of the sample has a signifcant efect on the performance of the weak subgrade soil.

1. Introduction

Incinerators are used worldwide to process industrial,
municipal, clinical, and medical wastes. Energy can be
utilized through incineration waste to minimize landfll area
without energy recovery. In the presence of oxygen at high
pressure in a furnace, the waste that comprises of organic
materials is burnt. Te byproducts produced in the com-
bustion process include CO2 and H2O, N2, oxygen and
noncombustible residues, and fue gas. Finally, the steam
turbine is used to generate electricity. Nowadays, many
countries contribute for the development of incenerators
technology.Te energy recovery in Europe and Japan is 23%
and 70%, respectively [1].

Soil is an unconsolidated material comprised of resilient
debris produced via the breakdown of rocks. Soils comprise
void areas between particles which include air, water, or
both. Natural matters might also include soil particles. Te
soil particles can be separated by the mechanical approach
such as agitation and water. Te soil can bear the load
imposed by the structures constructed on it. However, there

might be weak soils used as construction materials, like
expansive soil, in which the engineering properties are
highly infuenced by moisture content variation. Te
swelling and expansiveness of clay soils are governed by the
presence of clay mineralogy, namely, montmorillonite, ka-
olinite, and illite. But excess amount of montmorillonite in
soil causes the soil to have excessive swelling potential [2].
Infrastructures constructed on expansive soil face distinct
types of damages. Some of those damages are settlement of
buildings and roads, cracks on buildings, and heaving and
swelling. Te damage of expansive soil on the structure is
due to variation of water content, and an increase in
moisture content causes swelling of clay which ends up in
vertical deformation of soil layers, hence, controling
moisture content factuation can reduces vertical defor-
mation of structures [3–5]. Te montmorillonites are
dominant clay mineral present in expansive soil, which are
octahedral sheets sandwiched between silica sheets. Water is
absorbed by silica sheets when montmorillonites is exposed
to moisture. When this mineral is exposed to moisture,
water is absorbed by interlayer lattice systems and exerts
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upward pressure. Tis pressure is referred to as swelling
pressure, which imposes the maximum damage on the
structure built on expansive soil. Te version of moisture
content material is especially due to modifcations inside the
area of surroundings from herbal situations, adjustments
associated with creation and exploitation outcomes at the
moisture below the shape [5, 6].

One of the strategies in improving susceptible subgrade
soil, primarily expansive soils, is removing and replacing it
with a better subgrade material that allows bearing the load
coming from the pavement structure. Terefore, the cost of
stabilization of weak subgrade soil has brought the highway
organization to evaluate opportunities for techniques to
assemble over the weak subgrade soil. As a result, subgrade
stabilization is the most suitable solution which is widely
used in pavement [7]. Subgrade soil stabilization is a
modifcation of original soil properties to satisfy specifc
engineering properties. Tere are two major methods of soil
stabilization which are mechanical stabilization and
chemical stabilization [8, 9]. Mechanical soil stabilization
improves the properties of soil by of mixing two or more
soils [10]. Chemical stabilization changes the characteristics
of weak soil by adding some chemicals into weak soil. Te
soil engineering properties can be enhanced by chemical
stabilizing agents like cement, lime, and bitumen. Although
they are common additives, their production manufactured
in the industry kept a fnancially high cost [11, 12].

In order to improve the properties of soil, recycled
slugged ash hydrated lime to improve soft cohesive soil,
cohesive clay soil, and fve ratios of sludge and hydrated lime
were mixed with cohesive soil, and the result showed that the
swelling behavior of treated clay soil efectively decreased
and unconfned compressive strength of soil increased to
three to seven times better than untreated soil. Te re-
searchers proposed that sewage sludge and hydrated lime
could particularly improve the properties of soft clay sub-
grade soil. Tis result revealed that the unconfned com-
pression strength of treated soil was improved. Furthermore,
the CBR value of treated soil is up to 30 times the CBR value
of untreated soil, concluding that sewage sludge and cement
may be useful for many potential geotechnical applications
[13, 14].

Fly ash is the byproduct of coal-fred power plants and is
collected by electrostatic precipitators, which is non-
cementous compared to lime and cement. About 85% of the
ash is fy ash. Most fy ash belongs to the secondary binder.
Tese binders alone cannot achieve the desired efect.
However, in the presence of a small amount of activator, it
chemically reacts to form a cementitious compound, which
contributes to the improvement of the strength of the soft
soil. According to estimates from a survey by the world coal
association (WCA), there are more than 850 giga tons of
proven coal reserves worldwide. Te annual production of
fy ash in India is approximately 10million tones [15–17]. Fly
ash is a byproduct of coal-fred electric power generation
facilities; it has lesser cementitious properties compared to
lime and cement. Most of the fy ashes belong to secondary
binders; these binders cannot generate the desired efect by
themselves. However, in the presence of a small amount of

activator, it can react chemically to form a cementitious
compound that contributes to improved strength of soft soil.
Fly ashes are readily available, and they are cheaper and
environmentally friendly [16–18]. Fly ash has been shown to
decrease the plasticity of heavy clay soils, which decreases the
swelling potential. Te plasticity and swelling potential
decreases with increasing fy ash contents. Te plasticity
index of expansive soil-fy ash mixtures shows a drop in
value of as quantity of fy ash increases. Te reason is that fy
ash does not have any plastic characteristics that are asso-
ciated with plastic. Te addition of fy ash alters particle size
and colloidal reaction, which leads to decrease in plasticity of
expansive soil [8, 19–23]. Te efect of fy ash on the en-
gineering properties of expansive soils is thoroughly in-
vestigated by diferent scholars. With the addition of fy ash,
the optimum moisture content (OMC) and maximum dry
density (MDD) of expansive soil-fy ash mixed samples are
increased and decreased, respectively, with the increase of fy
ash content. Similarly, the CBR of soil-fy ash mixed samples
increases with the increase in fy ash content [24–26].

Portland cement clinker production is a major source of
CO2 and other greenhouse gases, accounting for 5% of the
world’s annual atmospheric CO2 emissions. Cement kiln
dust (CKD) is a byproduct of the cement manufacturing
process and has traditionally been considered as industrial
waste. Global cement production capacity in 2017 was ∼4.99
billion tons per year. While the CKD production rate ranged
from 54 to 200 kg per ton of produced cement clinker. CKD
is composed of fne, powdery solids and highly alkaline
particulate material, and it is similar in appearance to
Portland cement [27–29].

Previously, when the soils have weak engineering
properties and bearing capacity, the route of site should be
changed to a suitable location. Otherwise, weak soils are
removed and replaced by materials with better strength and
more compactness, and then they obtain the required design
specifcation [30–34]. Soil stabilization is a way to alter and
enhance the stability of soil mass and mechanical and
chemical alteration of soil to enhance their engineering
characteristics. Soil stabilization results in higher soil
strength by decreasing plasticity and increase or decrease of
permeability, hence resulting in higher soil strength, lower
volume fuctuation due to moisture and temperature vari-
ation, and higher workability of soil. Te soils available for
the construction of any civil engineering structure often do
not meet requirements of the construction [35–37]. Te
main aim of soil stabilization is cost minimization and the
efcient use of locally available materials. Te most common
application of soil stabilization is seen in the construction of
roads and airfelds pavement. Tus, one has to look for a
better, appropriate, economical soil stabilization method to
minimize additional project costs and time required for the
removal and replacement of problematic soil. Te procedure
includes the combination of soils to achieve a desired gra-
dation or mixing of commercially available additives that
may alter the gradation sizes, texture, or plasticity or act as a
binder for the cementation of the soil [38].

Municipal solid waste ash is incinerated as a byproduct
of combustion of municipal solid waste, and the
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management of municipal solid waste ash has posed
problems such as occupying a large area of landfll and
environmental issues. Tis study suggests the utilization of
waste incineration bottom ash in reducing the enormous
increase in the amount of municipal solid waste deposited in
the area. Terefore, the use of such technology tends to
reduce construction material consumption thereby reducing
greenhouse emission imposed by municipal solid waste ash
and improving the strength of weak subgrade.

2. Materials and Methods

2.1. Study Design. Te research design was based on
purposive sampling. Selection processing of representa-
tive sampling focused on the area afected by expansive
soil. Te research methodologies that were used are
quantitative and experimental approaches so as to achieve
the desired objective. Te purpose of the research is to
determine the efect of modifying expansive soil by waste
incineration bottom ash to improve its engineering
properties. Te selection of sites for excavation is based on
visual identifcation, and data collection is done based on
the investigation of engineering properties of soil along
Jimma to Sekoru road corridor, Ethiopia. Prior to the test,
sample preparation is basically made in accordance with
the method described in AASHTO T8786. Ten, by
spreading the material out for seven days and breaking up the
soil aggregates with a rubber-covered hammer, the natural
soil samples got air dried. Waste incineration bottom ash
samples were sieved to separate the dust from granular waste.
Te content of waste incineration bottom ash used in im-
proving the engineering property of expansive soil in various
studies varied from 10% to 50%. In case of this study, the by
product of waste incineration bottom increased in an
alarming rate due to rapid urbanization. Terefore, the use of
waste incineration bottom ash for soil improvement is
identifed as an efective utilization option for a large quantity
of bottom ash consumptionTus, for this study, 10%–30% of
waste incineration bottom ash is selected with increasing 5
percent. Ten, the sieved soil sample was mixed manually
with 10%, 15%, 20%, 25% and 30% of waste incineration
bottom ash until a uniform mix is obtained. Finally, we
treated the soil samples with waste incineration bottom ash
mix cured for 3, 7, and 14 days by sealing the samples with a
plastic bag and keeping them in a humidity chamber/water
bath.

2.2. InitialMoisture Content. Te initial moisture content of
expansive soil was determined by the test method AASH-
TOT265. Te water content of the disturbed soil sample was
measured using the oven-drying method. Small typical
natural soil samples taken from large numbers of samples
from the site are placed in plastic bags. Te sample was then
weighed as received and oven-dried in a 105°C moisture can
for 24 hours. Te fnal dry weight was decisive, and the
weight diference was taken as the weight of the water ex-
pelled during drying. Te weight diference was divided by
the weight of the dry soil.

2.3. Particle Size Analysis. Particle size analysis is a method
of separating the soil into diferent fractions based on the
size of the particles present in the soil. Particle size analysis
was performed by mechanical (sieving) analysis and sedi-
mentation analysis. Sieve analysis is used to separate coarse-
grained soil fractions. Soil fractions with particle sizes larger
than # 200 (75 μm) are based on the ASTM D422 standard.
Sediment analysis is used to analyze fne-grained soil (silt
and clay) with a particle size smaller than # 200 (0.075mm).
It is performed by hydrometer analysis as per the ASTM
D1140 standard. For this study, both wet sieve analysis and
hydrometer analysis was done according to ASTM D42263.

2.4. SpecifcGravity. Te specifc gravity of soil is the ratio of
weight of the air of a given volume of soil particles at a stated
temperature to the weight of the air of an equal volume of
distilled water at a stated temperature. Te heaviness of soil
particles was determined by the pycnometer method using a
soil sample passing the #40 (0.425mm) sieve as per ASTMD
854 standards.

2.5. Atterberg Limits. Tis was performed on a reshaped soil
sample with a fraction passing through sieve No. 40
(0.425mm). In the Casagrande cup method, the soil paste is
placed in the Casagrande cup, and a groove is made at the
center of it. Te limit is defned as the moisture content, in
percent, required to close a distance of 0.5 inches along the
bottom of a groove after 25 blows in a liquid limit device.Te
test follows ASTM D431398 procedures.

2.6. Soil Classifcation. Te most widely used soil classif-
cation system for engineering purposes is the American
Unifed Soil with National Highway and Transport Au-
thority Association (AASHTO) classifcation system and #
40. Te AASHTO system for soil classifcation contains
seven “A” group of inorganic soils from Al to A7 with a total
of 12 subgroups. Tis system is based on soil particle size
distribution, liquid limit, and plasticity index. For uniform
soil, the classifcation system is based on species detection
and prevalence of a component that considers particle size,
gradation, plasticity, and compressibility. It divides soil into
three major divisions: coarse-grained soils, fne-grained
soils, and highly organic soils.

2.7. Linear Shrinkage. Te linear shrinkage is defned as the
decrease in one dimension of a soil mass, expressed as a
percentage of the original dimension, when the water
content is reduced from a given value to the shrinkage limit.
Linear shrinkage is determined by IS 2720-part-20-1966. A
sample weighing 150 g from thoroughly mixed portion of
bulk material passed through 425 micron IS sieve is pre-
pared. Te linear shrinkage of the soil is to be calculated as a
percentage of the original length of the specimen from the
following formula:

LS% �
Ls
L
∗ 100, (1)
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where L is the length of the mold (mm) and Ls is the
longitudinal shrinkage of the specimen (mm).

2.8. Free Swell Test (IS 2720). Te test was conducted in
accordance with the United States Bureau of Reclamation
(USBR) method (Holtz and Gibbs, 1956). About 10 g of soil
passed through the BS No. 4 sieve (0.425mm) was oven
dried and allowed to cool in a desiccator. Te sample was
slowly poured into a 100 cm3 measuring cylinder to which
water was added in order to fll the cylinder.Te cylinder was
then agitated in order to obtain a homogenous mixture of
soil and water after which it could settle for 2 hours or more
before the initial volume was recorded.Te fnal volume was
recorded after 24 hours.

2.9. Proctor Compaction Test (AASHTO T 180-95). Tis test
was done by modifed (heavy) compaction to determine the
maximum dry density (MDD) and optimum moisture
content (OMC) of the material. It was done on the natural
expansive soil on the mixture, and various percentages of
waste incineration bottom ash added into the expansive clay
soil and its MDD and OMC were determined.

Te apparatus set-up consists of (i) cylindrical metal
mold (with internal diameter 15.24 cm and internal height
11.7 cm), (ii) detachable base plate, (iii) collar (with 5 cm
efective height), and (iv) rammer (4.54 kg). Te compaction
process helps in increasing the bulk density by driving out
the air from the voids. Te theory used in the experiment is
that for any compaction efort, the dry density depends upon
the moisture content in the soil. Te maximum dry density
(MDD) is achieved when the soil is compacted at relatively
high moisture content and almost all the air is driven out,
and this moisture content is called optimum moisture
content (OMC).

2.10. California Bearing Ratio (CBR) (AASHTO T 193-93).
Te CBR test measures the shearing resistance of soil under
controlled moisture and density conditions. It is a major
laboratory test conducted on the subgrade and other
pavement layers of roads. CBR value is the ratio of load
required to afect a certain depth of penetration into a soil
specimen compacted at given moisture content and dry
density to the load required to obtain the same depth of
penetration on a standard sample of crushed stones.

For this research three-point, the CBR test (10, 30, 65
blows) was conducted. As per the AASHTO T 193-93 test
procedure, the CBR test with curing durations of 3, 7, and 14
days was conducted for the waste incineration bottom ash
mixture. To make a general evaluation of the efect of ap-
plying the mixture of waste incineration bottom ash on
strength development, CBR samples were prepared using
soil passed through the No. 19 sieve, and treated samples
were compacted using moisture content at maximum dry
density obtained from compaction results. Te swelling
potential of the soil sample was measured. No surcharge
loads have been applied to compacted samples during curing
durations assuming that no trafc fow is allowed during

construction. Hence, the curing process is undertaken by
using a plastic bag immersed into water bath to obtain
uniform temperature inside and outside the plastic bag.
When the allocated curing period is fnished, the compacted
soil in the CBR mold was then soaked in water for four days
to simulate the saturated condition of the site. Table 1 shows
Ethiopian road authority manual standard rating of pave-
ment layer based on the CBR value.

According to the ERA site investigationmanual (2002), a
subgrade soil should have a maximum swell of 2%. Hence,
this material has the high potential to swell and cannot be
used as a subgrade material.

2.11. Unconfned Compressive Test. Te unconfned com-
pressive strength (qu) is defned as the compressive stress at
which unconfned cylindrical specimen of soil will fail in a
simple compression test. Tis test was conducted to de-
termine the UCS of the natural soil, soil waste incineration
bottom ash specimens prepared by mixing, compacting, and
curing. For stabilized subgrade, a minimum 30 psi (207 kPa)
increase from untreated natural soil is required.

Te prepared specimens were molded in the standard
compaction mold, extracted using Shelby tube samplers, and
cut to size with a height-to-diameter ratio of 2. Te diameter
and height of the specimen tube were 38mm and 80mm,
respectively. Te extracted specimens were placed in an
airtight plastic bag and allowed to cure in the bath for 3, 7,
and 14 days to avoid any moisture loss from the sample. At
the end of the curing period, the specimen was carefully
placed in the compression device. Finally, the UCS of the
sample was determined at the point on the stress-strain
curve at which failure occurred.

3. Results and Discussion

3.1. Laboratory Test Results

3.1.1. Chemical and Physical Properties of Subgrade Soil.
In order to determine the mineralogical phases present in
the clay soil samples, X-ray difraction analyses were
carried out. Representative oven-dried soft clay samples
were crushed until a powder passing the No. 200
(0.075mm opening) sieve was attained. Te powder
samples were step-scanned from 10° to 75° (2θ) with a time
step of 1 second, and scanning speed is continuous. Te
software program Match! 3 was also used to help identify
the minerals present in the samples. Testing and analysis
were conducted by setting a voltage of 30 kV with 25mA
and a scanning time 0.02°/sec for XRD. According to the
fndings, waste incineration bottom ash powder has the
highest proportion of silicon dioxide (53.7%), followed by
ferric oxide and calcium oxide, with 11.1% and 6.1%,
respectively. Table 2 shows the chemical properties of
subgrade soil.

3.1.2. Chemical Properties of Waste Incineration Bottom Ash.
Waste incineration bottom ash used for the study was
collected from Addis Abeba, Ethiopia. An incineration plant
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has been established in the city. Tis waste input to elec-
tricity plant with a capacity of 50MW is built on a landfll
site called “Koshe” which lies on 5.3Ha of land.Te total cost
of this project was around US$ 118.5 million, and it has an
annual processing capacity of 350,000 tons of waste. Te
technology is advantageous in increasing the reduction of
waste volume producing energy and distracting toxic or-
ganic compounds.Te plant is 350 km far from Jimma town,
and its chemical composition is shown in Table 3. According
to the fndings, waste incineration bottom ash powder has
the highest proportion of calcium dioxide (42.62%), fol-
lowed by silicon oxide and iron dioxide, with 15.22% and
3.98%, respectively.

3.1.3. Efect of Waste Incineration Bottom Ash on Atterberg
Limit and Linear Shrinkage. Figure 1 shows basic Atterberg
limit laboratory test results like liquid limit, plastic limit, and
linear shrinkage, which were conducted to study the efect of
waste incineration bottom ash on expansive subgrade soil.
Soil passed through the on #40 sieve was mixed with dif-
ferent proportions of waste incineration bottom ash.
Chemical additives at optimum moisture content was cured
for 1 day by the dissector to protect against loss of moisture.
Te proportion of waste incineration bottom ash used was
10%, 15%, 20%, 25%, and 30%. As the test result indicated,
the plastic limit, liquid limit, and linear shrinkage rate of
expansive soil decreased after adding the waste incineration
bottom ash. Consequently, the plastic index slightly de-
creases. As the percentage of waste incineration bottom ash
varies from 10% to30%, the plastic index decreases from
46.4% to 42.5% and the linear shrinkage also decreases from
15.54% to 7.63%. When the water content of cohesive soil is
reduced below the plastic limit, the shrinkage of soil

continues until the shrinkage limit is reached. At this point,
the solid particles are in close contact and water contained in
soil is just sufcient to fll the voids between them. Below the
shrinkage limit, the soil is considered to be solid in which the
particles remain in contact. In cohesive soil, the shrinkage
limit is below the plastic limit (Figure 1).

Te probable reason beyond to this result, the content of
silica, and aluminum and iron ions in waste incineration
bottom ash was high, that are used to reduce the surface area
and water afnity of expansive soil by promoting cation
exchange, pozzolanic reaction, agglomeration, and foccu-
lation of dispersed clay particle.

3.1.4. Efect of Waste Incineration Bottom Ash on Specifc
Gravity. A specifc gravity value of expansive subgrade soil
with diferent percentages of waste incineration bottom ash
has shown in Figure 2. Decreases of specifc gravity values of
expansive soil with increasing of waste incineration bottom
ash content is a result of increasing lightweight materials due
to the lower density of waste incineration bottom ash. Te
specifc gravity values decreased from 2.72 to 2.5 when
treated by waste incineration bottom ash from a percentage
0–30%.

3.1.5. Efect of Waste Incineration Bottom Ash on the Free
Swell Index. Figure 3 shows the efect of the addition of
waste incineration bottom ash on a free swell index of ex-
pansive subgrade soil. Untreated free swell values deter-
mined in the laboratory was 52.01%. Te sample has free
swell values> 50%, which is categorized as problematic soil.
When the soil is treated with 10%, 15%, 20%, and 30% of
waste incineration bottom ash, the free swell index decreased
to 46.87%, 41.66%, 36.46%, 31.25%, and 30.62%,

Table 1: ERA manual-2002 rating of subgrade, subbase, and base-course materials based on the CBR value.

CBR (%) General rating Uses
0–3 Very poor Subgrade
3–7 Poor to fair Subgrade
7–20 Fair Subbase
20–50 Good Base coarse/base
>50 Excellent Base coarse

Table 2: Chemical properties of subgrade soil.

Chemical composition Weight
Name Chemical formula (%)
Silicon dioxide O2Si 51.98
Aluminum oxide Al2O3 1.91
Ferric oxide Fe2O3 11.1
Calcium oxide CaO 6.1
Phosphorus pentoxide O5P2 3.8
Magnesium oxide MgO 4.1
Dipotassium oxide K2O 3.3
Titanium oxide O2Ti 1.2
Disodium oxide Na2O 1.4
Barium oxide BaO 1.3
Strontium oxide OSr 0.9
Manganese oxide MnO 0.8
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respectively. Tis result shows that the swelling potential of
virgin soil improved when waste incineration bottom ash is
mixed with soil at diferent percentages.

3.1.6. Efect of Waste Incineration Bottom Ash on Compac-
tion Characteristics. Te variation in optimum moisture
content with waste incineration bottom ash content with
diferent curing time is shown Figure 4. Te optimum dry
density decreases with an increase in waste incineration
bottom ash content. Te optimum moisture content of
untreated subgrade soil is 23.62%. Te optimum moisture
content of the mixture decreased as the percentage of waste
incineration bottom ash increased. Te optimum moisture
content of the treated soil was less when compared with the

untreated soil. Tis result ascribed the waste incineration
bottom ash flling pores among soil particles, creating small
pores between soil and waste incineration bottom ash that
can prevent space for water. Maximum dry density values of
all samples with diferent percentages of waste incineration
bottom ash were clearly reduced after being cured within 14
days. Tis indicates that with an increase in time with the
application of admixture to stabilize the soil, a more sig-
nifcant result is obtained.

Figure 5 illustrates the results of dry density values for
samples modifed with waste incineration bottom ash that
were cured for 3, 7, and 14 days, respectively. Te test result
depicted that waste incineration bottom ash mixture acti-
vates the maximum dry density (MDD) of expansive sub-
grade soil. Maximum dry density (MDD) of soil modifed
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Figure 2: Efect of waste incineration bottom ash on specifc gravity of soil.

Table 3: Chemical composition of waste incineration bottom ash.

Parameters Chemical composition of waste incineration bottom ash (%)
SiO2 15.22
Al2O3 3.98
Fe2O3 2.24
CaO 42.62
MgO 0.72
Na2O 0.36
K2O <0.01
MnO 0.04
P2O5 0.17
TiO2 0.05
H2O 0.86
LOI 33.88
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with waste incineration bottom ash increased up to 25%
mixture of waste incineration bottom ash, but at 30% waste
incineration bottom ash, the value decreased. It is noted that
the MDD increased with an increase in waste incineration
bottom ash percentage of unmodifed soil with diferent
curing times. As the waste incineration bottom ash content
increased, the maximum dry density of the mixture in-
creased from 1.42 g/cm3 to 1.47 g/cm3 with 3-day curing
period, 1.41 g/cm3 to 1.45 g/cm3 with 7-day curing period,
and 1.4 g/cm3 to 1.42 g/cm3 with 14-day curing period.

3.1.7. Efect Waste Incineration Bottom Ash on Californian
Bearing Ratio (CBR). Te efect of waste incineration bot-
tom ash percentage and curing time on subgrade CBR values
are illustrated in Figure 6. To estimate the signifcance of
waste incineration bottom ash in the improvement of weak
subgrade soil, waste incineration bottom ash was added to
soil with 10, 15, 20, 25, and 30% of the dry weight of soil and
tested for soil stabilization. Te curing was made on samples
for a period of 3, 7, and 14 days to estimate the infuence of
curing period on the CBR value. For this study, three-point
CBR with 10, 30, and 65 blows soaked for 3 days (72 hours)
was used after curing periods to simulate the worst condition
of the site in the rainy season. During this time, the samples
were stored within nylon bags to keep the moisture content
unchanged. According to the Ethiopian road authority
pavement design specifcation, the soil changed from poor

subgrade soil to medium subgrade soil.Tis improvement in
CBR with respect to curing time may be attributed to the
change of soil structure from dispersed to focculate, or
interparticle bond was made over time. From the fgure, as
the percentage of waste incineration bottom ash increased,
the CBR value increased up to 25% of waste incineration
bottom ash mix; however, there is a trend to decrease to 30
percent of waste incineration bottom ash.

3.1.8. Efect of Addition of Waste Incineration Bottom Ash on
the UCS Test. Figures 7–9 show stress-strain for untreated
and treated expansive subgrade soil with waste incineration
bottom ash by 10%, 15%, 20%, 25%, and 30% with curing
time 3, 7, and 14 days, respectively. In this study, the stress-
strain behavior of waste incineration bottom ash specimens
treated with soil, with diferent proportions and curing
times has been investigated based on an unconfned
compression test. At its natural state, the maximum UCS of
untreated expansive soil has reached 136 kPa with the
strain rate of 5.644%. Upon treatment with a considerable
amount of 10%, 15%, 20%, 25%, and 30% of waste in-
cineration bottom ash, unconfned compressive strength of
soil has increased to 242 kPa, 256 kPa, 260 kPa, 276 kPa,
and 273 kPa respectively, with a corresponding strain of
7.21, 6.81, 6.87, 7.03, and 7.62% for 3-days curing time.
Similarly, an increase in the amount of waste incineration
bottom ash causes an increase in strength for both curing
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Figure 4: Efect of waste incineration bottom ash content and curing period on optimum moisture content of subgrade soil.
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Figure 3: Efect of waste incineration bottom ash on the free swell index of soil.
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Figure 6: Efect of waste incineration bottom ash content and curing period on Californian Bearing Ratio (CBR) of subgrade soil.
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Figure 7: Efect of waste incineration bottom ash (WIBA) variation and 3-day curing time on weak subgrade soil.
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Figure 5: Efect of waste incineration bottom ash content and curing period on maximum dry density of subgrade soil.
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time (7 and 14 days). Tere is a decrease in the absorption
of water by samples by increasing the curing times, with the
absorption of water with increasing waste incineration
bottom ash. It is evident that the development of cracks in
samples before failure decreases with increasing the percent
of waste incineration bottom ash and curing time. When
curing time is 14 days, the unconfned compression
strength is at a maximum of 383.77 kPa for soil with 25% of
waste incineration bottom ash, which is taken as the op-
timum. Te strength increase may be credited to the
pozzolanic reactions of waste incineration bottom ash to
form the cementious products between pozzolona presents
in waste incineration bottom ash and calcium hydroxide
present in the soil.

4. Conclusion

Based on the result presented in this study from a laboratory
that is conducted on soil samples blended with diferent
percentages of waste incineration bottom ash, the following
conclusion can be drawn:

(1) In this study, the stabilization of expansive soil with
waste incineration bottom ash was investigated, and
the efect of stabilization on engineering properties
of expansive clay soil was studied. Various per-
centages of waste incineration bottom ash were
utilized to investigate its efect on plasticity index,

linear shrinkage, free swell, specifc gravity, com-
paction characteristics, UCS, and CBR of soil. From
the result, as the waste incineration bottom ash
content increases from 10 to 30%, the plasticity
index, linear shrinkage, free swell index, and specifc
gravity decreased from 45.4 to 41.5%, 14.54% to
6.63%, 52.01% to 30.62%, and 2.72 to 2.5%, re-
spectively. It was observed that all listed test results
decreases with the increase in waste incineration
bottom ash content.

(2) Based on the experimental data, the performance
of waste incineration bottom ash on compaction
characteristics (OMC and MDD) was evaluated.
Te maximum dry density (MDD) of the soil in-
creased with increasing waste incineration bottom
ash content. Te optimum moisture content of the
mixture decreased as the percentage of waste in-
cineration bottom ash increased. Tis result con-
frmed that the waste incineration bottom ash
flling pores among soil particles can prevent space
for water. Te CBR increased with an increase in
waste incineration bottom ash till about 25% and
then decreased. Te CBR representative value of 14
days could fulfl the strength requirement of
subgrade construction according to Ethiopian
road authority standards. Unconfned compressive
strength of waste incineration bottom ash-treated
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Figure 9: Efect of waste incineration bottom ash variation and 14-day curing time on weak subgrade soil.
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Figure 8: Efect of waste incineration bottom ash variation and 7-day curing time on weak subgrade soil.
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expansive soil increases with curing time and the
failure strain decreases with curing time. Longer
curing period has a signifcant efect on the
strength test of both CBR and UCS of expansive
soil.

(3) It is concluded that signifcant strength improve-
ments were observed for soil treated with waste
incineration bottom ash admixture with respect to
curing time.

Data Availability

Te datasets produced during this study are accessible from
the author upon request.
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