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The effectiveness of the use of waste fly ash (FA) and cement (OPC) in the stabilization of subgrade soils and the reasons likely to
influence the degree of stabilization were investigated. Incorporating waste fly ash (FA) and cement (OPC) as additives leads to
significant environmental and economic contributions to soil stabilization. This study involves laboratory tests to obtain the
Atterberg limit, free swell index (FSI), the unconfined compressive strength (UCS), the California bearing ratio (CBR), and the
scanning electron microscope (SEM). The test results for the subgrade soil illustrate that the Atterberg limit, plasticity index,
and free swell index are decreasing with the addition of different proportions of fly ash and cement, i.e., 0%, 5%, 10%, 15%,
and 20% and 0%, 2%, 4%, 6%, and 8%, respectively. The CBR value of untreated soil is 2.91%, while the best CBR value of fly
ash and cement mixture treated soil is 10.12% (20% FA+8% OPC), which increases 71.34% from the initial value. The UCS of
untreated soil is 86.88 kPa and treated soil with fly ash and cement attains a maximum value of 167.75 kPa (20% FA+8%
OPC), i.e., increases by 48.20% from the initial value. The tests result show that the stability of a subgrade soil can be
improved by adding fly ash and cement. While effectiveness and usability of waste FA and cement are cost-effective and
environmentally friendly alternatives to expansive soil for pavement and any other foundation work in the future.

1. Introduction

Emerging tendency of utilizing waste material in soil
strengthening or soil stabilization is operational all over the
world in present times. The primary reason behind this trend
is the enormous production of fly ash, plastics, rice husk, and
other wastes, which are not merely harmful but also leads to
deposition problems. Using these wastes in construction
work will tremendously reduce this problem. For example,
soil stabilization is a technology designed to increase or
maintain soil stability and chemical changes to improve its
engineering properties [1–4]. More than 500 years ago, the
concept of stabilization was pioneered [2, 5]. In ancient
Egypt, Greece, and Rome, treated earth roads were used in
soil lime mixtures [5, 6]. Stabilization can deal with all kinds
of subgrade materials, from expansive clay to granular sub-

stances. This allows the establishment of design precedents
and the determination of suitable chemical additives and
admixture rates to achieve the required engineering perfor-
mance. At the beginning of the 20th century, around the
1930s, road construction in Europe was paved with stabilized
soil [7]. The advantages of the stabilization process include
higher resistance values, reduced plasticity, reduced perme-
ability, and reduced thickness of the pavement and a reduc-
tion of transport or handling of excavated materials.
Stabilization of subgrade soils with mixtures controls possi-
ble changes in soil volume and improves soil strength [8].

The soil generally is weak and has not enough stability in
heavy loading. This paper is aimed at examining on stabili-
zation of the soil using fly ash activated by cement. Several
reinforcement methods can be used to stabilize subgrade
materials. These methods include chemical additive
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stabilization, soil replacement, compaction control, rewet-
ting, humidity, surcharge, and thermal processes [9]. These
techniques may have the disadvantage of inadequate perfor-
mance and high costs. Based on the literature, fly ash and
cement are low-cost and effective for soil stabilization [9,
10]. Generally, a pavement is a relatively stable shell built
on natural soil to support and distribute a wheel load and
provide a good wearing course [11]. These pavements are
destroyed at a shorter time due to variations in soil proper-
ties and regular application of wheel loads, which can lead to
an unsustainable settlement. Further variation in moisture,
freeze action, rise, or decrease in the water content of the
clay soil leads to further disintegration of the pavement,
which leads to a higher cost repair operation [11]. In addi-
tion, the use of stabilizing agents in the road and subgrade
work with weak soil conditions strengthens other character-
istics, such as cohesion, and helps to improve structures or
embankments. Eventually, this will lead to a significant
decrease in the cost of road maintenance [4, 11]. The stabi-
lization of different admixtures can improve the strength of
the soil. Our aim is to work on fly ash and cement as
admixtures.

Fly ash is the coal residue of the thermal power plant,
which is regarded as a problematic solid waste in the world.
The conventional FA treatment technology leads to degrada-
tion and pollution of cultivated land [12, 13]. FA consists of
an amorphous ferroalumino silicate with a matrix very sim-
ilar to the soil. The elemental composition of the FA (toxic
elements) differs with the type and source of the coal used
[14–16]. It is estimated that the annual output of coal ash
in the world is about 600 million tons, of which fly ash
accounts for about 75-80% of total ash, about 500 million
tons [17, 18]. Fly ash can be treated as the fifth largest raw
material reserve in the world [19]. As a result, the volume
of coal waste (fly ash) generated by industries and thermal
power plants is rising worldwide. The disposal of significant
amounts of fly ash has become a primary environmental
concern [17]. The inclusion of FA to soil can enhance the
physicochemical properties as well as soil nutritional charac-
ter, and the degree of modification depends on soil, and FA
properties [16]. An estimated 6,898MW to generate 5.2 mil-
lion tons of fly ash per year in Pakistan. Because of the high
costs of disposal and environmental protection, the use of
FA in the construction and agriculture sector may be a fea-
sible choice [20]. In Pakistan, the ongoing Diamer Basha
Dam and the 21MW Tangir Hydropower Project will use
concrete from Ordinary Portland Cement combined with
fly ash and other additives [21, 22]. The Frontier Engineer-
ing Organisation said, “This reduces thermal loads on the
dam and reduces chances of thermal cracking,” according
to China Daily News. China-supported projects are sched-
uled to be completed in 2028 [21]. Besides, the engineering
properties of expansive soils such as compaction, strength,
hydraulic conductivity, swell potential, free swell index
(FSI), and plasticity were determined precisely at 0, 5, 10
15, and 20 percent respectively, in order to investigate the
effectiveness of fly ash. Decreased plasticity facet, hydraulic
conductivity, and FSI were discerned from the findings due
to the rise in the overall maximum dry unit weight [23].

However, cement remains the oldest binding agent since
the advent of soil stabilization technology in the 1960s. It
can be considered an important stabilizer or hydraulic
binder because it can be used on its own to achieve the
desired stabilizing effect [24, 25]. Cement reaction is inde-
pendent of soil minerals, and the primary function is to react
to water that may be present in some soil. Almost cement
stabilization decreases cohesiveness (plasticity), volume
expansion, or compressibility and increases strength. Mean-
while, compared with lime and cement, fly ash has little
cementitious property. Therefore, in the presence of a small
amount of activator, a chemical reaction may occur to form
cementitious compounds, which help improve the strength
of subgrade soil [24, 26]. Moreover, many researchers [5,
27–32] have conducted a lot of research on the strength of
lime, fly ash and cement, cement, lime fly ash, marble pow-
der, lime rice husk, and their applicability as road and sub-
base. Since then, many efforts have been made around the
world to confirm the treatment mechanism of expansive
subgrade soil in highway fields to carry out appropriate
pavement design and construction [33–35].

The main contribution of this paper focuses on the influ-
ence of fly ash and cement on the stabilization of subgrade
soil. Besides, to make the stabilization work more economi-
cal than before, and to make use of vast waste raw material
fly ash very important, the characteristics investigated in this
study include the Atterberg limits, free swell index, optimum
moisture content (OMC), maximum dry density (MDD),
UCS, CBR, and SEM analysis. Through the experiments in
the laboratory, different results are obtained from the tests.
These results infer that the strength parameter increases
and the Atterberg limit decrease. Finally, their contributions
to subgrade soil stabilization are discussed, and the possible
uses of stabilization materials are proposed. The structure of
the paper is as follows. In Section 2 presents the raw mate-
rials, methods, and experimental laboratory processes. In
Section 3, results and discussions are given. In Section 4,
their comprehensive performance is evaluated, and the con-
cluding remarks are made.

2. Materials and Methods

The primary materials used in this study are soil, fly ash, and
Portland cement. This section describes the properties of
these materials.

2.1. Soil. In this investigation, subgrade soil samples were
collected from the Toll Plaza National Highway in Hydera-
bad, Pakistan, were obtained from a depth of 0.5 to 1m from
ground level, and had just 5.28% moisture content, which is
insignificant in consideration. As per the norm, the soil is
classified as A-2-4. This subgrade soil is grey in color. Geo-
graphic coordinates, 25°22′12.40″N latitude, 68°13′1.32″E
longitude as shown in Figure 1. Besides, according to the
specifications, a large number of tests were carried out to
determine the engineering properties of soil samples. The
results are demonstrated in Section 3.
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2.2. Fly Ash. Class-F fly ash is taken from Jamshoro, Sindh,
Pakistan. It was air-dried and pulverized. Fly ash is a waste
(by-product) of the Jamshoro coal power plant. Fly ash by
itself has tiny cementitious properties compared to cement
and lime. Therefore, in the presence of a small amount of
activator, a chemical reaction can occur to form cementi-
tious materials conducive to improving the strength and per-
formance of subgrade soil. The chemical composition of fly
ash is illustrated in Table 1.

2.3. Cement. Ordinary Portland cement generally used for
this study is from the locally available cement market. The
essential components of OPC are shown in Table 1.

2.4. Methodology. Fly ash and cement additives are used as
admixtures to blend with the subgrade soil for stabilization.
In this study, different proportions of fly ash and cement
should be tried until the desired strength is achieved. A rea-
sonable guideline is, to begin with, to use 5% fly ash and 2%
cement. Then, appropriate percent increments are added for
various trials. In the initial trial, the proportion of activator
(cement content) applied to each should be one part of
cement and two parts of fly ash, but it can be different
according to experience and literature review [6, 23, 35,
36]. After performing some dummy tests, we moved on
towards our original sample. It looked tedious in starting
because of inadequate techniques in experimental work,

but dummy tests helped us understand the procedures of
all tests. The methodology used for this research work was
to divide samples into two parts: the soils at the natural stage
and the second with fly ash and cement mixes. Initial soil
tests were performed on samples Figure 2. After which, they
were mixed mechanically (physical mixing) with fly ash-
cement. The fly ash and cement used for this study were col-
lected from the location in Hyderabad. At the rate of 0%, 5%,
10%, 15%, and 20% fly ash and 0%, 2%, 4%, 6%, and 8%
cement by weight. After mixing with mentioned proportion,
tests were performed as shown in Figure 2. Finally,
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Figure 1: The geographical location of the test site.

Table 1: The chemical components of fly ash and OPC.

Components Class F fly ash OPC

SiO2 55.2 61

Al2O3 26.8 20.5

Fe2O3 12 4

CaO 2 10.5

MgO 2.5 2

SO3 1.5 2

Fineness (cm2/g) — 3110

Ignition loss %ð Þ — 2.2
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comparisons were drawn between soil at a natural state and
soil mixed with said proportion.

2.5. Laboratory Experiments Conducted

2.5.1. Liquid Limit (as per AASHTO T-90). Liquid limit is
perceived as water content. The precise number 25 blow
was given in the standard LL apparatus, which uses a speci-

fied number of slotting tools to close standard size grooves
on the specimen. The flow curve is represented on a semilog-
arithmic plot on a logarithmic scale. The water content equal
to 25 strokes is decoded from the curve and calibrated to the
nearest integer as the soil’s liquid limit.

2.5.2. Plastic Limit (as per AASHTO T-91). PL in the fine-
grained soil is the water content at which the soil rolled into
threads with the smallest diameter of 3mm, which is
expressed as a whole amount extracted from the mean of
the PL moisture content.

2.5.3. Modified Proctor Test (as per AASHTO T99). A modi-
fied Proctor compaction test is used to evaluate the maxi-
mum dry density and optimal moisture content of
subgrade soil.

Samplings collection

Addition of fly ash (0%,5%,10%,
15%,20%) and (0%,2%,4%,6%,8%)

cement 

Determination of initial soil
properties

Atterberg
limits

California
bearing

ratio test
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Shear
strength
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Results discussion Conclusion

Figure 2: Subgrade soil tests with and without additives.

Table 2: Properties of subgrade soil.

Properties Obtained value

Moisture content %ð Þ 5.28

Liquid limit %ð Þ 27.5

Plastic limit %ð Þ 17.5

Plasticity index %ð Þ 10

pH 4.03

Specific gravity 2.72

Silt %ð Þ 70.49

Clay %ð Þ 13.76

Sand %ð Þ 15.78

Free swell index %ð Þ 0.410

Dry density (g/cm3) 2.13

UCS (kPa) 86.88

California bearing ratio 2.91%

Table 3: Atterberg limits in subgrade soil by adding fly ash and
cement.

Mix ratio PL LL Plasticity index

Soil+0% FA+0% OPC 19.5 29.51 10.0

Soil+5% FA+2% OPC 23.905 34.78 10.87

Soil+10% FA+4% OPC 22.58 31.71 9.13

Soil+15% FA+6% OPC 18.98 28.67 9.72
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2.5.4. Free Swell Index (according to IS-2720). The free swell-
ing index is defined as an increase in volume caused by
external impediments when soil is submerged in water.

2.5.5. CBR Test (as per AASHTO T-193). CBR is the propor-
tion of the force required per unit area to penetrate the soil
with a standard circular piston at a speed of 1.25mm/min
to the corresponding force needed to penetrate the standard
substance. Normally, the penetration between 2.5 and 5 mil-
limeter is considered separately, with the ratio at 5mm being
more outrageous than at 2.5mm, and the ratio at 5mm is
used.

2.5.6. UCS Test (as per AASHTO T-208-90). UCS (qu) is the
load needed per unit area on which a cylindrical sample of a
cohesive soil falls in compression.

qu =
P
A
: ð1Þ

3. Results and Discussion

Laboratory experiments were carried out on natural soil
samples to evaluate various properties. The test results are
illustrated in Table 2.

As shown in Table 2, the primary index properties of
expensive subgrade soil without admixtures are demon-
strated. The schematic description of these comparisons
with admixtures is discussed separately in coming
subsections.

3.1. Influence of Fly Ash and Cement on the Engineering
Properties of Subgrade Soil. Laboratory experiments were
carried out, and the Atterberg limits were found, through
which we were able to obtain the liquid limit (LL) and the
plastic limit (PL). Through these two limits, we finally get
the plasticity index (PI). Fly ash and cement with subgrade
soil were extensively examined with the various percentages
specified in earlier Section 2, and the results are shown in
Table 3.

Table 3 reveals that with the expansion of fly ash and
cement as the supplement of subgrade soil, the plastic limit
and the liquid limit of the mixture first increase then
decrease, thus paving the road for brittle and stiffer soil.
Figure 3 illustrates the variations of LL and PL. It can be seen
from the previous results that the increase and decrease of
plastic limit value will eventually lead to the decline in the
plastic index. The plasticity index value is further reduced
by adding fly ash and cement to the subgrade soil, indicating
compressibility.

3.2. Influence of Fly Ash and Cement on Free Swell Index
(FSI). The change of free expansion index of different per-
centages of subgrade soil, fly ash, and cement mixture is
shown in the table. Therefore, we can say that the addition
of fly ash and cement reduces the FSI value, which implies
a decrease in the degree of the expansiveness of the blended
mixture. The results are presented in Table 4 and Figure 4.

The free soil index is expressed as follows [37]:

FSI %ð Þ = Vw −Vk

Vk

� �
× 100, ð2Þ

where Vw and Vk are the volume of soil sample read
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Figure 3: Effect of fly ash and cement on PL, LL, and PI.

Table 4: Effects by fly ash and cement on the FSI value.

Mix
proportion

Free swell
index (%)

Degree of
expansiveness

Percentage
decrease (%)

0% FA+0%
OPC

41 High —

5% FA+2%
OPC

34.3 Moderate 16.34

10% FA+4%
OPC

26.4 Moderate 35.60

15% FA+6%
OPC

20.6 Moderate 49.75

20% FA+8%
OPC

12 Low 70.73
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from a graduated cylinder filled with distilled water and ker-
osene, respectively.

3.3. Influence of Fly Ash and Cement on Compaction Values.
Compaction is a method of increasing soil density by using
mechanical tools to remove air voids and liquids between
soil particles. Standard proctor compaction tests are con-
ducted in the laboratory to determine the optimum moisture
content (OMC) of the soil at maximum dry density (MDD).
The results are illustrated in Figure 5 and Table 5.
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Figure 4: Free swell index for fly ash and cement mixes.
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Figure 5: Maximum dry density vs. optimum moisture content for
cement and fly ash mixes.

Table 5: The compaction test results.

Mix ratio
Moisture content

%ð Þ
Maximum dry density (g/

cc)

0% FA+0%
OPC

6.31 2.13

5% FA+2%
OPC

8.05 2.21

10% FA+4%
OPC

8.94 2.28

15% FA+6%
OPC

8.89 2.37

20% FA+8%
OPC

8.46 2.41
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Variance in dry density values is shown in Figure 5. It is
inferred that the water content disturbs the density of the
soil. As the percentage of water increases, the compacted
density tends to decrease until the max dry density is
reached, limiting the further inclusion of water to decrease

the density. In adding fly ash and cement, the water content
increases slightly, which naturally reduces the optimal water
content and increases the MDD. Thereof, we can conclude
that their maximum dry density is 2.41 in addition to 20%
FA and 8% cement (8.46% water).

3.4. Effect of Fly Ash and Cement on California Bearing
Ratio. The California bearing ratio (CBR) tests were con-
ducted per the AASHTO code. The mold was a standard
CBR with a detachable collar. The test was conducted on
samples prepared at the modified Proctor’s optimum water
content and maximum dry density. Before the test, the soil
additive mixture was compacted under the optimum water
content and soaked in water for 4 days under the condition
of overload weight of 5.72 kg. The results are plotted in
Figure 6.

Figure 6 reveals that the CBR value of the initial sub-
grade soil is 2.9. With the inclusion of fly ash and cement,
values are further improved. The optimum percentage of
mixture 20% fly ash and 8% cement gives the CBR value
10.12, the best result for subgrade soil. Furthermore, by
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Figure 6: California bearing ratio of fly ash and cement mixture.

Table 6: The effect of adding cement and fly ash on the UCS value.

Mix proportion
1-day UCS

(kPa)
7-day UCS

(kPa)
14-day UCS

(kPa)

Natural soil 86.880 — —

5% FA+2%
OPC

95.314 113.86 123.683

10% FA+4%
OPC

105.48 114.85 133.80

15% FA+6%
OPC

120.58 136.42 151.515

20% FA+8%
OPC

124.47 146.11 167.75
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performing dummy tests, the increase of the mixture supple-
ment will lead to the decrease of CBR value from a dummy
test, which indicates the reduction in subgrade strength.

3.5. Influence by Fly Ash and Cement on Unconfined
Compressive Strength. Unconfined compressive strength test,
referred to as an uniaxial compression test, is a special case
of triaxial test. In the triaxial test, the unconfined pressure
is zero. The application of the unconfined compression test
(UCS) is to quickly estimate or evaluate the unconfined
compressive strength of soil with enough cohesion to exam-
ine the unconfined state. Unlike fly ash and cement mix-

tures, the unconfined compressive strength of subgrade soil
is arranged in Table 6. This shows that the UCS value differs
from the increase in the percentage of fly ash and cement
used to calculate the shear strength.

The graph shown in Figure 7 illustrates the distinct com-
pressive strength achieved in 1 days, 7 days, and 14 days by
the subgrade soil with differing fly ash and cement propor-
tions. There was a significant rise in soil strength after treat-
ment comparison with natural soil, as shown in Figure 7.
The results show that the unconfined compressive strength
of undisturbed soil is 86.88 kPa after one day of curing. Fur-
thermore, the values were improved with the addition of
additives. The 14-day test findings differ from the 1-day
and 7-day test by demonstrating that the compressive
strength improves with the inclusion of fly ash and cement.
The changes of compressive strength up to a particular
amount of different admixtures are required to fill the pores
in the soil once the pores are filled, and the soil becomes
densified. Further expansion may try to lose soil strength.
The pozzolanic cementitious material produced by cement
hydration reaction improves the bonding strength of soil
particles [36]. The amount of pozzolanic cementitious mate-
rial increases and hardens with the extension of curing time,
which significantly enhances the compressive strength of
treated soil. Besides, the maximum UCS value is inferred at
20% fly ash and 8% cement.

3.6. Influence of Fly Ash and Cement on Scanning Electron
Microscopy Test (SEM). The micrographs of different scales
were obtained to clarify the evaluation of microstructure.

Natural soil 5% FA +2% OPC 10% FA + 4%OPC 15%FA+6% OPC 20%FA+8% OPC
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Figure 7: Comparison of unconfined compression strength for soil sample with, and without, fly ash and cement mixture.
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The scale of 20, 10μm was shown in Figures 8 and 9 for nat-
ural and treated soil. Figure 9 indicates that the apparent
shape of the treated soil particles becomes coarser due to
the bonding influence of fly ash and cement binder, where
this binder served to attach the fine soil particles to each
other, forming broader and larger clusters of
photomicrographs.

Figures 9(a) and 9(b) show a closer SEM image of the
treated soil. Compared with the untreated soil image
Figure 8, new compounds can be identified in the micro-
structure of treated samples at (a) and (b). It indicates the
formation of cementitious products of fly ash and cement.

Figures 9(c) and 9(d) show a micrograph of the soil
mixed with bonded 15% fly ash and 6% cement. In this pic-
ture, undulating flake particles can be observed. However,
the micrograph of the mixed soil shown in image (c) shows
that the microstructure of the mixed soil is more dense,
compacted, and coherent than that of the untreated soil
shown in Figure 8. This confirms the development of
cementitious products which are concerned with improving

the geotechnical properties of treated soils in this investiga-
tion. The image in Figure 9(d) structure shows it. The results
showed that the treated soil had fewer pores and highly
denser.

4. Conclusions

The study highlighted the stabilization of the problematic
subgrade soil with cement and fly ash was investigated,
and the effect of the stabilization on the characteristics and
geotechnical properties of the subgrade soil were studied.
According to the experimental results, the following conclu-
sions can be drawn:

(1) The plastic limit, liquid limit, and plasticity index of
the subgrade soil increase first and then decrease
with FA and cement content. Meanwhile, the swell-
ing potential of soil also reduces with the inclusion
of fly ash and cement. The swelling characteristic,
namely, the free swelling index, decreased from

20 𝜇m

Pore

(a)

Packet of soil particles

10 𝜇m

(b)

Pore

FA

20 𝜇m

(c)

10 𝜇m

(d)

Figure 9: SEM photographs of treated soil containing varying percentages of fly ash and cement mixtures.
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41% to 12%, which is 70.73% lower than the initial
value

(2) With the expansion of fly ash and cement content,
the optimum moisture content decreases, and the
maximum dry bulk density increases. The compaction
curve drifts up and to the left as the optimal moisture
content is reduced, and the maximum dry unit weight
increased with an increase in fly ash and cement con-
tent. Adding fly ash and cement can be comparable
with the improved compaction effect. Therefore, the
subgrade soil becomes more stable

(3) With the increase of fly ash and cement content, the
CBR value of soil increases. The CBR value of
untreated soil was only 2.9; nevertheless, with the
addition of fly ash and cement, the CBR value fur-
ther increased. The optimum percentage of the mix-
ture (20% fly ash+8% cement) gives the CBR value
10.12, the best result for subgrade soil

(4) Significant increments were observed in the uncon-
fined compressive strength (qu) of the treated soil.
UCS increased with a steady increase in the propor-
tion of fly ash and cement binder and age expansion.
UCS of untreated soil is 86.88 kPa after a one-day
curing period. However, the maximum UCS of
167.75 kPa, i.e., 20% FA+8% cement, increases to
the initial value by 48.20%.

(5) The results show that the microstructure of treated
soil samples changes significantly after adding differ-
ent amounts of fly ash and cement through the
understanding of microscopic images. Firstly, the
particle size of the natural soil seemed to be larger
voids than that of the treated soil. After the additives,
a cement gel identical to the structure was observed
for fly ash and cement, which covered and bound
soil particles to each other. A coherent and com-
pacted soil structure was achieved because of the
reduction in the volume of the treated soil

Based on the comprehensive analysis results, it can be
concluded that wastes (by-products) such as fly ash and
cement can be effectively used in civil engineering construc-
tion. Succinctly, due to the large amount of fly ash in Paki-
stan and the rest of the world, it would be beneficial to
utilize large amounts of fly ash. Meanwhile, the use of stabi-
lized soil in this method has the dual advantages of removal
removing harmful substances from the environment and, at
the same time, the usage of inexpensive construction mate-
rial for foundations and road networks.
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