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ABSTRACT

The reinforcement of cohesive soils for roadbed construction is critical to ensure long-term 
stability and performance of transportation infrastructure. This study explores the effect of fly ash, 
a byproduct of coal combustion, on the strength properties of cohesive soils, aiming to improve their 
suitability for use in roadbed applications. Laboratory experiments were conducted by mixing fly 
ash in varying proportions (ranging from 10% to 50% by weight) with locally sourced cohesive soil. 
Key geotechnical tests, including unconfined compressive strength (UCS), Maximum Dry Density, 
Atterberg limits, and compaction characteristics, were performed to evaluate changes in strength 
and consistency. Results indicated that the addition of fly ash led to a significant increase in UCS, 
especially at 20–35% fly ash content, suggesting improved load-bearing capacity and structural 
integrity. Furthermore, the plasticity index was reduced, and optimum moisture content slightly 
increased, reflecting favourable modifications in soil behaviour. These improvements are attributed 
to pozzolanic reactions between fly ash and soil particles, leading to the formation of cementitious 
compounds. The study concludes that fly ash is an effective and sustainable stabilizing agent for 
cohesive soils, offering both environmental and engineering benefits for roadbed reinforcement and 
broader civil engineering applications.
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1.	  INTRODUCTION

The integrity and longevity of road 
infrastructure depend significantly on the 
quality of the subgrade, which serves as the 
foundational support for the entire pavement 
system [1]. In many geographical regions, 
particularly in developing countries, cohesive 
soils such as clay are commonly encountered 
as subgrade materials [2]. While these soils 
are abundant and easy to work with, they 
often exhibit poor engineering properties, 
including low shear strength, high plasticity, 
poor drainage, and high compressibility [3]. 
These characteristics can lead to several issues 
in road construction, including differential 
settlement, shrinkage and swelling with 
moisture fluctuations, and overall reduced 
load-bearing capacity [4]. Consequently, 
roadbeds constructed over untreated cohesive 

soils are more susceptible to deformation and 
premature failure under traffic loading and 
environmental stresses [5].

To mitigate these challenges, soil 
stabilization techniques are employed to 
improve the engineering behavior of weak soils 
[7]. Among the various methods available, 
chemical stabilization using industrial by-
products has gained prominence due to its cost-
effectiveness and environmental advantages [8, 
10]. One such material is fly ash, a fine particulate 
residue generated from the combustion of 
pulverized coal in thermal power plants. Rich in 
silica, alumina, and other oxides, fly ash, it can 
react with calcium hydroxide in the presence of 
water to form cementitious compounds [9, 42]. 
These reactions improve the bonding between 
soil particles and contribute to an overall 
enhancement in soil strength and durability [6].
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The use of fly ash in soil stabilization offers 
several benefits. Firstly, it transforms a waste 
material into a valuable construction resource, 
contributing to sustainable development and 
reducing the environmental burden associated 
with its disposal [12]. Secondly, fly ash is 
widely available and relatively inexpensive, 
making it an economically attractive option 
for large-scale applications. Thirdly, when 
appropriately mixed with soil and other 
stabilizing agents such as lime or cement, fly 
ash can significantly improve the strength, 
workability, and water resistance of cohesive 
soils. This makes it particularly suitable for 
roadbed reinforcement, where improved 
mechanical performance is crucial for long-
term serviceability [11].

Previous studies have indicated that 
the effectiveness of fly ash in enhancing 
soil properties depends on several factors, 
including the type of soil, the class and 
composition of fly ash, the dosage used, and 
the curing conditions. In general, Class C fly 
ash, which contains higher levels of calcium, 
is more reactive and thus more effective in 
stabilization compared to Class F fly ash [12]. 
Additionally, the optimal percentage of fly ash 
for maximum strength gain typically ranges 
between 15% and 25%, depending on the 
specific characteristics of the soil and project 
requirements [8, 13].

Fly ash is widely used in construction 
due to its siliceous or alumino-siliceous 
composition, which gives it cementitious 
properties. In its finely divided form, and 
in the presence of moisture, fly ash reacts 
chemically with calcium hydroxide at normal 
temperatures to form compounds with binding 
characteristics [16-19].

 The primary goal of this study is to assess 
the performance of soil after incorporating 
different percentages of fly ash as an admixture 
and to explore the efficient use of fly ash as a 
replacement material in soil stabilization [9].

2. EXPERIMENTAL  INVESTIGATION 

Laboratory tests were carried out using 
natural clay soil sourced from the southern 

region Taiwan. The fly ash used in the study, 
classified as Class F, was obtained from the 
Taoyuan town, Taiwan. Although Class C fly 
ash is generally more reactive due to its higher 
calcium content and inherent self-cementing 
properties, Class F fly ash was selected for 
this study based on its wide availability in the 
local region, environmental considerations 
(lower carbon footprint), and its compatibility 
with lime-treated cohesive soils. Additionally, 
the study aims to evaluate whether sufficient 
mechanical improvement can be achieved 
using Class F fly ash in roadbed applications, 
particularly when used in combination with 
optimal moisture content and compaction 
energy, thereby promoting sustainable reuse 
of industrial by-products. Various random 
proportions of fly ash were mixed with the 
soil to determine the optimum percentage 
that enhances the strength characteristics of 
the clayey soil [20]. The properties of the 
materials used and the details of the tests 
conducted are provided below.

2.1. Materials and Properties

The properties of the clayey soil and Fly 
ash in Table 1, 2

Table 1: Properties of clay

Properties Values

Specific Gravity 2.6

Differential free swell % 40

LL% 54.8

PL % 20.67

PI 34.13

BIS classification CH

Table 2: Properties of Fly ash

Properties Values

Specific Gravity 2.1

Bulk density g/cm3 1.06

PI NP

Absorption (%) 1.3
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Figure 1. Standard proctor test for Control sample

Figure 2. Standard proctor test for Fly ash 
proportions

2.2. Laboratory Test on Soil Stabilised 
with Fly ash

2.2.1. Standard Proctor’s Compaction 
Test

Standard Proctor tests were performed 
both with and without the addition of fly ash 
to determine the maximum dry density and 
the corresponding optimum moisture content. 
Fly ash was added to the dry soil in varying 
proportions of 10%, 20%, 30%, 40%, and 50% 
[7-8]. The results obtained from these tests 
for each percentage of fly ash are presented 
in Table 3. Figure 1 illustrates the relationship 
between dry density and moisture content for 
the control sample, while Figure 2 displays 
the dry density and moisture content values 
for the soil mixed with different percentages 
of fly ash, in comparison to the control 
sample. In addition, the Standard Proctor 
Compaction Test is a laboratory method used 
to determine the optimum moisture content 
(OMC) at which a soil type will become 
most dense and achieve its maximum dry 

unit weight. It is widely used in geotechnical 
engineering to design and control earthworks 
and foundations. To establish the relationship 
between moisture content and dry density of 
soil and find the Optimum Moisture Content 
(OMC) and Maximum Dry Density (MDD) 
for compaction.

A compaction curve is generated. The 
curve usually rises, peaks (at OMC), then 
falls as excess water displaces soil solids 
and reduces dry density. The progress of 
Compaction: Mechanical densification of soil 
by reducing air voids.   

Table 3: Standard Proctor test results for 
various proportions of Fly ash

S.No Soil composition OMC(%) MDD 
(g/cm3)

1 Soil 22.0 1.45

2 Soil + 10% Fly ash 24 1.50

3 Soil + 20% Fly ash 22.1 1.57

4 Soil + 30% Fly ash 20.8 1.64

5 Soil + 40% Fly ash 20.0 1.60

6 Soil + 50% Fly ash 19.0 1.56

2.2.2. Unconfined compressive strength test

Figure 3 shows a set of cylindrical soil 
specimens, likely prepared for Unconfined 
Compressive Strength (UCS) testing or curing 
as part of a soil stabilization study [21].  The 
tray contains 8 cylindrical specimens, each 
wrapped in plastic film (likely to prevent 
moisture loss during curing). Each cylinder 
appears to be labelled, possibly indicating 
different mix ratios (e.g., fly ash percentages), 
sample IDs, or curing durations. Beside, the 
specimens are placed on a metal or plastic tray, 
typically used for laboratory storage during the 
curing period. The black caps or tops might be 
used to seal the top surface or protect it from 
contamination and evaporation. Soil samples 
stabilized with varying percentages of fly ash, 
prepared for strength testing such as UCS. 
Being cured under controlled conditions, 
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possibly for 7, 14, or 28 days [6, 8]. 28 days 
is the time which access standard benchmark 
for strength evaluation Part of a study related 
to roadbed reinforcement or soil improvement 
using industrial byproducts like Class F fly 
ash [14, 39].

Figure 3. Some samples preparing compression 
test

Cylindrical specimens were prepared using 
the optimum water content determined from 
the Standard Proctor test. These specimens 
were then subjected to major principal stress 
until failure occurred due to shearing along a 
critical failure plane. The test was repeated for 
different percentages of fly ash added to the soil. 
This procedure helps identify the percentage 
of additive that results in the highest load-
bearing capacity. Figure 4 presents the plot 
of compressive strength versus strain for the 
control soil sample, while Figure 5 illustrates 
the compressive strength and strain values for 
various fly ash proportions compared with the 
control sample [24].

Curing time also played a critical 
role, with UCS values showing substantial 
improvement between 7 and 28 days due to 
on going some internal reactions [27-29]. A 
curing period of 7 days is used to evaluate the 
early development of strength, while a 14-
day period represents an intermediate stage to 
monitor the progression of strength gain. The 
results suggest that fly ash can be effectively 
used to stabilize highly compressible clays, 
improving their load-bearing capacity 
and reducing long-term deformation risks 
in subgrade layers [30-32]. The findings 
indicate that fly ash is particularly effective in 
stabilizing highly compressible clay soils. By 

incorporating appropriate percentages of fly 
ash and allowing adequate curing time, these 
soils exhibit enhanced load-bearing capacity 
and greater resistance to deformation. Such 
improvements are crucial for subgrade 
layers in road construction, where long-term 
performance and structural integrity are 
essential. The use of fly ash not only helps 
mitigate the inherent weaknesses of soft clays 
but also offers a sustainable alternative to 
traditional stabilization methods. Therefore, 
optimizing both the dosage of fly ash and the 
curing duration is vital to maximizing the 
benefits of fly ash stabilization in infrastructure 
applications.

Figure 4. UCS test for Control sample

Figure 5. UCS test for Fly ash proportions

3. RESULTS AND DISCUSSION

This study demonstrates that the 
incorporation of Class F fly ash significantly 
improves the strength characteristics of 
cohesive soils, making it a viable additive 
for roadbed reinforcement applications. 
The Standard Proctor test was used to 
determine the optimum moisture content 
and maximum dry density of expansive soil 
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mixed with varying percentages of fly ash 
(0%, 10%, 20%, 30%, 40%, and 50%). Figure 
6 illustrates the variation in maximum dry 
density and optimum moisture content with 
different fly ash contents. The results show 
that both maximum dry density and optimum 
moisture content increase with fly ash addition 
up to 30%, but begin to decrease gradually 
beyond this point. In the fly ash-treated 
soil, the optimum moisture content reduces 
from 24% to 19%, while the maximum dry 
density increases from 1.45 g/cm3 to 1.64 g/
cm3. These findings indicate that adding fly 
ash significantly influences the compaction 
behavior of black cotton soil [25-26, 41].

Figure 6. Comparison of dry density values with 
fly ash proportions

The results of the Unconfined 
Compression Test for different proportions 
of fly ash are presented in Figure 7. These 
results indicate that adding fly ash to clay 
soil triggers a internal reaction within the 
soil matrix, which contributes to an increase 
in shear strength. It has been observed that 
the strength characteristics of clay soil can 
be favorably improved through the addition 
of fly ash, with the most effective results 
achieved when fly ash is added in the range of 
25% to 40% [28, 31, 33]. In addition, the use 
of fly ash not only enhances the geotechnical 
performance of weak cohesive soils but also 
supports sustainable construction practices 
by recycling industrial by products [22, 30]. 
Future studies should explore the combined 
use of fly ash with activators such as lime or 
cement to further optimize the stabilization 
process, especially at higher replacement 
levels [32, 34, 40].

4. DISCUSSION

Curing time is also a critical factor 
influencing strength development. In general, 
UCS values improve significantly between 7 
and 28 days of curing, reflecting the ongoing 
formation of stable bonding products. Some 
studies indicate continued strength gain 
beyond 28 days, which is particularly notable 
in systems where Class F fly ash is used with 
lime. This long-term strength development is 
beneficial for the performance and durability 
of roadbeds. Over time, these reactions form 
cementitious compounds such as calcium 
silicate hydrate (C-S-H), which enhance 
particle bonding and result in improved soil 
structure [22].

Moreover, the California Bearing Ratio 
(CBR) values of fly ash-treated cohesive 
soils often show a marked increase, reflecting 
improved load-bearing of the subbase 
performance. This enhancement makes such 
treated soils more suitable as subgrade or 
subbase layers in pavement structures.

In terms of plasticity characteristics, the 
Atterberg limits showed a consistent trend: 
the liquid limit decreased slightly, the plastic 
limit increased, and the plasticity index (PI) 
decreased with higher fly ash content. A 
reduced PI is desirable as it implies decreased 
soil cohesiveness and plasticity, leading to 
better workability and lower susceptibility 
to shrink-swell behavior. These changes 
in plasticity characteristics enhance the 
performance of cohesive soils under varying 
moisture conditions, making them more stable 
over time.

The compaction behavior of the fly ash-
treated soils also showed notable changes. 
While the maximum dry density tended to 
decrease slightly due to the lower specific 
gravity of fly ash compared to soil particles, 
the optimum moisture content generally 
increased. This shift suggests that fly ash-
treated soils require more water to achieve 
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maximum compaction, which should be 
considered during field application to avoid 
compaction issues or over-saturation.

From an environmental and economic 
standpoint, the use of fly ash in soil stabilization 
offers substantial benefits. It recycles an 
industrial waste product that would otherwise 
require costly disposal and potentially pollute 
the environment. Furthermore, it reduces 
reliance on traditional stabilizing agents like 
cement and lime, both of which have high 
carbon footprints [37].

Totally, we confirms that fly ash is a 
viable and effective material for improving 
the strength properties of cohesive soils. The 
performance gains observed in this study 
validate its use in roadbed reinforcement 
applications [38]. However, we should careful 
consideration of the fly ash type, dosage, and 
curing time is necessary to maximize benefits. 
Long-term field studies  durability assessments 
are recommended to supplement laboratory 
findings and ensure reliable performance 
under real-world conditions.

5. CONCLUSION

The study on the Effect of Fly Ash on 
the Strength Properties of Cohesive Soils for 
Roadbed Reinforcement demonstrates the 
considerable potential of fly ash as a cost-
effective and sustainable stabilizing agent 
for weak subgrade soils. The comprehensive 
laboratory investigation, which included 
unconfined compressive strength (UCS), 
Maximum Dry Density, Atterberg limits, and 
compaction tests, confirmed that the addition 
of fly ash leads to significant improvements in 
the strength and performance characteristics 
of cohesive soils.

In addition to strength improvements, 
fly ash incorporation modified the plasticity 
characteristics of cohesive soils. The 
plasticity index (PI) decreased with increasing 
fly ash content, indicating reduced soil 

cohesion and improved workability. Lower 
plasticity implies that the treated soils are less 
susceptible to volume changes due to moisture 
variations, which is a common problem in 
natural cohesive soils and often leads to 
pavement cracking or heaving. These changes 
support the idea that fly ash-treated soils are 
more dimensionally stable and resilient under 
seasonal and climatic variations.

From a practical standpoint, fly ash-
treated soils offer improved workability, 
reduced shrink-swell potential, and greater 
resistance to moisture-induced deterioration. 
These improvements result in more stable 
subgrades, reduced thickness of required 
pavement layers, and longer service life of 
road infrastructure.

From a broader perspective, the use of 
fly ash offers significant environmental and 
economic advantages. It promotes the reuse 
of industrial waste, reducing the need for 
landfilling and minimizing environmental 
contamination. Additionally, using fly ash in 
place of conventional stabilizers such as lime 
or cement helps reduce carbon emissions 
and construction costs. These benefits align 
with modern sustainable development goals, 
making fly ash a valuable component in green 
infrastructure initiatives.

This study confirms that its application 
enhances critical geotechnical properties 
and contributes to the development of more 
durable, sustainable pavements. However, 
successful implementation requires careful   
consideration of soil type, quality of soil type, 
fly ash characteristics, proper mix design, and 
adequate curing. Future research should focus 
on field-scale validations, the use of blended 
binders, and the long-term performance of 
stabilized soils under varying environmental 
conditions. With the right approach, fly 
ash can be a key material in designing and 
building resilient important transportation 
infrastructure.
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