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ABSTRACT

The effectiveness of lime, rice husk ash, and coir fibre as environmentally friendly
soil stabilizers in enhancing the engineering qualities of black cotton soil is one of
the most extensive and troublesome soils found in Chittur Taluk, Kerala is
examined in this study. The experimental program involved determining
physical, index, compaction, and strength characteristics of soil treated with
various proportions of lime (5-15%), RHA (5-15%), and coir fibre (0.25-1%).
Relative density, Fineness Modulus, Atterberg Limits, Standard Proctor Test, CBR,
UCS, and Direct Shear Test are some of the tests conducted. Results showed that
lime was highly effective in reducing plasticity and improving compaction and
strength characteristics, although the maximum improvement, with the highest
MDD, CBR, UCS, and shear strength, was obtained for 15% lime. Because of the
pozzolanic reactions, RHA showed a moderate improvement in soil properties,
including increased workability and stability. The best results were seen at a 15%
replacement level. By decreasing the brittleness of the stabilized soil matrix, coir
fibre greatly improved ductility while only slightly increasing strength. Finally,

lime is found to be the most effective stabilizer, and RHA and coir fibre provided
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some supplementary eco-friendly benefits. The combined findings show the potential of these locally available stabilizers in providing

cost-effective, durable, and sustainable solutions for expansive soil improvement.

Keywords: Black cotton soil; Soil stabilization; Lime; Rice husk ash (RHA); Coir fibre.

1. INTRODUCTION

Black cotton soil is mainly composed of montmorillonite clay minerals, and its volumetric instability with fluctuations in moisture
content is relatively high. During wet seasons, black cotton soil swells significantly; during dry seasons, it shrinks significantly and
cracks. These volumetric changes causes the low bearing capacity, differential settlements, and frequent structural distress or failure
(Jayakrishnan et al., 2025). Due to its expansive nature, the untreated black cotton soil is not appropriate for engineering properties in
its natural state, particularly for foundations in the lightweight structures and road pavements (Ramesh and Manjunatha, 2023).
Because of this only, the soil stabilization have emerged a crucial technique in recent decades for altering the physio-mechanical
properties of expansive soils and their enhancing suitability of construction (Goutham and Krishnaiah, 2025).

Because lime stabilization can cause cation exchange, pozzolanic reactions, and flocculation—agglomeration of clay particles, it is a
tried-and-true technique for treating expansive soils. By adding lime, soil plasticity is decreased, strength is increased, workability is
improved, and swelling potential is greatly decreased (Mai-Bade et al., 2021). Numerous studies conducted in the region of Chittur has
reported significant improvements in California Bearing Ratio (CBR) and Unconfined Compressive Strength (UCS), as well as reduced
shrinking behavior at optimal lime contents (Ramesh and Manjunatha, 2023; Sajeev et al., 2025). However, the stabilized soils often
exhibit enriched brittleness and limited resistance to tensile stresses under cyclic loading and volumetric changes (Domphoeun et al.,
2023). New cementitious compounds are produced when it combines with lime and rice husk ash (RHA), an agricultural by-product
rich in amorphous silica (Pande et al., 2023). The addition of RHA enrich the strength, lowers the plasticity index, and reduces
differential free swell by promoting a denser and more stable soil structure (Annamalai et al., 2025a). By adding 10-20% RHA and
roughly 5% lime stabilizes expansive soils under favorable outcomes (Konai et al., 2024). By utilizing agricultural waste that would
otherwise contribute to waste accumulation and pollution, RHA not only improves the geotechnical properties of the treated soil but
also benefits the environment (Annamalai et al., 2025b).

A natural, biodegradable reinforcing material made from coconut husk is called coir fibre. Coir considerably improves the ductility,
toughness, crack resistance, and post-peak behavior of stabilized soil while providing only a modest increase in compressive strength
when used alone (Jayakrishnan et al., 2022). Coir fibre improves tensile and flexural performance by mitigating the brittleness of lime-
stabilized soils when combined with lime or lime-RHA blends (Singh and Kalita, 2021). According to earlier studies, the best results are
obtained with 1% coir fiber (by weight) and an aspect ratio of roughly 20 (Arathi et al., 2022). Coir fibers increase the flexibility and
durability of the soil composite while lime and rice husk ash (RHA) participate in pozzolanic reactions to create a strong cementitious
matrix. California Bearing Ratio (CBR), Unconfined Compressive Strength (UCS), optimal moisture content, and overall soil stability all
significantly improve as a result of this tri-component stabilization (Khalak and Juremalani, 2022). There is a clear synergistic effect
when coir fibre, lime, and RHA are used together. Because of the mix's increased strength and ductility, it is especially well-suited for
low-cost sustainable construction and subgrade upgrades in road pavements (Arya et al., 2023). In places like Chittur, where coconut
and rice husk are more, this approach is in line with green building techniques and effective for the use of local resources (Anbarasu et
al., 2024).

The literature review states that a hybrid stabilization strategy that combines coir fiber, lime, and RHA greatly enhances the
geotechnical behavior of black cotton soil through increased ductility, decreased swelling potential, improved durability, and
synergistic strength enhancement. This makes the strategy more economically and environmentally suitable than traditional soil
stabilizers (Bhowmik et al., 2023). The ideal ratios of 1% coir fiber, 10-20% RHA, and 5% lime have shown improved properties (Konai
et al., 2024; Behera, 2022). This study examines stabilization methods for black cotton soil, focusing on the effects of lime, rice husk ash
(RHA), and coir fiber, separately as well as with a combination, on the geotechnical characteristics of expansive soils (Chethan and Ravi
Shankar, 2022). Applicability and sustainability of these materials in the regions like Chittur, Palakkad, where they are locally available.
Laboratory test are conducted and found that the Atterberg limits, compaction, CBR, and UCS tested and evaluated for the relevance of

its practical field application.
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Gaps in the previous research are the non-availability of any standardized mix proportions for lime-RHA-coir combinations,
because the optimum dosage in different studies varies widely, and region-specific guidelines based on actual soil conditions need to
be implemented. Most of the literature refers to laboratory investigations. Long-term durability assessments under realistic field
conditions are scarce, taking into account the processes of weathering, wet-dry cycles, fluctuations in groundwater, and sustained loads

of traffic or other structural loads.

2. LITERATURE REVIEW

Chittur Taluk, in the southeastern part of the Palakkad district in the state of Kerala, faces soil related issues that creates severe
engineering difficulties in both construction and agricultural purposes. Black cotton soil is major in different areas like alluvial plains,
terrains, and undulating areas (Bharti et al., 2025). Elevation in Chittur Taluk varies from 100 to 300 m above mean sea level (MSL), and
it has sloping landforms that are moderately gentle. This largely affects drainage and retains soil moisture (Manaviparast et al., 2025). It
is clay loam to heavy clay soil that contains a large amount of fine material, which makes it less permeable and less draining. It drains
very slowly (Tamassoki et al., 2022; Abhishek et al., 2025). Thus, it experiences extreme shrinkage and swelling naturally throughout
seasons. However, in the case of Chittur Taluk, one can notice that black cotton soil experiences extreme shrinkage and swelling cycles,
which are largely contributed by montmorillonite clay (Syed et al., 2022). These water-sensitive clay minerals cause the soil to swell
upon wetting and shrink intensely upon drying, often resulting in deep surface cracks several centimeters wide (Nair, 2020).

Chittur Taluk, within the south-eastern region of Palakkad district, Kerala, is confronted with troublesome soils that pose grave
challenges to construction and agricultural activities. Black cotton soil is mainly affected by its extensive occurrence in alluvial plains,
terraces, and undulating areas. These soils have mixed properties and are thus difficult to handle in terms of their expansive nature
(Bharti et al., 2025). The height of Chittur Taluk ranges from 100 to 300 meters above Mean Sea Level and has some gently to
moderately sloping areas, which affect water drainage, pattern of drainage, and maintenance of soilheld moisture in the soil
(Manaviparast et al., 2025). Black cotton soil in this region tends to vary in texture from clay loam to clay and is dominated by fine soil
components, making it less permeable and drained slowly into the subsoil, specifically in Tamassoki (Tamassoki et al., 2022; Abhishek
et al., 2025). Hence, it experiences huge expansion and contraction seasonally, making it very dangerous from an engineering
perspective. One prominent feature of the black cotton soil in Chittur Taluk is the enormous shrink-swell potential owing
predominantly to montmorillonite clay minerals (Syed et al., 2022). Water-loving clay minerals make the soil swell upon moisture and
shrink violently upon drying. When dried, deep cracks may develop, often several centimeters in width (Nair, 2020). These cracks bring
foundations, roads, and other civil structures into instability, leading to structural distress, differential settlement, and collapse.

On the other hand, water seeping deeply into the ground during the monsoon causes swelling, which transfers lateral pressure on
building foundations, resulting in building heaving or rising. This cycle of swelling and shrinking poses a risk to nearby construction
projects and calls for appropriate soil stabilization techniques. In addition to these characteristics, black cotton soil from Chittur Taluk
has poor load-bearing capacity and cannot support heavy structures in view of the apparently large settlement. Due to the low shear
strength and pronounced compressibility of the soil, direct construction cannot be implemented without pre-treatment. Due to some
additional limitations associated with drainage properties, this type of soil shows waterlogging and contributes to the subsequent
weakening of the soil structure, thus enhancing susceptibility to erosion and instability. Because of these challenges, there is an
increasing need for soil stabilization techniques that can improve the strength, durability, and usability appreciably in this area. As a
result of these challenges, this study attempts to investigate the effectiveness of the stabilization methods, i.e., with lime, coir fibre, and
rice husk ash. Lime stabilizes the soil and, at the same time, shows improvements in both soil strength and plasticity, thus the capacity
for load bearing increases.

Coir fibre is also a type of natural fibre. This not only reinforces the soil but also helps in curtailing shrinkage cracks. Rice husk ash,
on the other hand, is a pozzolanic material and plays a role in the stabilizing mechanism through a reaction with lime to create
additional binding compounds. Overall utilization of these stabilization techniques would improve the overall performance of black
cotton soil for making it a good and reliable sub-structure configuration, thus providing a higher level of safety and durability to
infrastructural development in Chittur Taluk. Figure 1 and 2 shows the soil maps of Kerala and topography maps of the study area —
Eruthempathy.
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Figure 1. Soil map of Kerala

Figure 2. Topography map of study area — Eruthempathy.

LEGE

[ Coastal alluvium
1 Alluvium

[ Acid saline

I Kari soil

I Laterite soil
I Red soil

[ Hill soil

[ Black cotton soil
I Forest soil

| ~ District boundary
e District HQ
& Water body

Sl Syurvey Organination 3001

MENONPARA
BAAMO M i@

alaniyar
alayam
Pl@O@
108@o

\@ Hotel Palmshore
%
Athicode .
@RS

allampathy
ug)mIo

\
)

Indian Journal of Engineering 23, 3ije1709 (2026)

fasdl

“*ST.MARYS MINOR
) SEMINARY,DIOCES
Lesfla wiflwisirenes
Sl (& (HLOLLD...

Eruthempathy
ag)@O@MUDI >

PIDARI MEDU
adls@l
eas

"r:'{ladupuni
LIONTNEL]

Thavalam Resort 9 e

Thavalam



ARTICLE | OPEN ACCESS

3. METHODOLOGY

3.1. Materials

The appropriate selection of stabilizing materials that could improve the engineering behavior of expansive soils significantly depends
upon their physical and chemical characteristics. By virtue of their unique composition and mechanical behavior, lime, RHA, and coir
fibre have been recognized as the most effective soil stabilizers. A close review of the physical and chemical properties of lime, rice husk
ash, and coir fibre will provide an in-depth understanding of their performances in soil as stabilizing additives individually and in
combination, relating to strength gain, durability, and volumetric stability control.

As per its physical properties, lime can be described as a white, fine, powdery substance with bulk density and specific gravity
values of around 450 kg/m? and 2.63, respectively. The primary reasons for the intimate mixture of lime with the clay minerals are its
finely divided form, high cementation property, and other related attributes that help in building a stable structure and an optimum
cation exchange. Lime is characterized by an absorption of only about 5% water, and it exhibits high durability; therefore, it is a reliable
additive for long-term stabilization of expansive soils. RHA is a grey to black finely divided ash with a lower specific gravity, about
2.05, and a bulk density of close to 650 kg/m3. Due to its very porous texture, it has a moderate water absorption capacity of nearly 10%.
While it does not have any natural binding properties, it is a highly reactive pozzolanic material and forms substantial cementitious
compounds in the presence of lime.

Coir fibre is a natural, lignocellulosic reinforcement material that usually has a brown to golden yellow colour. It has a very low
specific gravity, about 1.25, and a low value for density at about 1.15 g/cm3, which expresses its lightweight and organic composition.
Coir has a high-water absorption capacity of about 30%, due to its fibrous cellular structure with a high content of lignin and cellulose.
The increased flexibility and toughness when mixed with soil, hence leading to an increased resistance against cracking and
deformation. While it does not form direct chemical bonds with soil, it enhances soil tensile strength and reduces cracking through
mechanical reinforcement. Due to its high lignin content, coir fibre also displays good durability and decay resistance compared to

other natural fibres.

Table 1. Physical properties of materials

Physical Properties Lime Rice Husk Ash (RHA) Coir Fibre
Physical Form Fine powder Fine ash Fibrous strands
Colour White Grey to black Brown to golden yellow
Relative density 2.63 2.05 1.25
Density 450 kg/m3 650 kg/m? 1.15 g/cm?
Water Absorption 5% 10% 30%
o . Pozzolanic (reacts with No direct binding, but
Binding Property Strong cementation . .
lime) adds reinforcement
Durability High Moderate High (resistant to decay)

The chemical composition of lime is dominated by calcium oxide (90%), which has minor proportions of magnesium oxide (2%),
calcium hydroxide (2%), silica (1%), and alumina (1%). Its high calcium content is the primary source of its reactivity with soil,
contributing to flocculation, decreased plasticity, and formation of cementitious gels such as C-S-H and C-A-H. RHA is, in turn,
dominated by silica, in a proportion of about 87%, accompanied by smaller proportions of the order of about 2% each, in alumina, iron
oxide, and magnesium oxide, and a loss on ignition of 7% to account for residual unburnt carbon. This high amorphous silica
composition is indeed responsible for the pozzolanic reaction with lime that improves the strength and reduces the shrink—swell
behaviour of the respective soil. By contrast, the chemical composition of coir fibre is somewhat different since this is an organic,
lignocellulosic material. It is made up approximately of 43% cellulose, 45% lignin, 4% pectin, and a small ash content of 0.25%, with a
loss on ignition of 7.75%. Based on the higher percentage of lignin, there will be greater resistance to microbial attack and a slower
degradation in soil, and the cellulose provides strength and flexibility to the fibres.

Various physical and chemical characteristics of lime, RHA, and coir fibre collectively justify their use in soil stabilization. The
addition of lime forms the chemical basis for modification in the soil. RHA enhances pozzolanic activity and strength gain, while coir
fibre improves ductility and reduces cracking, hence making the combination efficient and sustainable in the stabilization of expansive

soils. Tables 1 and 2 show the various physical and chemical properties of materials.
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Table 2. Chemical properties of materials

Chemical Properties Lime Rice Husk Ash Coir Fibre
Calcium Oxide 90% - -
Magnesium Oxide 2% - -
Calcium Hydroxide 2% - -
Silica 1% 87% -
Alumina 1% 2% -

Iron Oxide - 2% -
Magnesium Oxide - 2% -
Cellulose - - 43%
Lignin - - 45%
Pectin - - 4%
Ash - - 0.25%
Loss on Ignition 4% 7% 7.75%

Site Visit

Conducting

Survey

Collection of Soil

Sample

Figure 3. Graphical representation of methodology

3.2. Methods

The methodological framework of the study is developed in a way that the efficiency of coir fibre, lime, and rice husk ash (RHA) in
stabilizing black cotton soil is systematically studied. The process began with a preliminary site visit aimed at determining the location
of the study, understanding the type of soil, and collecting relevant field data. To assess the problems caused by expansive soils and

gather information on existing methods of treatments used in the area, a survey of local engineers, contractors, and residents was

conducted.

After that, the selected location is excavated for soil samples to have taken to a lab for analysis. To determine the untreated black
cotton soil characteristics, several preliminary index and engineering property tests, such as the Atterberg limits, grain size distribution,
compaction, and strength tests, were conducted on the collected soil. Following that, appropriate amounts of stabilizing admixtures
containing coir fibre, lime, and RHA were purchased.

Indian Journal of Engineering 23, 3ije1709 (2026)
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The laboratory experimental phase consisted of three stages. In the first stage, black cotton soil is treated with various percentages
of lime to establish its influence on soil properties. In the second step, RHA was incorporated into black cotton soil in carefully
measured amounts to study its pozzolanic effect. In the third stage, coir fibre was incorporated into the soil to investigate its impact on
the reduction in cracks and enhancement in tensile resistance. The CBR, UCS, compaction, and plasticity properties were studied for
each of the stabilized mixes. Finally, the results were analysed, and based on the relative performance of different mix combinations,

conclusions and recommendations were drawn. Figure 3 shows the methodology pictorially.

3.3. Experimental Investigation
The experimental programme has been carried out to study the geotechnical, compaction, and strength behaviour of black cotton soil
amended with lime, RHA and coir fibre. The entire investigation was carried out in three stages, namely material characterization,
index and compaction studies and mechanical strength studies to establish whether the stabilizers chosen were suitable to improve the
performance of expansive soils.

The collected black cotton soil sample, after air-drying, was pulverised and passed through a 4.75 mm IS sieve to obtain a uniform
soil matrix for testing. Various treatments, including hydrated lime (5%, 10%, and 15%), rice husk ash (RHA) (5%, 10%, and 15%), and
coir fibre (0.25%, 0.5%, and 1%), were added based on the dry weight of the soil. Water was added in steps to each mix, prepared in
accordance with a controlled dry-mixing plan, to ensure uniform mixing. The prepared specimens were sealed and cured in accordance
with accepted laboratory procedures before the strength tests were performed.

Specific Gravity tests by pycnometer were conducted to investigate changes in relative density caused by the stabilizers. The
Fineness Modulus, or FM, representing variations in the particle size distribution, was determined through sieve analysis. Similarly,
determination of Atterberg Limits, Liquid Limit, Plastic Limit, and Plasticity Index was used to investigate changes in soil plasticity
and, hence, workability. OMC and MDD were derived from the Standard Proctor Test, which was used to investigate the compaction
behaviour.

The CBR tests were conducted on soaked and unsoaked specimens in order to quantify the increase in load-bearing capacity of
subgrade. Tests for UCS on 38 mm x 76 mm cylindrical specimens were carried out to determine the short-term gains in compressive
strength. In addition, direct shear tests were conducted to study the shear strength parameters, such as cohesion and angle of internal
friction, reflecting the resistance to shear failure. A schematic diagram showing the experimental methodology followed in the

investigation is given in Figure 4.

Moisture Content California Bearing Ratio
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Unconfined Compressive Strength Sieve analysis

Liquid limit test Specific gravity test

Figure 4. Experimental works
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4. RESULTS AND DISCUSSION

4.1. Test for Relative Density

The variation in relative density for different stabilizers provides valuable information regarding the possible influence of lime, RHA,
and coir fibre on the physical characteristics of the black cotton soil. The specific gravity values for the untreated soil are generally in
the range of expansive clayey soil, which is about 2.63. The addition of lime resulted in an increase in relative density values from 2.65
for 5% lime to 2.70 for 15% lime. This is because lime has high specific gravity values relative to soil and also induces pozzolanic
reactions. These pozzolanic reactions tend to promote flocculation and aggregation of soil particles. The increased packing of the
particles due to flocculation and aggregation enhances the interlocking between particles and ultimately leads to an overall mass
densification of the particulate system. Greater density means increased development of a better fabric, leading to an improvement in
load-carrying capacity.

While RHA addition led to a gradual reduction in relative density, from 2.62 at 5% to 2.58 at 15%, this can be explained by the
specific gravity of RHA being lower than that of the natural soil minerals and its microstructure being more porous. Although RHA
contributes to the improvement in strength upon reaction with lime, its independent addition caused a marginal reduction in density. It
might therefore be said that RHA is more effective as an additive supplementary to lime, where its pozzolanic contribution may be
sought without any compromise to density.

Coir fibre caused a slight decrease in the relative density, which decreased from 2.63 at 0.25% to 2.60 at 1%. This results from the fact
that coir fibres are of low density and organic in nature. Although coir does not participate in providing densification, its primary role
is in soil matrix reinforcement through enhancement of tensile resistance, crack control, and ductility (Abhishek et al., 2025). Overall,
lime improves densification and bonding; RHA slightly reduces density but increases pozzolanic reactivity, while coir fibre adds
ductility and resilience. Therefore, an optimum mix is necessary for a proper balance of improvement in density and stability along
with mechanical performance. Figure 5 shows developing of relative density for each of the mix compositions.

SPECIFIC GRAVITY

2.6

Specific Gravity
b
LA
L

2
n

2.45

Black 5% 10% 15% 5% Rice 15%% 0.25% 0.5% 1% Coir
Cotton Lime Lime Lime Husk Rice Rice Coir Coir Fiber

Soil Ash Husk Husk  Fiber Fiber
Ash Ash
Stabilizer

Figure 5. Relative density of soil under various mixes

4.2, Test for Fineness Modulus (FM)

FM test results reflect the impact of lime, RHA, and coir fibre on the particle size distribution of black cotton soil. The untreated soil had
an FM of 2.05, which further confirms the predominance of fine clay particles with high plasticity and swelling characteristics. In the
case of lime treatment, FM increased gradually from 2.10 at 5% to 2.20 at 15%, which indicates a coarsening effect due to the
flocculation and agglomeration caused by the lime—clay reactions that diminish the diffuse double layer, thereby promoting larger-
sized granular aggregates. Such a texture enhances workability, reduces plasticity, and makes the soil more suitable for engineering
applications such as subgrade and foundation layers.

Indian Journal of Engineering 23, 3ije1709 (2026) 9 of 16
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Conversely, with the gradual addition of RHA, the values of the fineness modulus (FM) decreased progressively from 2.03 at 5%
addition of RHA to 2.00 at 10%, then 1.98 at 15%. This can be attributed to the fine or ash-like properties of RHA. Although the addition
of fine matrix material results in the efficient packing of particles, the optimal performance can only be achieved through the composite
addition of RHA and lime. This reduction in the values of FM shows that there is an increase in the fine fraction due to the ultrafine size
of the RHA particles. Additionally, the addition of RHA alone mainly accounts for the increase in the fine matrix of soil due to the high
pozzolanic action of RHA with lime. As a result, it may increase water demand and surface area, and thus excessive RHA may be
detrimental to compaction behavior unless balanced by lime.

Coir fibre addition caused a marginal reduction in FM, from 2.04 at 0.25% to 2.01 at 1%. Since coir fibres act like reinforcing
filaments on the soil particles without affecting the gradation of particles, the marginal reduction could be due to the dispersion of the
fibres among the soil particles. Overall, lime causes an improvement in texture by making the soil coarser, RHA does so by making the
soil finer, and coir fibre imparts reinforcement without much alteration in gradation (Tamassoki et al., 2022). The optimum combination
of these can result in a mix for achieving the desired modification in texture for better geotechnical performance. Figure 6 shows the

fineness modulus of soil with different mixes.

FINENESS MODULUS (FM)
2.25

b
L
= ba

2.05

]

1.95

Fineness Modulus

=
o

1.85
1.8

15% 5% Rice 10% 15% 0.25% 0.5% 1% Coir
Lime Husk  Rice Rice Coir Coir Fiber
Ash Husk Husk  Fiber Fiber
Ash Ash

Stabilizer

Figure 6. Fineness modulus of soil under various mixes

4.3. Atterberg’s limit test

The impact of lime, RHA, and coir fibre on the consistency characteristics and moisture-compaction behaviour of black cotton soil is
studied in terms of the Atterberg limits and optimum moisture content. The liquid limit, plastic limit, and plasticity index were found
to be 27.5%, 20.54%, and 7%, respectively, for the untreated soil, indicating that the soil has a moderate degree of plasticity and is prone
to volume instability.

The LL progressively decreased from 26.2% at 5% lime to 23.5% at 15%, while the PL increased from 21.5% to 23%. Thus, the PI
showed a significant reduction from 4.7% to 0.5%. This may be attributed to the cation exchange and flocculation processes initiated by
lime, which decrease the affinity of the clay for water, besides transforming the soil into a more granular and less plastic structure. The
OMC was marginally increased with lime addition from 16.2% at 5% to 17.8% at 15%, due to increased water demand for the
pozzolanic reaction and hydration impact. Therefore, this is regarded as a marked reduction in PI and indicative of improved
dimensional stability and decreased swelling-shrinkage potential.

RHA addition had moderate decreases in LL and PI. The LL decreased to 26%, while PI decreased to 4.4% at 15% RHA. The
reduction can be attributed to the pozzolanic action of silica-rich RHA, which bonds partially with clay minerals, hence improving the
consistency. The optimum moisture content (OMC) showed a slight increase with the increase in the amount of RHA due to the
increase in the surface area of the ash particles. The effect of coir fiber addition caused a slight change in the Atterberg limits, which

showed that it is a non-reactive and fibrous substance. A slight decrease in plasticity index value, from 6.8% at 0.25% to 6.2% at 1% coir
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fiber, was noted, which showed a slight improvement in soil consistency (Gokul et al., 2024). The fibre inclusion marginally raises
OMC, indicating that more water is required to coat and disperse fibres uniformly. Overall, among the three types of additives, lime
was found to most effectively reduce plasticity and enhance the stability of the soil, followed by RHA, whereas coir fibre reinforced
with a marginal impact on the consistency characteristics. Figure 7 shows the Atterberg’s limit test on soil.

= Liquid Limit (%) =Plastic Limit (%) =Plasticity Index (%) = Optimum Moisture Content (%)
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Figure 7. Atterberg’s limit test on soil under various mixes

4.4. Standard proctor test
The effect of lime, RHA, and coir fibre on the compaction characteristics of black cotton soil was evaluated by determining MDD and
OMC. The natural soil had an MDD of 1.92 g/cc and OMC of 15%, which agrees with the behavior of fine-grained expansive soils that

require an optimum moisture content in the medium range for compaction.
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Figure 8. Standard proctor test results on soil

With lime stabilization, the MDD has gradually increased from 1.94 g/cc at 5% lime to 1.98 g/cc at 15%. Similarly, the OMC has
shown an increasing trend with an increase from 16.2% to 17.8%. Improvement in MDD is explained through flocculation-
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agglomeration, and subsequent pozzolanic reaction between lime and clay particles would lead to the formation of denser and compact
soil aggregates. Also, a higher OMC suggests that more water is required to lubricate and assist the occurrence of chemical reactions to
achieve an adequate degree of compaction. Two distinct advantages of increased density and moisture requirement include structural
stability and suitability for subgrade and foundation applications. On the other hand, when RHA was added, the MDD decreased from
1.91 g/cc at 5% to 1.87 g/cc at 15%. The major reason for this reduction is lightweight and porous nature of RHA, reducing the overall
density of the mix. OMC slightly increased with RHA content and reached up to 16.4% at 15% ash, as imcreased in the ash particles,
having a larger surface area, requires more water content for lubrication and compaction. Even though RHA exhibited decreased
density, it provides strength benefits due to pozzolanic reactions upon mixing with lime.

The addition of coir fibre resulted in a slight decline in MDD values from 1.91 g/cc at 0.25% to 1.88 g/cc at 1%. This is due to the coir
fibres being fibrous and of low density. OMC marginally increased owing to additional water required for mixing the fibres. Coir does
not improve density but has the beneficial effect of providing an increase in tensile resistance and a reduction in cracking behaviour
(Thangavel et al., 2024). In conclusion, lime significantly improves compaction efficiency, RHA reduces the density while improving
performance with lime, and coir fibre acts to reinforce the structure while having minimal influence on the compaction characteristics.

Standard proctor test results on soil are presented in Figure 8.

4.5. California Bearing Ratio Test

The CBR values recorded for lime-treated black cotton soil, RHA, and coir fibre provide ample evidence of the achieved improvement
in load-carrying capacity through stabilization. Indeed, the CBR value of untreated black cotton soil stood at about 5.12%, much less
than required for subgrade and pavement purposes. This again approves the necessity of stabilization interventions.

CBR values were remarkably improved due to lime additions, which ranged from 6.8% at 5% lime addition to 10.2% at 15% lime
addition. This increase in CBR values occurred due to the pozzolanic reaction between lime and clay minerals, which improved
strength by forming cementing materials. The lime-treated soils are more appropriate for flexible pavement subgrades and foundation
works owing to the significant improvement in California Bearing Ratio (CBR), indicating higher load-carrying capacity. The optimal
lime content of 15%, at which the maximum improvement was attained, indicates effective stabilization; however, an intermediate
content may be more appropriate for optimal performance and economic viability. In respect to RHA, the CBR value moderately
increased from 5.6% at a concentration of 5% RHA to 6.7% at a concentration of 15% RHA. This is because the amorphous silica present
in RHA promotes secondary pozzolanic reactions. Although there was a marked improvement, it was not as significant as in lime since
RHA on its own does not have adequate binding properties. RHA is more effective when mixed with lime since it has the ability to

strengthen and modify the soil structure.
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12
10

CBR Value (%0)

L= N L T - -

== ==

Black 5% 10% 15% 5% Rice 10% 15% 0.25% 0.5% 1% Corr
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Figure 9. California bearing ratio test results on soil
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The addition of coir fibre also resulted in a gradual improvement; CBR values increased from 5.4% at 0.25% fibre to 6.2% at 1% fibre.
The reasons for this improvement are the bridging and reinforcing effects of fibres, which resist the effects of applied load and hence
resist deformation. Though marginal, the use of coir fibre is significant in improving toughening and fatigue resistance properties;
hence, the effects of surface cracking are minimal. Among the stabilizers used in this test, lime has shown the most significant
improvement in CBR results, followed by RHA and coir fibre. The combination of these stabilizers may offer improved properties in

terms of strength, ductility, and longer durability. Figure 9 shows the California bearing ratio test results on soil (Arya et al., 2023).

4.6. Unconfined Compressive Strength (UCC)

Results of the UCS and Shear Strength: These are among the most critical parameters describing the improvement in the mechanical
performance characteristics of the black cotton soil stabilized with the use of lime, RHA, and coir fiber. Unconfined compressive
strength and shear strength values of the original soil sample were 1.8 g/cm? and 0.91 g/cm?, respectively. This is indicative of the poor
strength or resistance to shearing of the soil sample since the black cotton soil is an expansive clay.

The lime stabilization treatment showed a significant increase in both UCS and shear strength. The UCS was improved from 2.4
g/cm? at 5% lime concentration to 3.9 g/cm? at a 15% lime concentration. The shear strength was also improved from 1.2 to 2 g/cm?. The
formation of pozzolanic materials CSH and CAH due to the reaction of lime with clay materials is the reason behind the significant
improvement. These do, in fact, improve particle bonding and decrease plasticity, creating a stable and stiff soil matrix that can
withstand greater shear and compressive stresses. Lime improves the mechanics and stability of expansive soil significantly, as shown
by the data. The moderate increase in strength values was aided by RHA as well, as indicated by the increase in shear and UCS values
to 1.4 g/cm? and 2.6 g/cm?, respectively, for 15% RHA. The increase in strength was attributed to the high silica content in RHA, which
contributed to the secondary pozzolanic reaction, thereby partially improving bonding and density. However, compared with lime, the
improvement is lower, indicating that RHA alone is less effective but beneficial when used synergistically with lime.

Incremental enhancement of strengths occurred because of the addition of coir fibres, where an increase of UCS from 1.9g/cm? at
0.25% to 2.3g/cm? at 1% of fibres enhanced the value of shear strengths from 0.95g/cm? to 1.15g/cm?. The main function of the presence
of coir fibres in soils is reinforcement, improving ductility, cracking resistance, and tensile strengths. Overall, the highest strength
improvement was achieved by lime, followed by RHA and coir fibre. The performance of black cotton soil would be better if a
combination of these stabilizers were added to the soil in order to improve its compressive strength, shear resistance, and long-term

performance (Anbarasu et al., 2024). Figure 10 shows the unconfined compressive strength test results on soil.

= Unconfined Compressive Strength (UCS) (g/cm?) = Shear Strength (g/cm?)
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Figure 10. Unconfined compressive strength test results on soil
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5. CONCLUSION

This comprehensive study has adopted an integrated approach in the investigation of the effect of lime, rice husk ash, and coir fibre on
the geotechnical, compaction, and strength behavior of black cotton soil. The results of this investigation demonstrated that the
untreated soil was unsuitable as a subgrade material for construction due to its high plasticity, moderate dry density, low CBR, and
poor strength characteristics. Although each material showed unique mechanisms for improvement, the engineering properties were
greatly enhanced by the addition of different stabilizers.

The addition of lime showed the most significant improvement among all the parameters that were tested. The relative density rise
from 2.63 to 2.70 as the fineness modulus progressively increased, indicating better gradation and altered soil structure. Lime
significantly decreased the plasticity index from 7% to 0.5% by accelerating cation exchange and pozzolanic reactions, which produced
a more stable soil matrix. The ideal moisture content increased, and the maximum dry density increased to 1.98 g/cc as a result of better
compaction and densification. Better load-bearing and structural integrity were confirmed by the mechanical performance, which
doubled, the CBR increased to 10.2%, the UCS value increased to 3.9 g/cm?, and the shear strength increased to 3.9 g.

In case of RHA, there was a medium level improvement due to its pozzolanic effect, that is, there was a reduction in plasticity, and
there was an enhancement in strength parameters like UCS and CBR. Due to reduction in Gs, there was a slight decrease in MDD. The
coir fiber has negligible effect on indices and compaction properties. In case of coir fiber, with a fiber content of 1%, there was an
enhancement in UCS to 2.3 g/cm?, and CBR to 6.2%.

Overall, lime was identified as the most effective stabilizer, followed by RHA and coir fibre. The results indicate that these
stabilizers individually and/or in combination have the potential to improve the engineering performance of expansive soils. Further
studies on hybrid stabilisation and long-term durability are recommended to aid in developing sustainable infrastructure construction

on problem soils.
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