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cured for 1, 7, and 14 days. The results indicate that the addition of CSA to RHA-stabilized Rice husk ash
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soil significantly influences the engineering properties of the clay. The inclusion of CSA
reduced the specific gravity and optimum moisture content (OMC), while increasing the
plasticity index (PI), maximum dry density (MDD), and undrained shear strength (USS). The
highest strength improvement was observed for the mixture containing 9% RHA and 6% CSA
after 7 days of curing, where the USS increased by 616.77% compared with untreated kaolin
clay. This significant strength enhancement demonstrates the synergistic interaction between
RHA and CSA when used as stabilizing agents. Overall, the findings indicate that the
incorporation of CSA into RHA-stabilized kaolinite clay can effectively improve the
mechanical performance of soft clay soils. The use of these waste-derived pozzolanic materials
provides a sustainable and environmentally friendly approach for soil stabilization in
geotechnical and construction applications.

1. Introduction

In the past few years, the main challenges geotechnical engineers have had to tackle have been construction-related. In
recent decades, geotechnical engineers have increasingly encountered challenges in constructing infrastructure on
problematic soils, particularly soft, highly compressible clay deposits [1]-[5]. These soils exhibit low shear strength and
high compressibility, which may lead to excessive settlement and structural instability if not properly treated [6, 7].
Among various soil types, clay soils are especially problematic due to their tendency to undergo significant volumetric
changes in response to variations in moisture content [3] — [4], [8] — [9]. Clay particles typically have diameters smaller
than 2 um, although some classification systems extend this limit to approximately 5 um. Their extremely fine particle
size and large surface area enable them to retain significant amounts of water, resulting in swelling during wetting and
shrinkage during drying cycles [3], [10]. Consequently, the expansive nature of clay soils presents considerable challenges
for construction activities and often requires appropriate ground improvement techniques prior to development [11]. Soil
stabilisation is one of the most widely adopted ground improvement methods for enhancing the engineering properties of
weak soils. This technique aims to improve soil strength, stiffness, and durability by incorporating stabilising agents or
modifying the soil structure [5], [12]. Traditionally, chemical stabilisers such as cement, lime, and bituminous materials
have been extensively used to enhance the mechanical properties of expansive and soft soils [5]. Among these materials,
cement has been the most applied stabilising agent due to its effectiveness in improving soil strength and durability [13].
However, the large-scale production of cement poses significant environmental concerns, particularly due to its high
carbon dioxide (CO:) emissions and associated greenhouse gas impacts [14]-[16]. It has been reported that cement
manufacturing can emit between 600 and 1200 kg of CO- per metric ton of cement produced [8], [14], [17]. In fact, nearly
one ton of CO2 may be emitted into the atmosphere during the production of one ton of cement, contributing substantially
to global greenhouse gas emissions [20].

In response to these environmental concerns, researchers have increasingly explored the use of alternative sustainable
materials as partial replacements for conventional cementitious stabilisers. Various industrial and agricultural waste
materials, such as fly ash, bagasse ash, eggshell ash, silica fume, and rice husk ash (RHA), have been investigated for
their potential applications in soil stabilisation [21]-[25]. The utilisation of waste-derived materials not only reduces
environmental pollution from waste disposal but also promotes sustainable resource management and circular economy
practices [26]- [27]. Furthermore, many of these waste materials contain pozzolanic compounds that can react with
calcium-based materials to form cementitious products, thereby enhancing soil strength and stability. The incorporation
of such materials in geotechnical applications has gained increasing attention due to their environmental benefits, cost-
effectiveness, and favourable engineering properties [4]-[5]. Among the various agricultural wastes, rice husk ash has
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attracted considerable attention as a potential soil-stabilising agent. Rice husk is a by-product of the rice milling process,
and global rice production generates approximately 770 million metric tons annually, with more than 10% of this being
rice husk [28]-[29]. When properly burned, rice husk produces rice husk ash, which contains a high proportion of
amorphous silica, typically 85%-90%, contributing to its strong pozzolanic characteristics [34]. Due to its high silica
content, RHA can react with calcium hydroxide to form cementitious compounds that enhance soil strength and durability
[30]. Previous studies have demonstrated that incorporating RHA can improve soil mechanical properties, making it
suitable for applications such as subgrade stabilisation and backfilling [31]. In addition, RHA has been shown to reduce
soil swelling by filling voids between particles, thereby limiting water penetration and enhancing soil structural integrity
[35]- [36]. However, excessive RHA content may diminish performance gains and pose environmental concerns due to
the accumulation of mineral residues [37].

Another promising waste material for soil stabilisation is cockle shell ash (CSA), derived from discarded cockle shells
produced by the seafood industry. The disposal of cockle shell waste presents significant environmental challenges due
to the large volume of shells often discarded in landfills [40]. At the same time, the cement industry is responsible for
approximately 7-8% of global CO. emissions, with roughly 900 kg of CO: released per ton of cement produced.
Consequently, the reuse of cockle shell waste as a construction material has been proposed as a sustainable alternative
that can simultaneously reduce environmental waste and decrease dependence on cement-based stabilisers [41]. Cockle
shells are primarily composed of calcium carbonate (CaCOs), which can be converted into calcium oxide (CaO) through
calcination, providing cementitious properties that contribute to soil stabilisation [44]-[45]. Several studies have reported
that the incorporation of cockle shell ash can significantly improve the engineering properties of problematic soils. For
example, the addition of CSA to expansive clay has been shown to reduce the plasticity index and enhance both
compressive and shear strength due to the formation of cementitious bonding between soil particles [46]. Similarly,
mixtures containing 2.5%-10% cockle shell powder have been reported to increase specific gravity and reduce soil
plasticity in marine clay deposits [47]. Furthermore, research on calcined cockle and scallop shells has revealed the
formation of calcium silicate hydrate (C—S—H) and calcium aluminate hydrate (C—A—H), which contribute to improved
soil strength and stability through pozzolanic reactions [48]. These findings suggest that CSA can serve as a sustainable,
environmentally friendly stabilising material to improve soil performance. Although both rice husk ash and cockle shell
ash have demonstrated promising results in soil stabilisation individually, studies investigating their combined application
remain limited, particularly for soft kaolin clay. Most existing research focuses on single additives or on conventional
cement-based stabilisation, leaving the synergistic interaction between silica-rich RHA and calcium-rich CSA
insufficiently explored. In addition, the effects of combined RHA-CSA mixtures on key geotechnical properties, such as
compaction behaviour, strength development, and plasticity characteristics, have not been systematically examined.
Furthermore, limited information is available regarding the effects of short-term curing periods on the early-stage strength
development of soils stabilised using these waste-derived materials.

Therefore, a clear research gap exists in understanding the combined stabilisation mechanism of RHA and CSA and
their potential to enhance the engineering properties of soft kaolin clay. Considering the complementary chemical
composition of RHA (rich in amorphous silica) and CSA (rich in calcium compounds), their combined use is expected to
promote the formation of cementitious compounds such as calcium silicate hydrate (C—S—H) and calcium aluminate
hydrate (C-A-H), which can improve soil strength and structural stability [49]-[50]. In response to this research gap, the
present study investigates the geotechnical performance of kaolin clay stabilised with different proportions of rice husk
ash and cockle shell ash. Laboratory tests were conducted to evaluate changes in index properties, compaction
characteristics, and unconfined compressive strength under curing periods of 1, 7, and 14 days. In addition, empirical
correlation models were developed to support practical design applications. The findings of this study provide new
insights into the synergistic behaviour of RHA-CSA stabilised soils and demonstrate the potential of waste-derived
materials as sustainable alternatives for soft clay stabilisation.

2. Materials and Methods

2.1 Materials Preparation and Properties

Kaolinite is widely used in numerous applications. It is classified as a 1:1 dioctahedral type of clay mineral [50]. The term
kaolinite is derived from "kaolin," which originates from the Chinese "Kao-ling" (Pinyin: Jailing), meaning "high ridge."
[51]. Kaolin is a natural white soil mineral formed by the decay of some granitic and rhyolitic rocks and chemical
decomposition [52]. Kaolinite clay is a mineral whose chemical composition is Al;Si,Os(OH)4 [53]. Kaolinite clay,
commonly known as kaolin, is a type of clay available in natural deposits or can be artificially produced in laboratories
[11] and is a finely textured clay that exists in nature [54]. Kaolin clay, composed of platy particles held together by
hydrogen bonding and weak electrostatic interactions, has a water-attracting property that enables it to form a uniform
clay matrix when moistened [11]. The engineering characteristics of the kaolinite soil are listed in Table 1. Kaolin S300,
which has been used in this study, is a commercially processed kaolinite clay commonly used as a standard reference
material in geotechnical laboratory studies due to its uniform mineralogical composition and consistent particle size
distribution.

RHA is the residue left after the combustion of rice husks, the outer shells separated from paddy rice during dehusking.
For every tonne of paddy rice processed, approximately 200 kilograms of husk are generated, and when burned, this husk
produces approximately 40 kilograms of ash [55]. At temperatures above approximately 700 °C, the ash crystallises from
amorphous SiO; to cristobalite or tridymite [56]-[57]. This ash is produced by burning rice husks in an incinerator at
controlled temperatures of 500-800°C for 1-4 hours. As temperatures exceed 800 °C and after prolonged burning, the
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RHA begins to crystallise into various modifications of quartz, for example, cristobalite [58]. The controlled combustion
process ensures that the resulting ash exhibits high pozzolanic activity, the ability to react with calcium hydroxide to form
compounds with cementitious properties. This reactive ash can effectively stabilise various soils, either alone or alongside
lime or cement, and has been shown to significantly enhance strength, durability, and stability while offering a sustainable
method of managing agricultural waste [59].

Table 1. Engineering properties of kaolinite soil

Properties Unit Result
Basic Engineering Properties

Size range mm 0.0008 - 0.063
USCS classification ML
AASHTO classification A-5
Specific gravity 2.64
Liquid Limit,LL % 40.50
Plastic Limit, PL % 31.40
Plasticity Index, Pl % 9.10
Compaction Properties

Maximum dry density, MDD g/mcd  1.60
Optimum moisture content, OMC % 19.20

Unconfined compressive strength, g, kN/m?  38.90
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Figure 1. Mechanism of Kaolin stabilized with RHA and CSA

Cockle shells, largely consisting of calcium carbonate (CaCOs), were sourced from eateries in Kuantan, Pahang, and
along the eastern coastal regions of Malaysia. After being air-dried, the shells were crushed using a jaw crusher to achieve
finer particles. The crushed material was then calcined at 800 °C for one hour, initiating the thermal decomposition of
CaCO:s into calcium oxide (CaO). The resulting cockle shell ash exhibited a distinct white hue, signifying successful
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calcination. To avoid any interaction with atmospheric moisture, the CSA was stored in a desiccator for 24 hours, ensuring
complete cooling and preventing early hydration reactions. [60] stated that shell-like cockleshell ash is also more
affordable than other typical soil stabilisers, such as lime and cement. The primary component, (CaCO3), which is made
up of the cockle shell, can be changed into calcium oxide (CaO) through the calcination process. These materials
underwent a series of tests to determine their physical and compaction properties before the strength of the kaolin
stabilised with RHA and CSA was evaluated. When RHA and CSA are incorporated into kaolin soil, a series of
pozzolanic reactions occur. The CaO from CSA hydrates to form Ca(OH)2, which then reacts with the amorphous silica
(SiO2) and alumina (Al2Os) in RHA to generate calcium silicate hydrate (C—S—H) and calcium aluminate hydrate (C-A-
H) gels. These cementitious gels gradually fill pore spaces, bind soil particles, and densify the soil matrix, significantly
enhancing the strength, stiffness, and cohesion of the stabilised kaolin [46], [61]. This chemical mechanism provides the
scientific basis for the observed improvements in the unconfined compressive strength (UCS) and other engineering
properties. All materials were tested for physical and compaction characteristics prior to strength assessments of the
RHA-CSA-stabilised kaolin. The mechanism between RHA and CSA is displayed in Figure 1 below, while the procedure

for this research is shown in Figure 2.
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Figure 2. Procedure for research methodology

The percentages of RHA and CSA used in this study were selected based on findings from previous soil stabilisation
research and preliminary laboratory investigations. RHA was incorporated at proportions of 3%, 6%, and 9% by dry
weight of soil, as similar percentage ranges have been widely adopted in previous studies to evaluate the influence of
RHA on the engineering properties of clay soils. For example, studies on expansive and clayey soils commonly investigate
RHA contents within this range to determine the optimum stabiliser dosage that enhances strength and reduces plasticity.
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The use of incremental proportions (3%, 6%, and 9%) enables evaluation of gradual changes in soil properties and
facilitates identification of an optimum dosage that maximises strength improvement without excessive addition of
stabilising material. Previous research has reported that the strength of stabilised soils generally improves with increasing
RHA content up to approximately 3%-12%, beyond which strength may decline due to excessive ash content. After
determining the optimum RHA content, CSA was introduced at 3%, 6%, and 9% to evaluate its additional stabilising
effect when combined with RHA. CSA was selected due to its high calcium oxide (CaQ) content, which can promote
pozzolanic reactions when mixed with silica-rich materials such as RHA. The interaction between calcium-based and
silica-based materials can form cementitious compounds that enhance inter-particle bonding and improve soil strength.
Therefore, the selected percentage range was considered sufficient to examine the combined stabilisation effect while
maintaining practical and economical proportions for soil stabilisation applications.

2.2 Experimental Methods

The basic engineering properties of the materials used in this study were determined through a series of laboratory tests
conducted in accordance with established standards. Kaolin S300 was used as the base soil material to ensure uniformity
and consistency in testing conditions, thereby improving the reliability and repeatability of the experimental results, as
suggested by previous studies [54]. In the laboratory program, tests were performed on untreated kaolin, rice husk ash,
cockle shell ash, kaolin—-RHA mixtures, and kaolin-RHA-CSA mixtures. Prior to mixing, the kaolin soil was oven-dried
at 105 °C for 24 hours to remove moisture and ensure consistent initial conditions. Similarly, both RHA and CSA were
oven-dried at the same temperature for 24 hours before mixing to eliminate residual moisture. To determine the optimum
RHA content, kaolin soil was initially mixed with 3%, 6%, and 9% RHA by dry weight of soil. These percentages were
selected based on previous studies that commonly investigated RHA contents within this range for soil stabilisation
applications [62, 63]. The mixtures were thoroughly homogenised using a mechanical soil mixer under dry mixing
conditions to ensure uniform distribution of the stabilising agents within the soil matrix.

After identifying the RHA proportion that produced the highest undrained shear strength (USS), the optimum RHA
content was incorporated into the kaolin soil and subsequently blended with 3%, 6%, and 9% CSA by dry weight of soil.
These CSA proportions were selected based on previous research on seashell-derived ash materials used in soil
stabilisation [53]. The untreated kaolin sample was used as the control specimen for comparison with the stabilised
mixtures. Table 2 presents the sample coding system adopted throughout this study. Each code represents the composition
of the soil mixture, including the percentage of RHA and CSA added to the kaolin soil. The selected mix proportions
allowed systematic evaluation of the individual and combined effects of RHA and CSA on the engineering behaviour of
the soil. The engineering properties of the soil mixtures were evaluated through laboratory tests conducted in accordance
with established standards, as summarised in Table 3. These tests included particle size distribution analysis, specific
gravity determination, Atterberg limits, Standard Proctor compaction, and unconfined compression testing.

Table 2. Samples coding

| di Content (%)
Sample Coding i iolin RHA CSA
Kaolin (Control sample) K 100 - -
Kaolin with 3% of Rice Husk Ash K3RHA 97 3 -
Kaolin with 6% of Rice Husk Ash K6RHA 94 6 -
Kaolin with 9% of Rice Husk Ash K9RHA 91 9 -
Kaolin with 9% of Rice Husk Ash and 3% of Cockleshell Ash K9RHAS3CSA 88 9 3
Kaolin with 9% of Rice Husk Ash and 6% of Cockleshell Ash K9RHABCSA 85 9 6
Kaolin with 9% of Rice Husk Ash and 9% of Cockleshell Ash K9RHA9CSA 82 9 9

Table 3. Standard of laboratory testing

Test Standard

Mechanical sieve analysis BS 1377: Part 2: 1990
Hydrometer test BS 1377: Part 2:1990
Specific gravity test BS 1377: Part 2: 1990
Atterberg limit BS 1377: Part 2: 1990
Standard proctor test BS 1377: Part 4: 1990

Unconfined compression test ASTM D2166

Unconfined compression tests (UCT) were carried out to evaluate the strength characteristics of the stabilised soils.
For each test, approximately 150 g of soil mixture was prepared and compacted at its respective optimum moisture content
(OMC) obtained from the Standard Proctor test. The compaction parameters for all mixtures are presented in Table 4.
The specimens were prepared using cylindrical steel moulds with dimensions of 50 mm in diameter and 100 mm in height,
as illustrated in Figure 3. Each specimen was compacted carefully to achieve a consistent density and uniform structure.
After compaction, the specimens were carefully removed from the moulds and sealed in plastic bags to prevent moisture
loss during curing. The prepared specimens were cured under controlled laboratory conditions at a temperature of
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approximately 25 + 2 °C for curing periods of 1, 7, and 14 days prior to testing. During the curing process, the specimens
were stored in a humidity-controlled environment to minimise moisture variation and ensure consistent curing conditions.
The total number of specimens prepared for each mixture and curing period is summarised in Table 5. Multiple specimens
were prepared for each condition to ensure consistency and reliability of the experimental results.

Table 4. Properties of kaolin, RHA, and CSA used in the UCT test

Type of Sample Mass (g) Volume (cm®) MDD (g/cm®) OMC (%)

K 310 196.35 1.60 20.34
K3RHA 310 196.35 1.65 19.80
K6RHA 310 196.35 1.52 20.60
K9RHA 310 196.35 1.86 20.00
K6RHA3CSA 310 196.35 1.70 19.80
K6RHAGCSA 310 196.35 1.52 20.60
K6RHAOSCSA 310 196.35 1.46 20.90

Table 5. Number of samples of each curing day

Sample Code 1Day 7 Days 14 Days Total Samples

K 5 - - 5
K3RHA 5 5 5 15
K6RHA 5 5 5 15
K9RHA 5 5 5 15
K6RHA3CSA 5 5 5 15
K6RHAGCSA 5 5 5 15
K6RHA9CSA 5 5 5 15
Total 35 30 30 95
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Figure 3. Dimensions of the cylindrical mould for each specimen

3. Results and Discussion

3.1 Specific Gravity

Kaolin S300 has a specific gravity of 2.65, which has been shown to be a true value, as confirmed by other researchers,
who report that the specific gravity of kaolinite clay lies between 2.62 and 2.66 [6, 11]. However, after RHA was added
to kaolin, the specific gravity decreased. Specific gravity decreased with the addition of rice husk ash. Kaolin's original
specific gravity of 2.64 was reduced to 2.59, 2.45, and 2.60 when mixed with 3%, 6%, and 9% RHA, respectively. The
biggest significant drop, 7.2%, occurred at the 6% RHA level. RHA has a lower density than soil minerals, which explains
this pattern. According to [64], on controlled-burn RHA, the RHA particles act as a filler in soil pore spaces due to their
lower specific gravity compared to soil. As the concentration of RHA in soil-ash mixes increases, the total specific gravity
decreases. A fluctuating trend in specific gravity was noted for blends with 9% RHA mixed with 3%, 6%, and 9% CSA.
The specific gravity fell from 2.43 (3% CSA) to 2.37 (6% CSA), probably because heavier kaolin particles were
substituted with the lighter CSA. Nonetheless, with 9% CSA, the value rose to 2.51, suggesting a shift in the trend. This
change can be linked to better packing efficiency and particle interlocking at increased CSA levels, which minimise void
spaces and improve density. Moreover, the denser, calcium-rich structure of CSA becomes more prominent,
counterbalancing the lighter component of RHA. This occurrence aligns with results from concrete research employing
cockle shell ash. For instance, Sagala et al. [65], noted that at reduced replacement percentages, the ash particles engage
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with one another and occupy the voids in the concrete matrix, resulting in lowered porosity and absorption. Nonetheless,
at higher replacement levels, voids form due to the aragonite structure of seashell ash.

3.2 Atterberg Limit
The Atterberg limits test results showed a clear trend: the addition of rice husk ash significantly influenced the consistency
limits of the kaolin clay, as shown in Figure 4. The plasticity index (PI) decreased progressively from 11.22% in the
untreated kaolin sample (K) to 1.93% with the inclusion of 9% RHA (K9RHA), indicating a substantial improvement in
workability. When cockle shell ash was incorporated alongside 9% RHA at varying proportions (3%, 6%, and 9%), a
slight rebound in PI values was observed, reaching 2.58%, 3.64%, and 3.44%, respectively. This trend suggests that while
RHA alone reduces soil plasticity by altering the clay's physicochemical interactions, the addition of CSA may slightly
counteract this effect due to its cementitious and calcareous nature. However, all treated mixtures still exhibited lower Pl
values than the untreated kaolin, reflecting an overall enhancement in soil behaviour. These results align with previous
findings by Sujatha et al. [66], who reported that the inclusion of RHA in soft clay not only reduces the liquid limit (LL)
and plasticity index but also improves the soil's workability and strength properties. Their study confirmed that the
pozzolanic activity of RHA leads to the flocculation and agglomeration of clay particles, thereby reducing plasticity and
improving compaction characteristics. Thus, the combined use of RHA and CSA in this study proves to be an effective
strategy for stabilising soft kaolin clay by reducing its plasticity and enhancing engineering performance. In a similar
vein, Nahar et al. [64] noted that incorporating ash significantly reduces the PI, thereby enhancing soil stability and
reducing vulnerability to water-induced deformation. Consequently, the findings of this research validate that the
combinations of RHA and CSA effectively enhance the plasticity properties of kaolin clay, rendering them appropriate
for soil stabilisation purposes.
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Figure 4. Relationship between types of samples and samples’ Atterberg limits (%)

3.3 Standard Compaction Test
The standard compaction test has been used to determine the maximum dry density and OMC of untreated kaolin, RHA,
CSA, and kaolin admixed with 3%, 6%, and 9% of RHA and the optimum stabiliser content of kaolin- RHA admixed
with 3%, 6% and 9% of CSA. The compaction characteristics of untreated and stabilised kaolin are shown in Figure 5
and further discussed based on the trends of optimum moisture content and maximum dry density. The MDD of untreated
kaolin (K) was 1.60 g/cm3, with an OMC of 20.34%, which falls within the typical range of 1.4 to 2.0 g/cm3 and 14% to
30%, respectively, as reported by previous studies on clayey soils [6, 11, 67]. The incorporation of RHA alone showed a
variable effect on the MDD. At 3% RHA (K3RHA), the MDD increased slightly to 1.65 g/cms, indicating an improvement
in particle packing due to the filler effect of the ash and attributed to the lighter weight and higher moisture absorption
capacity of the fibres [68]. However, increasing RHA to 6% (K6RHA) reduced MDD to 1.52 g/cm3, likely due to the
lower specific gravity and porous nature of RHA, which replaced some of the denser kaolin particles. Interestingly, at 9%
RHA (K9RHA), the MDD sharply increased to 1.86 g/cm3, possibly due to improved packing efficiency and particle
rearrangement at higher RHA contents, which might have allowed denser compaction despite the ash’s lightweight nature.
Following this, combinations of RHA with CSA were evaluated to further enhance compaction behaviour. The mix
K9RHA3CSA, which includes 9% RHA and 3% CSA, achieved an MDD of 1.70 g/cm3, showing better compaction than
the 6% RHA mix, but still lower than K9RHA. The highest CSA inclusion (K9RHA9CSA) led to a decrease in MDD to
1.46 g/cm3, likely because the excessive ash content increased the overall porosity and reduced particle interlocking. The
OMC values across all mixtures fluctuated slightly within a narrow range of 19.8% to 20.9%, suggesting that the presence
of RHA and CSA did not drastically alter the water demand of the mixtures. However, samples with higher CSA content
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(KORHA9CSA) required slightly more moisture (20.9%) to reach maximum compaction, possibly due to the high calcium
oxide content in CSA, which may initiate early pozzolanic reactions and consume additional water during the process.
The observed decrease in MDD with the increasing addition of CSA in the KORHA-based mixtures can be attributed to
the increased flocculation and agglomeration within the soil matrix, as reported by [69]. This behaviour facilitates
compaction at early stages but increases the overall void volume, thereby reducing the achievable dry density.
Furthermore, the combined presence of CSA and RHA, both characterised by high water retention and lower specific
gravity, leads to a higher optimum moisture content and lower MDD, consistent with findings by [70], who noted that
such organic-like fractions hinder water availability for effective hydration and compaction. [71], also supported this
observation by stating that such lightweight additives reduce the compacted density of soil materials. In general, higher
MDD values are desirable for construction purposes, as they indicate better load-bearing capacity and reduced settlement
potential. However, in the case of expansive soils, such as kaolin, excessively high dry densities may correlate with higher
swelling pressures, which can be detrimental. Therefore, a balanced combination of RHA and CSA, such as
K9RHA3CSA, may offer a compromise between improved compaction and reduced expansion behaviour.
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Figure 5. The correlation between MDD (g/cm?) and OMC (%) for the kaolin sample admixed with 6% SF and various
CSA contents (%)
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Figure 6. Compaction Curve on the mixture of kaolin with 9% of RHA and various percentages of CSA content (%)

The graph in Figure 6 above was plotted based on the results of the compaction curve for the kaolin-RHA mixture
samples with 3%, 6%, and 9% CSA. It shows that the sample with 9% RHA and 3% CSA (K9RHA3CSA) had the highest
maximum dry density of the blended mixes and the lowest optimum maoisture content. This suggests that a tiny degree of
CSA improves particle packing and compaction. However, as the CSA concentration grew to 6% or 9%, the MDD
decreased. This is most likely due to the lighter, more porous structure of CSA, which replaced some of the heavier kaolin
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particles while increasing void space. Thus, excessive CSA reduced compaction efficiency, whereas a moderate level
(3%) yielded optimal performance.

3.4 Particle Size Distribution Analysis

According to Table 5, untreated kaolin contains 51.03% particles that pass through a 0.075 mm screen, indicating that
more than half of the sample consists of fine particles. These particles are often clay or silt, resulting in a soft, highly
pliable soil. According to the Unified Soil Classification System, kaolin can be classified as a CH or MH type soil based
on its plasticity characteristics, whereas American Association of State Highway and Transportation Officials (AASHTO)
classification places it in A-7-5, which includes fine-grained soils with poor drainage and high plasticity. RHA has a
substantially coarser particle distribution, with 96.01% of the material retained above a 0.075 mm screen. Only 3.99% of
the sample passes through the 0.075 mm screen, indicating that RHA is primarily composed of sand-sized particles. RHA
particles typically range in size from 0.063 mm to 0.3 mm, similar to the studies by [72] and [73]. Due to their low
plasticity and dominance in the sand fraction, they are categorised as SP (poorly graded sand) in the USCS and as A-3
soil in the AASHTO, making them excellent for enhancing the granular behaviour of soft clays.

CSA has a similar coarse distribution, with just 5.05% of particles passing through the 0.075 mm screen and 94.95%
retained. This implies that CSA is almost exclusively composed of sand-sized or larger particles, ranging from 0.15 mm
to 4.75 mm. Because of its coarse and granular form, CSA corresponds with SW/SM (well-graded or silty sands) in USCS
and A-1-b or A-3 in AASHTO, indicating its potential as a structural additive in soil stabilisation. For the stabilised
sample KO9RHA9CSA, the combination of RHA and CSA with kaolin resulted in a significant shift in the particle size
distribution. Only 0.24% of particles passed the 0.075 mm sieve, meaning 99.76% of the material falls in the coarser
fraction. This change indicates improved gradation and reduced plasticity, which enhances shear strength and reduces the
swelling potential. Based on these characteristics, the KIRHA9CSA mixture may be classified as SM or SC in USCS,
and A-2-4 or A-1-b in AASHTO, indicating good subgrade and structural properties with minimal fines.

Table 5. Comparative Gradation Analysis of Kaolin, RHA, CSA, and Mixtures Stabilised Sample (K9RHA9CSA)

Composition (%)

Sample Kolin RHA CSA  Kaolin + 9% of RHA + 9% CSA
>4.75 mm 0 0 0.22 0
0.075_475mm 4897 9495 9579 99.76

<0.075 mm 51.03 505 3.99 0.24

The inclusion of RHA and CSA into soft kaolin caused a reshuffling of the soil particle matrix, resulting in a coarser
kaolin-RHA-CSA (K-RHA-CSA) mixture. As shown in the particle size distribution curve in Figure 7, the curve for the
treated sample (KORHA9CSA) shifted slightly to the right, indicating a coarser gradation compared to untreated kaolin.
The treated kaolin mixture comprises 0% gravel, 99.76% sand, and only 0.24% fines (silt and clay-sized particles),
indicating that it is a sand-silt mixture under the Unified Soil Classification System. Similarly, the material belongs to the
A-2-4 group in the AASHTO classification, which corresponds to sandy silt or sandy clay with limited plasticity.
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Figure 7. Comparison of PSD curves for untreated kaolin and stabilised sample (K9RHA9CSA)
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3.5 Shear Strength Analysis
The unconfined compression test was conducted to evaluate the strength improvement of kaolin clay stabilised with rice
husk ash and cockle shell ash. As shown in Figure 8, untreated kaolin exhibited an initial unconfined compressive strength
(qu) of 34.38 kN/m? and an undrained shear strength (su) of 17.19 kN/m2, indicating the relatively weak nature of the
untreated clay. The incorporation of RHA significantly improved the strength characteristics of the kaolin. When the
RHA content increased from 3% to 9%, a progressive increase in both unconfined compressive strength and undrained
shear strength was observed. The greatest improvement in the RHA-treated soil occurred at 9% RHA, where the
compressive strength increased to 133.97 kN/m2, representing approximately a 290% increase over the untreated kaolin.
Similarly, the undrained shear strength increased to 66.98 kN/m2. This improvement may be attributed to the presence of
amorphous silica in RHA, which enhances particle packing and promotes cementitious bonding between soil particles.
To further enhance the mechanical performance of the stabilised soil, CSA was incorporated into the kaolin—-RHA
mixture at the optimum RHA content of 9%. The addition of CSAs at 3%, 6%, and 9% produced further variations in the
soil's strength characteristics. The maximum compressive strength was recorded for the mixture containing 9% RHA and
6% CSA, achieving a UCS of 138.16 kKN/m?, representing an increase of approximately 301.8% over untreated kaolin.
The corresponding undrained shear strength increased to 69.08 kN/mz2. The strength improvement observed with CSA
addition can be associated with the calcium-rich composition of cockle shell ash, which contributes to improved particle
bonding and soil matrix densification when combined with silica-rich materials such as RHA. However, when the CSA
content was increased to 9%, a slight reduction in compressive strength was observed, with UCS decreasing to 136.24
kN/m2. This reduction may be attributed to excessive ash content, which can lead to particle agglomeration or incomplete
bonding within the soil matrix, thereby limiting further strength development. Overall, the results indicate that the
combined use of 9% RHA and 6% CSA provide the most effective improvement in shear strength among the mixtures
investigated. The interaction between silica-rich RHA and calcium-rich CSA appears to contribute to enhanced
interparticle bonding, resulting in improved strength characteristics of the stabilized kaolin clay. These findings reveal
that the optimal dosage for combining RHA and CSA is 9% RHA and 6% CSA, which produces the most effective
pozzolanic reaction and increases particle bonding. The synergy between RHA and CSA promotes the gradual
development of calcium silicate hydrate (CSH), which increases both compressive and shear strength. However,
continued addition beyond this point appears to diminish efficiency due to overfilling or agglomeration.
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Figure 8. Variation of unconfined compressive strength and undrained shear strength of kaolin stabilised with different
percentages of RHA and CSA

3.6 Correlation Analysis

This work demonstrated relationships among engineering parameters (specific gravity, Atterberg limits, Standard Proctor
Compaction test, and Unconfined Compressive Strength Test) of soft kaolin with varying percentages of RHA and CSA.
The correlation equations developed for these four (4) major factors are critical for forecasting the optimal model for
determining the best use of RHA and CSA as stabilising agents. These equations are useful for implementing pozzolanic
waste-based soil stabilisation techniques. As a result, the findings of this correlation analysis provide a solid foundation
for future applications and evaluations of stabilised soft clay. Table 6 displays the correlation equations for the engineering
parameters under investigation.

Table 6 shows that the inclusion of RHA and CSA as stabilising agents reliably predicts variations in the engineering
properties of soft kaolin, as indicated by high coefficients of determination (R2 values). The regression study shows a
substantial association between stabiliser content and soil behaviour, with R2 values above 0.7 for specific gravity,
Atterberg limits, compaction characteristics, and unconfined shear strength. The unconfined compressive strength models
for RHA and CSA across different curing days yielded R? values exceeding 0.95, with some reaching 1.0000, indicating
an excellent fit to the experimental data. The Atterberg limits exhibited R2 values ranging from 0.87 to 0.96, demonstrating
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that changes in plasticity can be well described by varied percentages of RHA and CSA. Similarly, compaction metrics
such as maximum dry density (pamax)) and optimal moisture content (wopt) indicated moderate to significant relationships
for CSA, with R2 values ranging from 0.6661 to 0.7531, whereas woy for RHA showed a smaller association (R2 = 0.0088).
Overall, these results confirm that more than 70% of the variation in most engineering parameters is attributable to the
percentage inclusion of RHA and CSA. Hence, the developed correlation equations serve as useful predictive models for
determining the optimum dosage of stabilisers, thereby providing valuable guidance for the soil stabilisation technique
proposed in this study.

Table 6 Correlation equations and coefficient of determination (R?) for engineering properties of soft kaolin stabilised
with RHA and CSA

Test Parameter Correlation Equation R?
Specific Gravity Test Gs (RHA) G;s = -0.0017RHA? + 0.0323RHA + 2.412 0.4132
Gs (CSA) s = 0.0025CSA? - 0.0115CSA + 2.3955 0.6086
Atterberg Limit Test LL (RHA) LL = 0.0627RHA? + 0.5075RHA + 34.699 0.9532
PL (RHA) PL =-0.1162RHA? + 3.0784RHA + 23.804  0.9532
Pl (RHA) Pl =0.1789RHA? - 2.5709RHA + 10.895 0.9614
LL (CSA) LL =-0.3136CSA? + 3.5349CSA + 34.835 0.9172
PL (CSA) PL = -0.5478CSA? + 6.3852CSA + 24.167 0.8979
PI (CSA) Pl = 0.2342CSA? - 2.8503CSA + 10.668 0.8759
Standard Proctor Compaction Test pdmax) (RHA) Pdmax) = 0.0081RHAZ - 0.0508RHA + 1.6325 0.6661
Wopt (RHA) Wopt = -0.0017RHA? + 0.0077RHA + 20.203  0.0088
Pd(max) (CSA) Pdmax) = -0.0044CSA2? + 0.02CSA + 1.62 0.7531
Wopt (CSA) Wopt = 0.0233CSA? - 0.1273CSA + 20.248 0.7408

Unconfined Compression Test (UCT) S, (0 days) RHA  Su=-0.3107RHAZ? + 4.7972RHA + 18.675 0.9983
Su(0 days) CSA  Su=-0.5099CSA2 + 7.2063CSA + 19.151 0.9813
Su (7 days) RHA  Su =-0.2422RHAZ + 11.599RHA + 13.715 1
Su (7 days) CSA  Su=-1.7605CSA2 + 23.023CSA + 16.538 0.9549
Su (14 days) RHA  Su =-0.5005RHAZ + 9.1814RHA + 21.43 0.9211
Su (14 days) CSA  Su=-1.7452CSA2 + 21.656CSA + 21.421 0.9661

4. Conclusions

This study investigated the effectiveness of rice husk ash and cockle shell ash as sustainable stabilising agents for
improving the engineering properties of soft kaolin clay. Based on the experimental results obtained from laboratory
testing, several conclusions can be drawn. The addition of RHA significantly improved the strength characteristics of the
kaolin soil. The unconfined compressive strength increased from 34.38 kN/m? for untreated kaolin to 133.97 kN/m? at
9% RHA, representing an improvement of approximately 290%. This strength enhancement is attributed to the presence
of reactive silica in RHA, which enhances particle bonding and soil matrix densification. Further improvement was
observed when CSA was incorporated into the kaolin-RHA mixtures. The combination of 9% RHA and 6% CSA
produced the highest compressive strength, 138.16 kN/mz2, representing an increase of approximately 300% over untreated
kaolin. The presence of calcium compounds in CSA is believed to contribute to additional bonding within the soil
structure, thereby enhancing the overall strength of the stabilised soil. However, increasing the CSA content beyond the
optimum level did not result in further strength improvement. The mixture containing 9% CSA exhibited a slight reduction
in compressive strength compared with the optimum mixture, suggesting that excessive ash content may reduce the
efficiency of the stabilisation process. Overall, the results demonstrate that the combined use of RHA and CSA can
effectively improve the mechanical performance of soft kaolin clay. The optimum mixture identified in this study was
9% RHA and 6% CSA, which provided the most significant strength improvement. These findings highlight the potential
of utilising agricultural and marine waste materials as sustainable alternatives to conventional stabilisers in soil
stabilisation applications. Future research is recommended to further investigate the long-term performance and
microstructural characteristics of RHA-CSA-stabilised soils to better understand the underlying stabilisation
mechanisms.
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