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Abstract

This study investigates the potential of eggshell powder (ESP) as an eco-friendly soil stabilizer to improve the
geotechnical properties of soft clay soils. Soil samples were prepared by incorporating 0%, 3%, 6%, and 9%
ESP by dry weight, followed by 28 days of curing. A comprehensive experimental program, including Atterberg
limits, Standard Proctor compaction, and oedometer consolidation tests, were conducted. Results revealed that
the maximum dry density increased from 1530 kg/m* (0% ESP) to 1590 kg/m? at 9% ESP, while the optimum
moisture content declined from 22% to 16%, indicating enhanced compaction characteristics. The plasticity
index also reduced from 32 (0% ESP) to 18.7 (6% ESP), reflecting improved soil workability. Void ratio
decreased significantly under loading from 0.92 to 0.32 at 50 kPa with 9% ESP—demonstrating densification.
The compression index (Cc) dropped by 84% from 0.44 to 0.07 at 9% ESP, while the coefficient of
consolidation (Cv) increased from 2 m?/year to 8 m*/year at 100 kPa, indicating reduced compressibility and
accelerated settlement. These improvements are primarily due to pozzolanic reactions forming cementitious
compounds within the soil matrix. Overall, 9% ESP exhibited the most promising performance, suggesting its
viability as a cost-effective and sustainable alternative for soft soil stabilization in civil engineering applications.
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1 Introduction

Constructing buildings, highways, or other civil engineering structures on clayey soils is often challenging due
to their susceptibility to differential settlement and significant volume changes caused by compression or
swelling (Alzaidy, 2019). The behavior of clay is highly influenced by variations in water content, leading to
considerable shrink-swell potential. This shrinkage can negatively affect the soil's load-bearing performance
(Munirwansyah et al., 2019). Therefore, it is essential to improve properties such as bearing capacity and shear
strength while minimizing the soil’s volume change. Soil stabilization is a common technique used to improve
soil strength and decrease compressibility by binding soil particles together. This process enhances soil stability,
minimizes volume changes, and makes it suitable for construction. It is primarily applied when the existing soil
lacks the required engineering properties for the intended purpose, necessitating improvement. To achieve this,
various admixtures are incorporated to enhance the soil’s characteristics (Alzaidy, 2019). Conversely, chicken
eggshell is a waste byproduct commonly generated from domestic sources like poultry farms, hatcheries,
households, and fast-food outlets (Amu et al.,2005). Around 130 million tonnes of eggs are produced globally
each year (Ahmed et al., 2021). Dumping egg shell wastes in open fields leads to environmental pollution and
contributes to the spread of infectious diseases in the surrounding environment (Ejaz et al.,2010). Eggshells
become hazardous because of their organic content, attracting rats and worms, which then pose a public health
risk (Jayasankar et al., 2010).

On the other hand, derived as a waste product from the food industry, eggshell powder (ESP) is being
considered for incorporation into clay soils to improve their load-bearing capacity and strength characteristics
(Munirwan et al., 2019). The composition of Egg Shell Powder (ESP) mainly consists of calcium, magnesium
carbonate (lime), and proteins (Tocan,1990). In another research stated that an eggshell is composed of
approximately 94% calcium carbonate (CaCQOs), 1% calcium phosphate Cas(PO4)2, 1% magnesium carbonate
MgCOs, and 4% organic matter (Olivera et al., 2013; Laca et al., 2017), allowing it to serve as a substitute for
limestone (Shiferaw et al., 2019) to stabilize soil. The chemical similarity between ESP and lime-containing
materials suggests that ESP can effectively substitute them in soil stabilization applications, where lime is
typically preferred (Pliya and Cree, 2015). While the study examined the effects of ESP substitution on soil
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properties, the findings indicated that, at identical inclusion rates, lime produced superior shear strength
compared to ESP (Amu et al., 2005).

Numerous studies have explored soil stabilization by only with lime or partially replacing lime with eggshell
powder (ESP), but lime is comparatively costly. However, limited research has specifically examined the
effectiveness of using eggshell powder alone for soil stabilization particularly in the context of Bangladesh.
Therefore, to minimize soil stabilization costs and promote the sustainable reuse of eggshell waste, this research
investigates the effectiveness of eggshell powder as soil stabilizing agent to enhance the consolidation properties
of soft clay soils.

2 Materials and Methodology
2.1 Materials Collection and Preparation

2.1.1 Clay soils

This study was conducted on disturbed soil samples collected following the ASTM D420-87 standard
procedure. A pond area of approximately 5 m x 5 m was excavated to a depth of 2—3 meters. Loose materials,
debris, coarse aggregates, and surface vegetation were carefully removed from the top of the pit to ensure clean
sampling. Disturbed samples were taken from the bottom of the pit, sealed in large polyethylene bags, wrapped
in gunny sacks to prevent contamination and moisture loss, and then transported to the laboratory for further
testing.

Fig 2.1. Sample Clay Soil Powder Form Fig 2.2. Egg Shell Powder (ESP)

2.1.2 Egg Shell Powder

For this research, waste eggshells were collected from various sources, including households, hotels, and
restaurants, to ensure a representative mix of post-consumer waste. The collected eggshells were initially rinsed
with clean water to remove any adhering organic matter and impurities. Afterward, they were air-dried under
sunlight to reduce surface moisture. To ensure complete drying and eliminate any residual moisture, the sun-
dried shells were further oven-dried at a controlled temperature. Once dried, the eggshells were ground using a
mechanical grinder to produce a fine, homogeneous powder known as eggshell powder (ESP), which was
subsequently used in the experimental phase of the study.

2.2 Testing Procedure

The experimental program was initiated by thoroughly mixing the soil with varying percentages of Eggshell
Powder (ESP) as per the designated mix proportions. Water was then added to each mixture in accordance with
the required moisture content to ensure uniform consistency. After proper blending, a series of laboratory tests
were conducted to evaluate the physical and engineering properties of the ESP-stabilized soils.The physical
characterization included the determination of specific gravity (Gs), natural water content (w), liquid limit (LL),
plastic limit (PL), and particle size distribution. The Atterberg limits—Iliquid limit and plastic limit—were
determined using the Casagrande apparatus and standard rolling method, respectively. These tests were essential
for assessing changes in the soil’s consistency and plasticity due to ESP stabilization. To evaluate compaction
characteristics, the Standard Proctor Test was performed. This provided values for Maximum Dry Density
(MDD) and Optimum Moisture Content (OMC), both of which are critical for understanding the workability
and field compaction behavior of the treated soil.
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Subsequently, one-dimensional consolidation tests (oedometer tests) were conducted to determine the
compressibility behavior of the stabilized soils. From these tests, key parameters such as the compression index
(Cc), coefficient of consolidation (Cv), void ratio (e), and effective overburden pressure (p') were obtained. Each
test was performed for soil samples treated with 0%, 3%, 6%, and 9% ESP, and the curing period was
maintained at 28 days for all specimens. The results from these tests were analyzed to assess the impact of ESP
content on the mechanical and consolidation behavior of the soil under varying overburden pressures. The
obtained physical properties of the ESP-stabilized soils are presented in Table 1.

Table 1. Soil Properties with different percentages of ESP

Test Parameters 0% ESP 3% ESP 6% ESP 9% ESP

Specific Gravity 2.62 2.75 2.25 2.35
Liquid Limit 67 64.5 55.6 63.2
Plastic Limit 35 37.1 36.9 31.95
Plastic Index 32 27.4 18.7 31.25

Table 1 summarizes the key geotechnical properties of soil treated with varying percentages of Egg Shell
Powder (ESP: 0%, 3%, 6%, and 9%). The specific gravity exhibited a peak at 3% ESP (2.75), followed by a
decline with higher ESP content. The liquid limit showed an overall decreasing trend from 67% to 55.6% up to
6% ESP, after which it increased. The plastic limit exhibited minor fluctuations across the treatment range.
Notably, the plasticity index significantly decreased from 32 at 0% ESP to 18.7 at 6% ESP, indicating a
substantial reduction in soil plasticity, before increasing again to 31.25 at 9% ESP. These results suggest a non-
monotonic behavior of geotechnical properties with increasing ESP content.

3 Results and Discussion:
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Figure 3.1. Dry Density vs Moisture Content graph at varying percentages of ESP

Figure 3.1 illustrates the Standard Proctor compaction curves for soils stabilized with varying percentages of
Eggshell Powder (ESP). The graph represents the relationship between dry density (kg/m*®) and water content
(%), highlighting the influence of ESP on compaction characteristics. A distinct trend is observed wherein the
maximum dry density (MDD) increases with increasing ESP content, rising from approximately 1530 kg/m? for
untreated soil to around 1590 kg/m® at 9% ESP. Simultaneously, the optimum moisture content (OMC)
decreases substantially, reducing from about 22% at 0% ESP to nearly 16% at 9% ESP. The compaction curves
also become progressively flatter with higher ESP content, suggesting an extended moisture range over which
near-optimal densities can be achieved. This improved compaction behavior is attributed to pozzolanic reactions
induced by ESP, which generate cementitious products that enhance particle bonding, reduce void spaces, and
lower water demand. Consequently, ESP addition improves the compact ability and workability of the soil.
These findings confirm that ESP not only enhances maximum dry density but also enables efficient compaction
at reduced moisture levels an important consideration for field construction practices, particularly in moisture-
sensitive environments.
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Fig 3.2. Determination of Compression Index from Void Ratio-Effective Stress Relationship

Figure 3.2 depicts the relationship between void ratio (e¢) and logarithmically-scaled effective stress for the soil
sample. The graph shows a characteristic compression curve, where void ratio decreases non-linearly as
effective stress increases. The initial void ratio is approximately 0.83. As effective stress rises, the void ratio
declines sharply initially, particularly within the lower stress range, indicating high compressibility. The rate of
decrease gradually lessens at higher stresses (>100 kPa), demonstrating reduced compressibility as the soil
skeleton densifies. The curve flattens significantly beyond approximately 100 kPa, approaching a void ratio of
about 0.48 at 600 kPa. The slope of the linear portion of this semi-log plot represents the compression index
(Cc), a key parameter quantifying the soil's compressibility. The pronounced curvature, especially in the low-
stress region, suggests the soil is normally consolidated or slightly over consolidated within this stress range.
This behavior is typical of soft to medium clays or organic soils undergoing primary consolidation, where
increasing effective stress expels water and collapses the soil structure, leading to a significant reduction in void
volume. The data is essential for predicting settlement under foundation loads.
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Fig 3.3. Cc—log p Relationship of Stabilized Soils with Varying ESP percentages and Overburden Pressures at
28 Days of Curing

Figure 3.3 presents the variation of the compression index (Cc) with respect to axial pressure (kPa) in log scale
for soil samples treated with 3%, 6%, and 9% Eggshell Powder (ESP) after 28 days of curing under different
overburden pressures (0, 10, 30, and 50 kPa). The x-axis shows the axial pressure ranging from 10 to 1000 kPa,
while the y-axis displays the corresponding compression index, Cc. Across all ESP contents, Cc values increase
gradually with increasing axial pressure, indicating enhanced compressibility at higher stress levels. However,
the overall magnitude of Cc decreases significantly with increasing ESP content. At 3% ESP, the highest Cc
values (~0.44) are recorded under 50 kPa overburden, whereas at 9% ESP, the Cc drops to as low as ~0.07 under
similar loading, reflecting improved soil stiffness and reduced compressibility. Furthermore, for a given ESP
content, increasing overburden pressure leads to a marginal rise in Cc, which may be attributed to the stress-
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dependent structure of stabilized soils. The most notable trend is the consistent downward shift in all curves
with increasing ESP content, confirming the effectiveness of ESP in enhancing soil structure and reducing its
compressibility. These findings emphasize ESP's potential as a sustainable soil stabilizer.
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Fig 3.4. Effect of Overburden Pressure on e—log p Relationship of 9% ESP-Treated Soils at 28-Day Curing

Figure 3.4 illustrates the e—log p relationship for soil stabilized with 9% Eggshell Powder (ESP) after 28 days of
curing, under varying overburden pressures (0, 10, 30, and 50 kPa). The x-axis represents the axial pressure in
kPa on a logarithmic scale, while the y-axis denotes the void ratio of soil. Across all conditions, the void ratio
exhibits a consistent decreasing trend with increasing axial pressure, indicating typical compressive behavior.
Notably, at 0 kPa overburden, the maximum void ratio (~0.92) is observed, reflecting the loosest state of the soil
matrix. In contrast, the lowest void ratio (~0.32) occurs under 50 kPa, demonstrating increased densification due
to enhanced confinement. The downward shift and steepening of the curves with increasing overburden pressure
suggest improved compressibility resistance and soil structure rigidity. This behavior highlights the beneficial
role of overburden pressure and curing in promoting particle bonding and matrix stability. Overall, the results
confirm that 9% ESP-treated soil, especially under higher confinement, exhibits improved structural
performance suitable for geotechnical applications.
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Fig 3.5. Cv—log p Behavior of ESP-Stabilized Soils under Varying Overburden Pressures at 28 Days

Figure 3.5 illustrates the relationship between the coefficient of consolidation (Cv) and logarithmically-scaled
axial pressure for soils stabilized with varying percentages of Egg Shell Powder (ESP: 0%, 3%, 6%, 9%). The
data, obtained under a constant 50 kPa overburden pressure after a 28-day curing period, exhibits a clear inverse
trend: Cv (measured in m*/year) decreases significantly as axial pressure increases from 100 kPa to 1000 kPa for
all ESP contents. Crucially, the addition of ESP markedly enhances consolidation properties. At any given axial
pressure, Cv increases substantially with higher ESP content. Notably, at 100 kPa, Cv rises from approximately
2 m?/year for untreated soil (0% ESP) to about 8 m*year for soil stabilized with 9% ESP. This demonstrates
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ESP's effectiveness in accelerating consolidation, particularly at lower pressures. However, the rate of Cv
improvement diminishes between higher ESP increments (e.g., 6% to 9%) as pressure increases, indicating that
the relative benefit of additional stabilizer reduces under higher loads. The enhanced Cv is attributed to ESP-
induced pozzolanic reactions improving soil structure, reducing permeability, and increasing stiffness, thereby
facilitating faster drainage and settlement. This highlights ESP's potential for improving consolidation in
foundation soils, especially under moderate loading conditions.

5 Conclusion

Based on the above results and discussion, the following key conclusions can be drawn:

o ESP significantly enhances soil compaction properties, as evidenced by increased maximum dry
density and reduced optimum moisture content with higher ESP content, facilitating efficient field
compaction.

e The void ratio decreases consistently with increasing pressure and overburden, especially for 9% ESP-
treated soils, indicating improved compressibility resistance and soil matrix densification.

e Compression index (Cc) is notably reduced with increasing ESP content, confirming that ESP
improves soil stiffness and reduces long-term settlement under load

e The coefficient of consolidation (Cv) increases substantially with ESP addition, particularly at lower
axial pressures, indicating accelerated consolidation behavior and faster drainage in stabilized soils

e Overall, 9% ESP was found to be the optimal dosage, providing the best performance across
compaction, compressibility, and consolidation parameters, thereby confirming ESP's potential as a
sustainable and effective soil stabilizer for geotechnical applications.
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