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ABSTRACT: Australia is among the top egg-producing nations, with an annual output
exceeding 4 billion eggs. The resulting eggshell waste poses a significant environmental issue
as it often ends up in landfills. This problem can be mitigated by converting eggshells into
eggshell powder (ESP) for use as a soil-stabilizing agent. Due to its high calcium oxide
content, ESP shows promise as a pozzolan for stabilizing expansive soils. This research
presents a proposed innovative method to improve lime stabilization effectiveness in
expansive soils by incorporating different percentages of eggshell powder. An experimental
program is carried out to explore the influence of ESP and hydrated lime on the strength
properties of expansive soils with high plasticity and swelling potential. Soil samples,
composed of kaolinite, bentonite, and Sydney fine sand, were subjected to extensive
geotechnical tests, including conductivity, Atterberg limits, shrinkage limits, compaction,
unconfined compressive strength (UCS), shear strength, and swelling potential tests. The
study found that a mix of approximately 5% lime and 5% ESP effectively improved soil
characteristics for subgrade applications, evidenced by increased UCS and shear strength, and
reduced plasticity and swelling potential. This research yields valuable insights into assessing
the potential applications of eggshell powder in geotechnical engineering contexts. Eggshell
powder can be tailored to ameliorate the strength and stabilization attributes of expansive soils
in regions where optimal subgrade performance is overlooked. A circular economy analysis
indicates that repurposing eggshell waste can yield environmentally sustainable raw materials
while alleviating landfill pressure.
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1. Introduction

Expansive soil refers to a type of soil containing a large amount of fine clay particles,
which can change volume when the water content rises. These soils exhibit low bearing
capacity and swell or shrink in response to changing ambient moisture levels. The extent of
displacement, transitioning from swelling to collapsing, can be substantial. This movement
may widen gaps in the unsaturated soil beneath, leading to additional pressure exerted on
the civil structures above such as road pavements. The phenomenon of widening cracks
becomes noticeable when stresses surpass the strength capacity of the highway subgrade or
slab foundations, resulting in damage to the superstructures. The swelling and shrinkage
properties of expansive soil are recognized as a crucial factor that poses a risk to the
foundations of various civil structures, including pavements, highways, lightweight
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buildings and canals [1,2,3]. The rate of swelling and shrinkage varies according to the
amount of montmorillonite in the soil. In contrast, kaolinite clay minerals generally exhibit
a comparatively lower ability to exchange cations. The main component of sand is non-
reactive quartz particles. Neither kaolinite nor sand contribute to the reduction of shrink-
swell. A mixture of montmorillonite, kaolin, and a small fraction of sand was used to
simulate the traits of expansive soil found at construction sites [4]. Pavements, bridges,
light buildings, seaports, and rail tracks are susceptible to these characteristics, threatening
their stability. Cracks and deformation damage are frequently experienced by buildings
constructed on expansive soils. An estimated 25% of the total damage to houses is
attributed to expansive soil in the subgrade, as reported by the American Society of Civil
Engineers. While in the UK, the Association of British Insurers (ABI) estimates that
expansive soils cause more than £400 million in damage annually, making it the most
destructive geographical risk [5,6]. In Australia, expansive soils cover 20% of the land,
affecting six out of eight of the country’s largest cities [1,7]. The impact of this issue is
substantial, as it affects a large number of homes, and accounts for a significant portion of
housing insurance claims. As explained by [8], during hot summers, there is a surge in
such claims, highlighting the severity of the problem during extreme weather conditions.

Due to the widespread presence of expansive soils throughout Australia, significant
amounts of money are consistently required for structural maintenance to address issues
such as shrinkage, swelling, and collapse of structures. The technique of chemical
stabilization is commonly used to improve the physical and mechanical properties of
expansive soils and decrease their compressibility. This involves adding various substances
such as lime, cement, and other additives, as stated in research conducted by [9,10]. Lime
stabilization, in particular, has been very successful in stabilizing fine-grained soils with
high expansiveness, as indicated by several extensive studies, including those by
[11,12,13,14,15]. Recently, reusing solid waste in various areas of civil engineering has
become a prominent focus of solid waste management. The management of solid waste
through the use of different approaches has become a field of study. One of the ways to
effectively reuse solid waste is through soil stabilization. In addition, researchers have
investigated various types of solid waste to determine their effectiveness in enhancing soil
strength. Solid waste can be classified into different categories, including agricultural,
industrial, marine, construction, mineral, and domestic waste, depending on the source of
generation [16,17,18,19,20]. Household wastes such as domestic wastes, eggshell powder
(ESP), glass cullet, tyre rubber, and waste carpet fibres are commonly used to improve soil
strength and reduce problems related to expansive soil swelling and shrinkage [21,22,23].
However, it has been found that adding domestic waste to expansive soil does not always
increase soil strength, and only a small increase is observed when the content is high [24].
Researchers have turned to lime stabilization combined with domestic waste by-products
to address this issue. They have suggested ESP as a secondary supplement due to chemical
similarities. However, there has been very little research on the combination of ESP and
hydrated lime for stabilizing expansive soil, so further investigation is necessary to
determine the appropriate doses for soil treatment and better understand the behaviour of
these substances and the soil.
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Using ESP as a rich source of calcium carbonate (CaCO3) has the potential to yield
advantages both in terms of environmental and financial considerations. By utilizing ESP,
waste can be managed effectively, and low-cost building materials can be produced, which
improves environmental sustainability [25]. Previous studies have shown that ESP can be
used in various civil engineering applications, including concrete production, ecological
applications, and soil stabilization [26]. However, despite its similar composition to
hydrated lime, there have been few studies on using ESP for soil stabilization
[27,28,29,30,31,32]. One study conducted by Amu [27] explored the potential of ESP as a
replacement for lime in soil stabilization. They also determined that the optimum lime to
ESP ratio for soil stabilization is 3 to 4%. In contrast, a study [29] focused on using only
ESP without lime, and they found that the optimal proportion of ESP for treating expansive
soil was 3%. Meanwhile, Barazesh et al. [14] research explored the impact of ESP on
expansive soil plasticity. They discovered that the ideal amount of ESP should be more
than that, up to 16%. Additionally, in their previous research, Nyankson [30] investigated
the shrinkage-swelling properties of expansive soils treated with lime and ESP. Walia [33]
conducted research on compaction properties and California-bearing ratio values of clay
soils by adding a mixture of ESP and quarry dust. Paul also studied this combination and
found that the optimum values of shear properties and compressive strength are achieved
when 20% ESP is mixed with 30% quarry dust [34]. Olarewaju compared the use of ESP
and cement as stabilizers in laterite soils [31]. They concluded that using 8% ESP has an
effect similar to using 2% cement in terms of Atterberg and CBR limits. Previous studies
have shown that either alone or with additives, the ESP can effectively improve stabilized
soils’ strength and plasticity properties. Literature on using ESP with lime to stabilize
expansive soils is scarce, and adequate geotechnical tests haven’t been conducted to study
the impact of this combination on soil behaviour.

This paper presents the findings of an ongoing feasibility study aiming to investigate the
engineering properties of expansive soil through the addition of various contents of
eggshell powder and hydrated lime. To predict the optimal lime percentage, initial
electrical conductivity (EC) measurements were conducted, followed by a comprehensive
set of geotechnical tests. The research involved conducting various geotechnical tests,
including Atterberg limits, linear shrinkage, unconfined compressive strength (UCS), shear
strength, and swelling potential. In addition, the economy of using eggshell powder and
hydrated lime was studied by calculating the variation of flexible pavement thickness with
cumulative traffic based on the guidelines provided in [35]. This study will aim to build
upon existing research in exploring these variables, their interaction with each other, and
their influence on soil expansivity. To ensure consistency and to obtain comparable results,
an artificial soil with homogeneous properties was used in this experimental program [36].

2. Materials
2.1 Expansive Soil

The materials used in this study will be discussed in the following sections.
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2.2 Eggshell Powder (ESP)

This paper uses the ESP obtained from the convenience store Restaurant Food Supply in
New South Wales, Australia. The powder was thoroughly rinsed to eliminate all organic
materials and dried in an oven at 110°C. Eggshells were pulverized in a mill and passed
through a 75-micrometre sieve to increase their surface area and enhance the effectiveness
of chemical reactions. A series of geotechnical experiments were conducted, employing
finely crushed eggshell powder to improve the characteristics of stabilized soils in
conjunction with hydrated lime. An X-ray fluorescence machine was used to examine the
chemical composition of the ESP, revealing that calcium oxide was the dominant
component, as shown in Table 2. This high calcium oxide content is due to the presence of
calcium carbonate, which constitutes a significant portion of eggshells. The ESP used in
the geotechnical tests had an average natural moisture content of 1.7% and a specific
gravity (Gs) of 2.4. Moreover, the ESP showed approximately 1.5% linear shrinkage,
suggesting minimal shrinkage. The sieving analysis with Cu=1.7 and Cc=0.96 categorizes
ESP as SP-SM according to ASTM-D2487-11 (1998), while the Australian standard
(AS1726) places eggshell powder in the CL-ML category.

2.3 Hydrated Lime

This study utilized industrial hydrated lime, commonly utilized to stabilize fine-grained
soils and denoted by the symbol L. This particular lime was procured from Adelaide,
Australia, and Cement Australia provided the packages. The chemical composition of the
lime indicates high quality, with approximately 75-80% of calcium hydroxide. To prevent
moisture exposure, the lime powder was stored in sealed bags. Further details about the
ESP and hydrated lime are available in Table 1.

Table 1 Physical properties and chemical composition of ESP and hydrated lime

Physical properties Chemical composition
Property Value Components Content (%)
ESP Lime ESP Lime
Specific gravity 24 2.2-2.3 Ignition loss 3% 2.4%
Bulk density (kg/mq) 700-800  400-600 CaO 47.5 72.0
pH 7.8 12.0 SiOz 0.11 1.8
Al>Os - 0.5
Fe 03 Traces 0.6
MgO - 1.0
SOs 0.38 -
K20 - -
Na,O 0.14 -
CO, - 25
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2.4 Summary of Studied Materials

The main geotechnical and physical properties of three materials, expansive artificial
soil eggshell powder, and hydrated lime, are summarized in Table 2. According to Table 2,
the specific gravities of ESP and hydrated lime are significantly lower than that of the
studied soil.

Table 2 Physical properties of testing materials

Properties Manufactured Eggshell powder Hydrated lime
expansive soil (ESP)
Ambient moisture: % 4 1.7% 1.4%
Liquid limit: % 155 - -
Linear shrinkage: % 21.23 1.5 0
Plasticity index: % 124 - -
Specific gravity, Gs 2.69 2.4 2.3
Free swelling ratio: % 60 0 0
Plastic limit: % 31 -
Optimum moisture content, OMC: % 28.80 16 -
Maximum dry density, MDD: Mg/m?3 1.323 0.854 -
Soil classification (USCS symbol) CH SP SP

3. Esting Methodology
3.1 Mixing Procedure

To prepare the soil samples, a mechanical mixer was utilized to blend the artificial soil,

hydrated lime, and different amounts of ESP proportional to the total dry weight of the
soil. Table 4 shows the binding properties details. Mechanical mixing and hand-mixing
were used to ensure that a uniform mixture was obtained for all specimens. Furthermore,
lime was used as the primary stabilizer in this study, while ESP was used as the secondary
additive to examine the effects of lime and ESP on expansive soil engineering properties.
The most efficient method for minimizing eggshell waste in the environment involves
employing ESP as a stabilizer to enhance the strength of expansive soil. As part of the
experimental investigation, artificial soil samples were created by eliminating gravel-sized
particles from the soil.
Numerous electrical conductivity (EC) tests and literature analyses [37] determined that a
minimum lime content of 5% was required for modifying soil properties. The soil particles
with sizes smaller than 2.36 mm were combined and treated with 5% lime, serving as the
control sample for other lime and ESP combinations. For untreated expansive soils, the
MDD achieved was 13.2 kN/m3 and the OMC was 29%. In order to evaluate the effect of
additive content on the maximum dry density of treated soil mixtures, the optimum
moisture content of 29% was applied to other additives and soil combinations.
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Table 3 Physical properties of testing materials

Properties Soil  Soil + (5%)  Soil + (5%) Soil + (5%) Soil + (5%) Soil + (5%)
Lime Lime + Lime + Lime + Lime +
(5%) ESP (10%) ESP (15%) ESP (20%) ESP
Plastic Limit (%)  30.9 46.9 48.8 50.9 54.2 53.2
Liquid Limit (%) 154.9 114.9 95.9 915 88.5 85.1
Plasticity Index ~ 124.0 68.0 47.1 40.6 34.3 29.9
(%)
Linear Shrinkage = 21.2 15.21 13.52 12.35 10.98 10.50
Maximum Dry
Density (t/m?3) 1.32 1.30 1.24 1.23 1.21 1.19
Optimum
Moisture Content  29.0 32.8 334 33.6 33.7 33.9
(%)

3.2 Conductivity Tests

The Schematic diagram of the electrical conductivity (EC) test set-up used in this study is
presented in Figure 1. In this diagram, the EC probe is placed at the centre of a 400-mL
vessel, which is heated by an AREC.X ceramic digital heating magnetic stirrer. During the
EC test, the temperature is controlled at 25 or 40°C and stirring velocity is set at 800
rounds per minute (rpm). A convex glass with a curving angle of around 20° is placed at
the bottom of the vessel to avoid grinding powder from stirring of bar. The stirring rotation
of 800 rpm is fast enough to keep the bar balanced on the top of the glass and to evenly stir
the solution. Therefore, the experimental setup is designed to preserve the original form of
the material so that the test can reveal its true electrical behaviour. The value of electrical
conductivity is then displayed on the screen of the conductometer, which is a shot by a
fixed camera in a time-lapse manner, presented in Figure 1.

Camera
-

Conductivity

Conductimeter

———

Fig.1 Equipment used for electrical conductivity test

3.3 Atterberg Limits

In accordance with AS 1289.3.2.1 (2009), Atterberg Limit tests were conducted on the
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control materials, which included the artificial soil and its combinations. Liquid Limit (LL)
tests were carried out on all the proposed binder combinations. The liquid limit tests were
completed in accordance with AS 1289.3.9.1 (2015), via the fall-cone method, where each
result was obtained from a total of 4 data points.

3.4 Linear Shrinkage Tests

According to AS-1289.3.4.1-2008 (2016), shrinkage limit tests were conducted. In order
to determine the Atterberg limits and linear shrinkage of disturbed soil samples, AS
1289.1.1 (2001) was followed. Initially, the shrinkage moulds were greased, and then wet
soil (close to the liquid limit) was placed in the mould. The air bubbles in the mould were
removed during the filling process. Both untreated and treated artificial expansive soil
samples were tested for linear shrinkage.

3.5 Compaction Tests

Standard compaction tests were conducted on untreated soil as well as soil treated with
lime and ESP to determine the maximum dry density (MDD) and optimal moisture content
(OMC). The procedure adhered to the guidelines specified in (AS-1289.5.1.1, 2003),
involving the addition of different proportions of water to the untreated soil. The water was
thoroughly mixed with the soil mixtures in an orderly and well-distributed manner. In
order to reduce disruptions during the extrusion process, a thin coating of lubricant was
applied to the inner surface of the mould. Subsequently, the soil was placed in a cylindrical
metal mould with dimensions of 105 mm x 115.5 mm. The soil samples were compacted
in three layers according to AS 1289.5.1.1 (2017). Each layer was subjected to 25
uniformly distributed blows from a freely falling rammer positioned at a height of 300 mm.

3.6 Unconfined Compressive Strength Tests

The unconfined compressive strength (UCS) tests were carried out and completed in
accordance with AS 5101.4 (2008). Prior to compaction, the inner wall of each mould,
within which the prepared soil was placed, was coated with silicon grease. The moulds
were in the dimensions of 100 mm (length) x 50 mm (diameter). The prepared samples
were compressed and constrained within each mould, in three even layers, before being
wrapped and cured in a desiccant for 7 days and 28 days. The UCS tests were carried out
in a loading frame and recorded the stress and strain experienced by each sample.

3.7 Direct Shear Tests

A direct shear experiment was conducted in accordance with the AS 1289.6.1.1-2012
protocols. Rectangular specimens measuring (60x60x20) mm were utilized in the
experiment, operating under fully drained conditions. To assess the shear strength
parameters (c' and ¢') effectively, a controlled strain rate of 0.1 mm/min was employed
along with normal stresses of 100, 200, and 300 kPa. Based on the standard compaction
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test, samples were prepared by sectioning the mould at the OMC.

3.8 Swelling Ratio Tests

A one-dimensional swell test was conducted to determine the swelling potential of both
unstabilized and stabilized soil samples. This test adhered to the guidelines of the
Australian standard AS 1289.6.1.1-2012. Prepared soil samples, adjusted to reach their
respective (MDD) and (OMC), were meticulously shaped to fit within a 63.5 mm diameter,
19 mm high oedometer ring. These prepared samples were then placed within the
oedometer device, and the swelling test was initiated. The specimens were subjected to a
light stress of 6.9 kPa, and the swelling process continued until full expansion was
achieved.

4. Results and Discussion
4.1 Electrical Conductivity Evolution of Esp-Lime Combinations

Figure 2 depicts the change in electrical conductivity of expansive soil solution with
hydrated lime and eggshell powder at different contents ranging from 5% to 20%.
Referring to Figure 2, the addition of eggshell powder to the solution resulted in a decrease
in conductivity, with a greater reduction observed as more ESP was added. In other words,
the inclusion of ESP facilitated a greater loss in conductivity of the treated solution. When
comparing the examined ESP ratios, it was observed that a 5% ESP had the smallest
decrease in conductivity among the surveyed percentages, while a 20% ESP showed the
most significant reduction in conductivity.

—=— 5% Lime_ 1h
8 o —o— 5% Lime_ 2h
—&— 5% Lime_ 12h
¥— 5% Lime_ 24h
#— 5% Lime_ 4d
+— 5% Lime_ 7d
»— 5% Lime_ 14d
—&— 5% Lime_ 21d
*— 5% Lime_ 28d

Conductivity (ms/cm)
w

Eggshell powder content (%)

Fig.2 Evolution of electrical conductivity of soil solution with 5% hydrated lime and different content of
eggshell powder
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4.2 Atterberg Limits of Esp-Lime Combinations

Liquid limit (LL) is an important parameter to evaluate soil electrical reactivity. The
liquid limit measured across different mixtures is shown in Figure 3. It is obvious that
adding binders, such as lime and eggshell powder, significantly reduces the liquid limit. A
comparison of the LL values between untreated soil and soil treated with 5% lime shows
that the addition of 5% lime results in a lower LL, 114.9% in LL with 5% lime addition. A
further decrease in LL values of 95.9% was observed when 5% eggshell powder was added
to lime-treated soils. The decrease in LL values with the addition of lime and ESP can be
attributed to the fact that ESP acts as a binder, which reduces the ability of the soil to hold
water. This reduces the amount of liquid held in the soil, resulting in lower liquid limits
[38]. A 20% eggshell powder addition resulted in a significant decline in the LL, lowering
it to 85.1%. According to [34], this is an indication of improved soil structure, as the liquid
limit is an important indicator of soil compaction.

Soil = Limes { o) — EEP 2% o I B5.12
Soil = Lims { Po) — E&P 15% 4 ]
Soil = Limes { P4) — E5P 10% o o133
Soil = Lime (3%) = ESP 5% 03EE
Sodl = Lime {5%) — ESP %t 114.2 R
e ———
I S:I -1:1 :.‘:: EI{ 1I J 1_'I‘-I 1-1I ] 1 :I
Ligquid Limit (%)

Fig.3 Liquid limit measured across different mixtures
4.3 Linear Shrinkage of Esp-Lime Combinations

The incorporation of lime (5%) into the soil led to a notable reduction in linear
shrinkage. However, the addition of ESP further influenced linear shrinkage. The decrease
in swelling recorded with the addition of lime is in alignment with the findings of Hasan
[46], who also found a similar change in the magnitude of LS with the addition of lime.
ESP combined with lime reduces swelling more effectively since eggshell powder provides
calcium (Ca?") cations necessary for cation exchange and flocculation [39,24].
Additionally, this reduction is also attributed to the non-expansive binder replacing the
expansive clay. Figure 4 illustrates the results of linear shrinkage testing.
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Linear shrinkage (%)

Fig.4 Linear shrinkage values of tested materials for a 7-day curing period

4.4 Compaction Properties of Esp-Lime Combinations

The alterations in maximum dry densities (MDD) and optimum moisture contents
(OMC) for all soil, eggshell powder, and lime mixtures are shown in Figure 5. As a result,
all the maximum dry densities of the treated soil were lower than those of the untreated
expansive soil. The decrease in maximum dry density of treated soil mixtures can be
attributed to various factors, which explained [40]. ESP has a lower specific gravity than
untreated artificial expansive soil, which may be a contributing factor. Furthermore, the
exchange of cations between clay particles and additives also contributes to the formation
of coarser particles, a process called flocculation and agglomeration. In general, a higher
dry density indicates that the soil is more suitable for construction applications. However,
in the case of expansive soils, a higher dry density often indicates a greater tendency to
swelling [41]. It should also be noted that the presence of small air voids on the surface of
the powder could also contribute to a reduction in MDD for soil treated with lime and ESP.

Figure 5 depicts that the addition of eggshell powder and 5% lime to the untreated soil
increased the optimum moisture content. It was noticed a gradual increase in the optimum
moisture content when eggshell powder was added from 5% to 20%. The reason for this
increase is the porous nature of eggshell powder, which increases its absorption capacity.
Consequently, an increase in the ESP content causes higher water hydration of the mixture
and thereby an increase in the water demand in the system.

13.2 T T T T T T T T 34.2
12.8 4
12.6 4
12.4
12.2 4

12
11.84
11.6 4
11.44
11.24

Maximum Unit Weight (kN/m3)

-2 0 2 4 6 8 10 12 14 16 18 20 22
ESP (%)
Fig.5 Variations in maximum dry unit weight and optimum moisture content with increasing ESP content
during 5% lime stabilization

10
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4.5 Unconfined Compressive Strength Testing Results

Various admixtures were tested for their compressive strength. Three tests were
performed on each identical sample. In order to test the variability of the compressive
strength of the mixtures over time, compressive strength tests were carried out for the
artificial soil, soil with lime (5%), and soil with both lime and ESP; samples of each
mixture were cured for 7 and 28 days. Figure 6 provides testing results along with the
standard deviation for each set of tests. The curing period allows the mixture to develop
significant strength. The most salient observation from the unconfined compressive
strength (UCS) testing phase, as observed in Figure 6, is the increased strength recorded
for the mixture containing 5% ESP compared to the soil and lime mixture. A significant
difference observed between curing times is that the addition of ESP accelerates the
strength gain of lime-treated soil. After 7 days of curing, the strength increased by
approximately 10% and by over 15% after 28 days. These results meet and exceed the
UCS requirements for lime-stabilized soil stipulated by Austroads [42]. The trend in
accelerated strength gain is substantiated by [43] who note that the addition of ESP to
lime-treated soil results in increasing strength with time for the mixture. However, a
sudden decline in UCS values was observed as the ESP content increased from 10% to
20%. This is attributed to the fact that the bond between the clay particles was weakened
by the excessive addition of free particles from ESP. Nevertheless, these values remained
higher than the UCS values for untreated soil.

650 - L 1 L 1 L 1 L 1
600 _- —l— 0% Lime at 7 curing of days ]
] —@— 0% Lime at 28 curing of days
550 - —&— 5% Lime at 7 curing of days a
J —¥— 5% Lime at 28 curing of days ]
—~ 500 + 4
© 4 i
< 450 4 -
R ] 4
wn . .
%) 400 ] ]
> 350 - -
300 + —
250 + —
200 -y T T T T T T T T
0 5 10 15 20

Eggshell powder (%)
Fig.6 Unconfined Compressive Strength testing for samples cured for 7 and 28 days
4.6 Shear Strength Parameters of Esp-Lime Combinations

The results of shear strength tests are depicted in Figure 7. This study examined shear
strength parameters, including cohesion and the internal angle of friction. It is noteworthy
that there was a clear increase in both cohesion and the internal friction angle for the ESP
plus 5% hydrated lime stabilized soil samples, as the eggshell powder content was around
5%. This suggests that increasing the quantity of eggshell powder up to this level has a
beneficial impact on the enhancement of these parameters. Figure 7 presents the variation
in cohesion with ESP-5% lime content after 28 days of curing. Based on the results, the

11
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cohesion increased from 127 kPa in the case of 5% lime-stabilized soil to 136 kPa in the
case of 5% lime combined with 5% eggshell powder. However, a sudden decline in
cohesion values was observed when the ESP content increased from 10% to 20%. The
highest cohesion value, at 136 kPa, was observed when using a combination of 5% lime
and 5% ESP content. This signifies a 7% increase in cohesion compared to soil stabilized
with only 5% lime. The change in internal friction angle with ESP-5% lime content after a
28-day curing period appears similar to the change in cohesion. The angle of internal
friction was improved by about 14% (from 34.5° to 39.4°) with the addition of a
combination (5% lime+5% ESP) to the expansive soil.

145 : : : ‘ : ‘
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Fig.7 Shear strength parameters of soil samples treated with ESP and 5% lime after a 28-day curing period
4.7 Swelling Potential of Esp-Lime Combinations

Figure 8 illustrates the changes in swelling potential observed in soil samples stabilized
only with ESP and those stabilized with a combination of ESP and lime after 28 days of
curing. In the case of ESP-only stabilization, it was observed that the swelling ratio
reduced from 69.57% for the untreated soil to 14.13% in the soil treated with 20% ESP.
This can be attributed to the presence of calcium ions within the eggshell powder, which
can promote the aggregation of clay particles, thereby diminishing their propensity to
undergo expansion and contraction. As a result, the soil structure is stabilized and its
swelling potential is decreased [44]. Additionally, when 5% lime is added, a noteworthy
reduction in swelling potential occurs as the ESP content increases. The swelling potential
decreases from 12.33% in the soil that is only stabilized with 5% lime to 0.4% in the soil
that is stabilized with a mixture of 5% lime and 20% ESP.

12
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Figure 1 Variation of the swell ratio of stabilized soil samples after 7 days of curing (a) without lime and (b)
with 5% lime

4.8 Economy of the Stabilization

To examine the economic feasibility of stabilization, a flexible pavement has been
engineered to accommodate cumulative traffic loads of 105, 106, 107, and 108 ESA
(Equivalent Standard Axles), in accordance with the Austroads 2017 guidelines. According
to Austroads 2017, the pavement thickness was determined for the unstabilized and
stabilized soil with the combination of (5%Ilime+5%ESP) according to CBR values [43].
Figure 9 shows pavement thickness variation with cumulative traffic. It can be seen from
this figure that the pavement thickness varies from 200 mm to 340 mm for unstabilized soil
and from 100 mm to 210 mm for stabilized soil for cumulative traffic 105-108. It can be
seen from the figure that the pavement thickness of the unstabilized soil is more than the
pavement thickness of stabilized soil for all traffic intensities considered.
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Figure 9 Variation of pavement thickness with cumulative traffic

According to CBR values for stabilized and unstabilized soils, Figure 10 shows the
percentage reduction in pavement thickness with cumulative traffic. This illustrates the

13
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economic benefits of using stabilized soil (treated with 5% lime + 5% ESP) in place of
unstabilized soil in the construction of flexible pavements.

504 [ Reduction in pavement thickness| |
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Reduction in pavement thickness (%)
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Figure 10 Reduction in pavement thickness (%) with cumulative traffic

5. Conclusions

This feasibility study has provided valuable insights into the effectiveness of ESP and lime
mixtures in stabilizing expansive soils. Through a comprehensive series of geotechnical
tests, promising results indicating the potential of this method for mitigating the
detrimental effects of expansive soils on infrastructure were observed. In the context of
sustainability and the circular economy, the effectiveness of the mixture was also
discussed. Testing results have enabled the following conclusions to be drawn from the
study:

¢ Introducing hydrated lime and ESP to soil mixtures changes the state of expansive soil
from fat clay (CH) to elastic silt (MH) by reducing the liquid limit and increasing the
plastic limit.

e According to the findings from the electrical conductivity tests, it was determined that a
lime content of approximately 5% hydrated lime could be considered as the desired
amount for stabilizing expansive soils. Additionally, an additive mixture consisting of
5% hydrated lime and 5% eggshell powder was determined to be effective for
stabilizing expansive soils.

e The liquid limit of the mixture decreases proportionally as the eggshell powder content
increases.

o The linear shrinkage of stabilized soils using ESP and lime was considerably enhanced
compared to soils treated with eggshell powder or hydrated lime alone.

e Combining hydrated lime and eggshell powder with expansive soil leads to a decrease
in the maximum dry density and an increase in the optimum moisture content of the
treated mixtures, consistent with previous studies.
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A slight increase in unconfined compressive strength (UCS) was observed as curing
time increased. In comparison with soils stabilized only with eggshell powder or
hydrated lime, soils stabilized with ESP and lime developed greater strength.

e For the direct shear tests, it can be concluded that the most effective combination of
ESP and hydrated lime for enhancing the strength of the soil samples is approximately
5% for each, relative to the dry soil weight.

e The swelling potential tests indicate that eggshell powder-lime treatment is more
efficient in reducing soil swelling compared to the eggshell powder-only method.

e In the experimental study, eggshell powder alone had only a marginal effect on the
geotechnical characteristics of stabilized expansive soils. However, at low content,
hydrated lime combined with ESP significantly influenced the main engineering
properties of expansive soils, such as shrinkage and strength.

e This study provides a detailed understanding of the application of domestic waste (ESP)
as a stabilizer component for road subgrade stabilization, where high performance is not
necessary.

e The economic analysis revealed significant potential savings in construction costs

through the utilization of ESP to reinforce the expansive subgrade of flexible

pavements.
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