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ABSTRACT: Eggshell waste management is an emerging environmental concern in 

Australia, primarily due to the substantial quantities generated by the poultry industry. 

Inadequate disposal practices can result in adverse environmental impacts, including unpleasant 

odours, increased insect activity, elevated disposal costs, and pressure on limited landfill 

capacity. To address these challenges, eggshells can be processed into eggshell powder (ESP), 

which is rich in calcium carbonate (CaCO3) and has potential as a soil-stabilising agent. This 

study presents a cost-effective approach for stabilising expansive soils, which are susceptible 

to significant volume changes with fluctuations in moisture content. An experimental program 

was undertaken to evaluate the influence of ESP and hydrated lime on the strength 

characteristics of expansive soils. The soils were simulated using kaolinite, bentonite, and 

Sydney fine sand to reflect typical regional soil conditions. A series of tests, including Indirect 

Tensile Strength (IDT), California Bearing Ratio (CBR), and bender element testing, were 

conducted following varying curing periods. The bender element tests were employed to 

determine the small-strain shear modulus (Gmax), thereby providing insight into the stiffness 

development over time. The results demonstrate that a combination of 5% ESP and 5% lime 

substantially enhances the engineering properties of the soil, yielding superior IDT, CBR, and 

Gmax values compared to lime-only mixtures. This research underscores the viability of ESP as 

a sustainable additive for improving the strength and stability of expansive soils, particularly in 

applications where exceptionally high subgrade performance is not a critical requirement. 
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1. Introduction 

 

Expansive soils are a type of fine-grained soil that can be very challenging to work with. 

They undergo significant changes in volume as they absorb or lose moisture, which is why they 

are also called swell/shrink soils. These changes can be caused by specific mineral formations, 

such as gypsum and ettringite, generated through chemical reactions. Furthermore, the 

shrinkage and swell behaviour also rely on the soil's proportion of adverse clay minerals (i.e. 

Montmorillonite). The high content of this mineral increases the possibility of shrinkage and 

swelling [1]. The amount of swelling and shrinkage varies depending on the concentration of 

Montmorillonite in the soil, making the rate of these changes different from one area to another. 

Conversely, kaolinite clay minerals generally exhibit a comparatively lower ability to 

exchange cations than Montmorillonite. Sand consists of non-reactive quartz particles as its 

main component. Both kaolinite and sand do not contribute to the reduction of shrink-swell 
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properties. When a mixture of Montmorillonite, kaolin, and a small fraction of sand is used, it 

becomes a reliable option for studying expansive soil traits on construction sites [2]. These traits 

are considered significant factors threatening the stability of various civil constructions such as 

pavements, bridges, light buildings, seaports, and rail tracks. 

Buildings constructed on expansive soil frequently experience soil movement, leading to 

cracks and deformation damage. According to the American Society of Civil Engineers, 

approximately 25% of the total damage to houses is attributed to the existence of expansive soil 

in the subgrade, as reported by their findings. At the same time, in the UK, the Association of 

British Insurers (ABI) estimates that expansive soils cause over £400 million worth of damage 

per year, making it the most damaging geographical risk in the country [3]. In Australia, 

expansive soils cover 20% of the land, affecting six out of eight of the country’s largest cities 

[4]. According to [5], over 50,000 homes in Australia are exposed to cracks annually due to the 

ground’s shrink-swell, accounting for nearly 80% of all housing insurance claims.  

The prevalence of expansive soils throughout Australia means that significant amounts of 

money are consistently required for structural maintenance to address issues such as ground 

shrinkage, swelling, and collapse. The technique of chemical stabilisation 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 Mir [6]. Lime stabilisation, in particular, has been 

very successful in stabilising fine-grained soils with high expansiveness, as indicated by several 

extensive studies [7,8,9]. 

Recently, there has been a significant focus on managing solid waste by reusing it in various 

areas of civil engineering. Sustainable management of solid waste through different approaches 

has become a field of study. One of the ways to effectively reuse solid waste is through soil 

stabilisation. 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 [10,11]. 

Household waste materials such as eggshell powder, tyre rubber, glass cullet, waste carpet 

fibres, and other domestic residues have been utilised to enhance soil strength and mitigate the 

swelling and shrinkage behaviour of expansive soils [12]. However, studies have shown that 

the inclusion of domestic waste in expansive soils does not consistently lead to significant 

improvements, with only marginal gains observed at higher dosages [13]. To overcome these 

limitations, researchers have explored the use of lime stabilisation in combination with 

domestic waste by-products. Among these, ESP has been identified as a promising secondary 

additive due to its chemical composition, which bears similarities to conventional lime-based 

stabilisers. Nevertheless, there remains a lack of comprehensive research on the combined use 

of ESP and hydrated lime for stabilising expansive soils. Accordingly, further investigation is 

warranted to determine optimal treatment proportions and to develop a more thorough 

understanding of the interactions between these additives and expansive soil materials. 

Using ESP as a rich calcium carbonate (CaCO3) source can benefit the environment and 

finances, given the substantial volume of discarded eggshell waste originating from thousands 

of urban restaurants and bakeries. By utilising ESP, waste can be managed effectively, and low-
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cost building materials can be produced, improving environmental sustainability. Previous 

studies have demonstrated that eggshell powder (ESP) can be utilised in a range of civil 

engineering applications, including concrete production, ecological initiatives, and soil 

stabilisation [14]. Despite its chemical similarity to hydrated lime, the use of ESP specifically 

for soil stabilisation has received limited attention in the literature [15–19]. Some researchers 

[17] investigated the sole use of ESP in treating expansive soils and identified an optimal 

content of approximately 3%. In contrast, other studies [16] focused on the influence of ESP 

on the plasticity characteristics of expansive soils, suggesting that higher ESP contents—up to 

16%—may be more effective. Furthermore, previous research [18] examined the shrinkage and 

swelling behaviour of expansive soils treated with a combination of ESP and lime, indicating 

the potential of this blend for mitigating volumetric instability. 

Several researchers have examined the potential of eggshell powder as a soil stabilising 

agent. For instance, one study [20] investigated the compaction characteristics and California 

Bearing Ratio (CBR) values of clay soils treated with a mixture of ESP and quarry dust. Another 

research group [19] compared the performance of ESP and cement as stabilisers in lateritic 

soils, concluding that the addition of 8% ESP produced effects comparable to those of 2% 

cement in terms of Atterberg limits and CBR values. These previous studies suggest that ESP, 

either used independently or in combination with other additives, can soil properties. However, 

there is a notable lack of research specifically focusing on the combined use of ESP and lime 

for stabilising expansive soils. Moreover, comprehensive geotechnical testing to evaluate the 

effects of this combination on soil behaviour remains limited in existing literature. 

This paper presents an experimental investigation into the engineering properties of 

expansive soils treated with varying proportions of eggshell powder (ESP) and hydrated lime. 

A comprehensive series of laboratory tests was conducted, including Indirect Tensile Strength 

(IDT) tests to evaluate strength characteristics, California Bearing Ratio (CBR) tests to assess 

subgrade performance, and bender element tests to monitor stiffness development over time. 

The bender element test, a widely adopted non-destructive laboratory method, was employed 

to determine the dynamic small-strain properties of the stabilised soils, notably the maximum 

small-strain shear modulus (Gmax) and shear wave velocity (Vs). The Gmax values were 

calculated based on Vₛ measurements obtained under controlled laboratory conditions [8]. 

While considerable research has focused on the dynamic behaviour of sands and non-expansive 

soils [21,22,23], there is a noticeable lack of studies addressing the dynamic properties of both 

untreated and treated expansive soils. The findings of this study aim to demonstrate that the 

combined application of ESP and hydrated lime offers a promising and sustainable approach 

for improving the engineering performance of expansive soils, particularly in addressing 

challenges associated with their volumetric instability. 

 

2. Materials 

 
2.1 Expansive Soil 

 

To ensure consistency and minimise the variability inherent in natural soils, an artificial soil 

mixture comprising 65% kaolinite, 30% bentonite, and 5% Sydney fine sand—hereafter 

referred to as KBS, was prepared for testing. This engineered blend was designed to eliminate 
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impurities and reduce fluctuations in soil properties. The components were selected to reflect 

distinct characteristics: kaolinite (creamy white), bentonite (darker and finer), and Sydney sand 

(granular with yellow hues). Bentonite was deliberately included to induce specific shrinkage 

and swelling behaviours, allowing evaluation of the effects of stabilising agents such as lime 

and eggshell powder. The physical properties of the KBS mixture are summarised in Table 1. 

 

Table 1 Physical properties of constitutive expansive soil 
 

 
The X-ray diffraction (XRD) patterns of the soil used in this study are illustrated in Figure 

1. The analysis was conducted using Crystal Impact Match software, DIFFRAC.EVA, and 

reference data from the Crystallography Open Database. The XRD results confirmed the 

presence of quartz, primarily originating from the Sydney fine sand component, and a 

significant proportion of montmorillonite derived from bentonite, and a dominant presence of 

kaolinite. Figure 1 shows a distinct peak of high intensity, indicative of the crystalline structure 

of the soil constituents.  

 

 
 

Fig.1 XRD analysis on the component of the studied soil 

Physical properties 

Property Value 

Gravel (%) Less than 1% 

Silt/clay (%) 91.25 

Sand (%) 7.85 

Liquid limit (%) 155 

Plasticity index (%) 124 

Plastic limit (%) 31 

Linear shrinkage (%) 21.23 

Specific gravity 2.64 

Maximum dry density (kN/m3) 13.23 

Optimum moisture content (%) 29.04 

Soil classification CH 
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The prominent diffraction peaks confirm that montmorillonite and quartz are the dominant 

minerals, consistent with the findings reported in [24] and [25]. Furthermore, the relative 

intensity of the quartz peaks suggests a higher quartz content than montmorillonite, which may 

enhance the potential for pozzolanic reactions [26]. 

 

2.2 Eggshell Powder (ESP) 

 

In this study, eggshell powder was sourced from a convenience store (Restaurant Food 

Supply) in New South Wales, Australia. The eggshells were thoroughly washed to remove 

organic matter, oven-dried at 110°C, pulverised using a mill, and sieved through a 75 μm BS 

sieve to enhance surface area and chemical reactivity. Finely ground ESP was then used in a 

series of geotechnical tests alongside hydrated lime to improve soil properties. The chemical 

composition of ESP was determined using X-ray fluorescence (XRF), while X-ray diffraction 

(XRD) identified its crystalline phases. 

XRF results indicated that calcium oxide was the primary component (approximately 48%), 

compared with 72% in hydrated lime, as presented in Table 2. This high CaO content reflects 

the calcium carbonate composition of eggshells, confirmed by XRD results shown in Figure 2. 

The ESP had a low natural moisture content (1.7%) and a specific gravity (Gs) of 2.4, slightly 

higher than that of lime. Linear shrinkage was minimal (approximately 15%), suggesting ESP 

can reduce soil shrinkage when acting as a filler. Based on particle size distribution, the sieving 

analysis (Cu = 1.7, Cc = 0.96) classified the powder as SP-SM under ASTM D2487-11 (1998), 

while the Australian Standard AS 1726 placed it in the CL-ML category. 

 

Table 2 Physical properties and chemical composition of ESP and hydrated lime 

 

 

Physical properties Chemical composition 

Property Value Components Content (%) 

 ESP  Lime  ESP Lime 

Specific gravity 2.4 2.2-2.3 Ignition loss 3% 2.4% 

Bulk density (kg/m3) 700-800 400-600 CaO 47.49 72.0 

pH 7.8 12.0 SiO2 0.11 1.8 

  Al2O3 - 0.5 

  Fe2O3 Traces 0.6 

  MgO - 1.0 

  SO3 0.38 - 

  K2O - - 

  Na2O 0.14 - 

  CO2 - 2.5 
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Fig.2 X-ray diffraction analysis for the ESP 

 

2.3 Hydrated Lime 

 

This study utilised industrial hydrated lime, commonly utilised to stabilise 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 lime indicates high 

quality, with approximately 75-80% composition of calcium hydroxide. To prevent moisture 

exposure, the lime powder was stored in sealed bags. Further details about the properties of the 

ESP and hydrated lime are available in Table 2. 

Upon examination of the scatter pattern of hydrated lime, it was revealed that calcium 

hydroxide Ca(OH)2 was present, as depicted in Figure 3. A slight rise in calcite with the formula 

CaCO3 was also identified. This discovery aligns with previous research studies [27,28], which 

also observed similar peaks.   

 

 
Fig.3 XRD analysis on studied hydrated lime 
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2.4 Summary of Studied Materials  

 

Table 3 summarises the key geotechnical and physical properties of the three materials used 

in this study: the expansive artificial soil referred to as KBS (comprising 65% kaolinite, 30% 

bentonite, and 5% sand), eggshell powder (ESP), and hydrated lime (L). As shown, the specific 

gravities of ESP and hydrated lime are notably lower than that of the KBS soil.  

 
Table 3 Physical properties of testing materials 

 

 
3. Experimental Method 

 
3.1 Mixing Procedure  

 

A mechanical mixer was used to blend the artificial soil with hydrated lime and varying 

percentages of eggshell powder (ESP), based on the total dry weight of the soil. To ensure 

homogeneity, both mechanical and manual mixing techniques were employed during sample 

preparation. In this study, hydrated lime was adopted as the primary stabilising agent, while 

ESP served as a secondary additive aimed at enhancing the strength characteristics of the treated 

expansive soil. The experimental program commenced with the preparation and treatment of 

artificial soil samples, following the removal of gravel-sized particles. 

Soil particles smaller than 2.36 mm were selected and stabilised using 5% lime, which 

served as the control sample for comparison with other lime–ESP blends. The 5% lime content 

was determined through extensive preliminary testing and supported by literature, where it is 

frequently cited as the minimum effective dosage for modifying soil properties. The untreated 

expansive soil exhibited a maximum dry density of 13.2 kN/m³ and an optimum moisture 

content of 29.0%. To evaluate the influence of additives on soil compaction, all treated mixtures 

were prepared at this constant optimum moisture content. 

 

3.2 Indirect Tensile Strength Tests  

 

 The indirect tensile (IDT) strength of expansive soil samples treated with varying 

proportions of eggshell powder (ESP) and hydrated lime was determined in accordance with 

AS 1012.10 (AS 2000), following curing periods of 7 and 28 days. Additional relevant test 

methods for soil and rock specimens have been detailed in previous research [29]. To maintain 

Properties Manufactured 

expansive soil (KBS) 

Eggshell powder 

(ESP) 

Hydrated 

lime (L) 

Ambient moisture (%) 4 1.7 1.4 

Liquid limit (%) 155 - - 

Linear shrinkage (%) 21.2 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 (%) 28.8 16 - 

Maximum dry density, MDD (Mg/m3) 1.32 0.85 - 

Soil classification (USCS symbol) CH SP SP 
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consistency in moisture content, the reconstituted soil was mixed with ESP and lime based on 

the dry weight of the soil, corresponding to the optimum moisture content. The blended mixture 

was compacted into cylindrical steel moulds measuring 50 mm in diameter and 100 mm in 

height, following the same procedure used for unconfined compressive strength (UCS) sample 

preparation. Compaction was carried out in three layers to achieve the maximum dry density 

(MDD). Upon extrusion, the specimens were sealed in plastic wrap and cured under controlled 

laboratory conditions (25°C and 80% relative humidity) for either 7 or 28 days. Following the 

curing period, the samples were weighed, measured, and tested using a conventional loading 

frame, applying a constant strain rate of 1 mm/min. 

 

3.3 California Bearing Ratio Tests  

 

 The California Bearing Ratio (CBR) test results are essential for determining the standard 

design parameters for road pavements. A series of unsoaked and soaked CBR tests were 

performed on both untreated and treated expansive soil samples in accordance with AS 

1289.6.1.1 (AS 2014) to evaluate their bearing capacity. The total dry weight of each soil 

mixture was used as the basis for verifying bearing strength. For treated samples, eggshell 

powder and/or hydrated lime were added in specified proportions prior to adjusting the water 

content to match the optimum moisture content (OMC). The OMC was established through 

compaction tests on the untreated soil and was uniformly applied to all unsoaked CBR 

specimens. The maximum dry densities (MDD) for the treated mixtures were also determined 

based on this OMC value. Both treated and untreated samples, in both soaked and unsoaked 

conditions, were compacted into cylindrical metal moulds with an internal diameter of 152 mm 

and a height of 178 mm for testing. 

 

3.4 Bender Element Tests   
 

 This study employed a series of bender element tests to investigate the dynamic properties 

of lime-treated expansive soil blended with eggshell powder (ESP), focusing on shear wave 

velocity (Vₛ) and the maximum small-strain shear modulus (Gmax). The subsequent discussion 

explores the influence of ESP on the soil’s stiffness development and small-strain behaviour. 

Bender elements consist of piezoelectric transducers composed of two thin conductive outer 

electrodes, a central conductive metallic shim, and two polarised ceramic plates that exhibit 

piezoelectric properties. 

A shear wave is generated by applying a voltage waveform to the S-wave transmitter, which 

causes one ceramic plate to expand while the other contracts. Upon arrival of the shear wave at 

the receiver, the transducer bends and produces a sinusoidal electrical signal. This signal is then 

captured and visualised on a digital oscilloscope, facilitating the identification of the first arrival 

and reducing the likelihood of interference from unexpected voltage sources [30]. Figure 4 

presents both the transmitted S-wave signal and the corresponding received response 

 

 



International Scientific Journal of Civil and Infrastructure Engineering, June 2024, Vol2, pp. 56-… 

64 

 

 
Fig.4 Typical single sinusoidal S-wave transmitted signal and its corresponding received signal [8] 

 

4. Results and Discussion 
 

The following sections discuss the results of various tests: indirect tensile strength, 

California bearing ratio, and bender element tests. Lime content was added from 2% to 7% to 

determine the soil-lime ratio for soil stabilisation. As part of the investigation, soil pH tests 

were conducted in adherence to ASTM standards (ASTM D4972, 2019). Specifically, this study 

determined the initial consumption of lime (ICL), representing the minimum lime quantity 

needed for stabilisation. According to the Eades and Grim pH test, this research found the ICL 

to be 5%, resulting in a pH of 12.03 for optimal stabilisation. In addition to this standard, the 

requirements of the Australian lime demand testing authority, Test Method T144, provided by 

RMS (Roads and Maritime Services NSW - Transport for NSW-TfNSW), were also 

considered. The test uses soil that has passed a 2.36 mm sieve. Since most of the soil particles 

in the studied soil were less than 0.425 mm in size, the test in this study still adhered to the lime 

demand test procedure. Additionally, magnetic stirring bars and a stirrer were used in the test 

to comply with the lime demand test method under NSW regulation. 

 

4.1 Indirect Tensile Strength Tests   

 
4.1.1 Effect of eggshell powder (ESP) on stress-strain behaviour 

 

Figure 5 illustrates the tensile load–strain behaviour of expansive soil samples treated with 

varying percentages of eggshell powder (ESP), based on the total dry weight, after 7 days of 

curing. Each curve represents the average response from three specimens, including both 

untreated samples and those treated with ESP. As shown in the figure, the sample containing 

5% ESP exhibited the highest tensile strength and axial strain, reaching a peak stress of over 

90 kPa at approximately 0.8% strain. This improvement is likely due to the formation of 

cementitious bonds between clay particles, facilitated by cation exchange and pozzolanic 

reactions [13].In contrast, samples treated with higher ESP contents (10%, 15%, and 20%) 

displayed a reduction in peak tensile strength, accompanied by lower axial strains, averaging 

around 0.6%. 

Visual inspection of the cross-sectional views of the tested specimens in Figure 6 reveals 

that samples containing 10% and 15% eggshell powder (ESP) exhibited visibly distinguishable 

ESP particles. In particular, the specimen with 20% ESP showed a notable concentration of 
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white specks within the highlighted areas, indicating the presence of unreacted ESP. The 

visibility of these particles after 7 days of curing suggests varying degrees of ESP consumption 

among the different mixtures. The increased presence of unreacted ESP at higher contents may 

explain the observed reduction in tensile strength as ESP dosage increased from 10% to 20%, 

as illustrated in Figure 5. In the 20% ESP sample, the excessive presence of ESP may have 

functioned as a lubricant between soil particles or disrupted the soil matrix, thereby diminishing 

inter-particle bonding. Additionally, the cross-section of the 15% ESP specimen (Figure 6c) 

showed signs of particle deformation and localised texture changes, marked within the black 

ellipse. These deformations may be attributed to the completion of pozzolanic reactions and the 

surplus of ESP beyond the reactive capacity of the soil. In contrast, the 5% ESP sample 

displayed no visible ESP residues in its longitudinal section (Figure 6a), indicating that the 

added ESP was almost entirely consumed in the stabilisation process. 

 

 
Fig.5 Indirect tensile strength of eggshell powder-soil mixtures based on the total dry weight after 7 days of 

curing 

 

 
Fig.6 Photographs of halves of post-IDT-testing samples with various ratios of eggshell powder: (a) 5%, (b) 

10%, (c) 15% and (d) 20% 
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Figure 7 illustrates the influence of eggshell powder (ESP) on the stress–strain behaviour of 

expansive soil after 28 days of curing. The results indicate an overall increase in tensile strength 

across all ESP-treated samples compared to those cured for seven days. However, the 

improvement in indirect tensile (IDT) strength among different ESP dosages was relatively 

modest. The sample containing 5% ESP demonstrated the highest tensile strength and axial 

strain, exceeding 130 kPa at approximately 0.9%, outperforming samples with 10%, 15%, and 

20% ESP.  

In contrast, samples with higher ESP content exhibited a decline in peak stress, with 

corresponding axial strains falling below approximately 0.6%, as shown in Figure 7. Following 

peak load, all untreated and treated specimens developed fine surface cracks and underwent 

visible deformation. The stress–strain responses across all tests were non-linear in nature. 

 

 
 

Fig.7 Indirect tensile strength of ESP-soil mixtures based on the total dry weight after 28 days of curing 

 

 

4.1.2 Effect of eggshell powder (ESP) and hydrated lime on stress-strain behaviour 

 

Figure 8 presents the tensile strength–strain relationship obtained from indirect tensile 

strength (IDT) tests for expansive soils treated with a combination of eggshell powder (ESP) 

and hydrated lime after 28 days of curing. The results indicate that this combined treatment is 

more effective in enhancing tensile strength than using either ESP or lime alone. In particular, 

lime-treated soils exhibited a notable improvement in tensile strength compared to those 

stabilised solely with ESP.  

As shown in Figure 8, the addition of 5% ESP to soils already treated with 5% lime resulted 

in a further increase in strength, with tensile stress rising from 161 kPa (5% lime) to 197 kPa 

(5% ESP + 5% lime). The corresponding axial strain also increased from 0.6% to 0.8%, 

suggesting improved deformability. This enhancement implies that the addition of ESP not only 

increases strength but also alters the soil's failure behaviour from brittle to more ductile by 

mitigating the post-peak loss in tensile capacity. This improvement is attributed to pozzolanic 

reactions that promote the formation of cementitious bonds, facilitating a more effective 
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redistribution of internal stresses within the stabilised soil matrix. 

Conversely, Figure 8 shows that increasing the ESP content to 10%, 15%, and 20% resulted 

in a slight reduction in tensile strength compared to the 5% ESP-treated samples. However, 

despite their lower peak strength, these higher ESP-content samples exhibited improved plateau 

strength during the post-cracking phase relative to the untreated soil. This behaviour may be 

attributed to the formation of structural columns within the cylindrical specimens, which 

contributed to resistance under diagonal tensile stress after initial fracture [31]. These findings 

are consistent with previous studies on lime-stabilised soils incorporating eggshell powder. 

 

 
 

Fig.8 Indirect tensile strength of ESP-lime-soil mixtures based on the total dry weight after 28 days of curing 

 

 

4.1.3 Effect of ESP and hydrated lime on the development of indirect tensile strength 

 

Figure 9 illustrates the average variations in indirect tensile strength (IDT) of soil treated 

with different percentages of eggshell powder (ESP) over two curing periods. The tensile 

strength of the soil treated with 5% ESP increased significantly from 91 kPa to 152 kPa as the 

curing period extended from 7 to 28 days, representing a 67% improvement. However, 

increasing the ESP content beyond 5% to 10%, 15%, and 20% resulted in a gradual decline in 

IDT strength after 28 days of curing. This reduction is likely due to the excessive ESP content 

interfering with the primary pozzolanic reactions, thereby diminishing the overall stabilisation 

effect [32]. No notable improvement in tensile strength was observed for samples containing 

10%, 15%, or 20% ESP.  
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Fig.9 Indirect tensile strength of ESP-soil samples by soil total dry weight after 7 and 28 days of curing 

 

Figure 10 presents the variation in peak tensile strength of expansive soil treated with 5% 

lime and varying percentages of eggshell powder over curing periods of 7 and 28 days. The 

results clearly show that curing duration plays a critical role in the strength development of 

lime-stabilised soils incorporating ESP. The most notable improvement was achieved with the 

addition of 5% ESP to 5% lime-treated soil. This combination not only accelerated strength 

gain relative to lime-only stabilisation but also yielded the highest indirect tensile strength 

values, reflecting a 15% increase after 28 days of curing. These findings suggest that 

incorporating ESP at a 5% dosage is an effective strategy for enhancing the strength of lime-

stabilised expansive soil. 

 

 
 

Fig.10 Indirect tensile strength of ESP-5% lime-soil samples by soil total weight after 7 and 28 days of curing 

 

The peak indirect tensile strength observed in the soil samples treated with 5% eggshell 

powder (ESP) and 5% lime, as shown in Figure 10, can be attributed to a combination of 

mechanisms, including cation exchange, flocculation–agglomeration, and pozzolanic reactions. 

Cation exchange and flocculation–agglomeration occur rapidly upon the addition of lime and 
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ESP, promoting initial particle rearrangement and bonding. In contrast, pozzolanic reactions 

are time-dependent, involving the reaction of silica (SiO2) and alumina (Al2O3) with calcium 

hydroxide [Ca(OH)2] to form cementitious compounds such as calcium silicate hydrate (C–S–

H) and calcium aluminate hydrate (C–A–H). These compounds contribute significantly to 

strength development in the presence of ESP. The formation of C–S–H and C–A–H phases in 

lime and ESP-stabilised soils has also been reported in previous studies [33,34]. The chemical 

reactions that take place between lime, water, and soil components are summarised in Equations 

(1) to (3): 

 

CaO+H2O → Ca(OH)2                                (1) 

Ca(OH)2+SiO2 → CaO.SiO3.H2O               (2) 

Ca(OH)2+Al2O3  → CaO.Al2O3.H2O          (3) 

However, the peak strength of the soil decreases when ESP is added beyond the optimal 

level. According to [35], it is possibly because some particles of ESP do not react and bond 

with soil, which reduces the indirect tensile strength of samples containing 10%, 15%, and 20% 

of ESP. 

 

4.2 California Bearing Ratio (CBR) TESTS 
 

4.2.1 Influence of additives on unsoaked CBR value of the treated expansive soil 

 

Figure 11 illustrates the variation in unsoaked California Bearing Ratio (CBR) values after 

28 days of curing. The untreated soil exhibited the lowest CBR value at 9%, while the addition 

of 5% eggshell powder (ESP) increased the CBR to 19%, reflecting a 10% improvement. This 

enhancement can be attributed to the interaction between ESP and clay particles during sample 

preparation and the effects of curing. However, as the ESP content increased from 10% to 20%, 

a gradual decline in CBR values was observed, although these values remained higher than that 

of the untreated soil. 

As discussed earlier, the presence of excessive free ESP particles may weaken the inter-

particle bonding within the soil matrix. Thus, the use of ESP alone results in only a modest 

improvement in soil strength when compared to combinations with complementary stabilising 

agents such as lime or cement. These findings are consistent with previous studies [36,20]. 

Figure 11 demonstrates a stark contrast in the CBR values of expansive soil treated with lime 

and ESP. Compared to untreated soil, soil with 5% lime showed a substantial increase in CBR 

values, reaching 51%. Combining 5% ESP with 5% hydrated lime further increased the CBR 

value to 65% or a CBR improvement by 15%. Time-dependent pozzolanic reactions may 

explain the gradual increase in CBR values due to the dissolution of silica and alumina from 

the clay mineral lattice, leading to the establishment of cementitious compounds. The formation 

of cementitious compounds such as CSH and CAH increased the soil strength. However, as the 

ESP content increased from 10% to 20%, the unsoaked CBR values decreased from 61% to 

54%. This reduction may be attributed to the excess free ESP particles acting as a lubricant, 

which weakens the cementitious bonds between clay particles. 
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Fig.11 Unsoaked CBR of ESP-5% lime-treated soil mixtures by soil total weight after 28 days 

 

 
4.2.2 Influence of additives on soaked CBR value of the treated expansive soil 

 

Figure 12 presents the variations in soaked California Bearing Ratio (CBR) values of 

untreated expansive soil samples after seven days of curing. A substantial improvement in CBR 

was observed when the soil was stabilised with 5% lime, increasing from 0.98% (untreated) to 

46%. Further enhancement was achieved by incorporating eggshell powder (ESP) into the lime-

stabilised soil, raising the CBR value to 54%. This increase is attributed to the combined effects 

of pozzolanic reactions and hydration, which strengthen the soil matrix, a finding consistent 

with previous studies [15,20]. The resulting soaked CBR value exceeds the commonly accepted 

minimum requirement of 15% for subgrade applications in most pavement design standards 

[37]. The approximately 10% improvement over lime-only stabilisation suggests that the 

combined use of ESP and lime is a promising approach for increasing subgrade bearing 

capacity. This improvement may enable the use of thinner subbase and base layers, leading to 

potential cost savings in road construction projects. 
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Fig.12 Soaked-CBR of untreated soil and soil treated with 5% lime and 5% ESP 
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4.3 Bender Element Results 
 

4.3.1 Evolution of the maximum small-strain shear modulus over curing time for expansive soil treated 

with hydrated lime and eggshell powder 

 

Based on the results of the indirect tensile strength and California bearing ratio (CBR) tests, 

it is evident that the incorporation of hydrated lime and eggshell powder (ESP) significantly 

enhances the strength of expansive soils after a standard curing period, typically around 28 

days. However, to more thoroughly assess the progression of strength development from the 

time of compaction through extended curing periods (e.g. up to 90 days), the bender element 

test offers a non-destructive means of evaluating the long-term evolution of the small-strain 

shear modulus (Gmax). Figure 13 presents the variation in Gmax for both untreated and treated 

soil samples, measured at different curing intervals using bender elements. The untreated soil 

maintained a relatively stable Gₘₐₓ of approximately 85 MPa throughout the curing period. In 

contrast, soil treated with 5% hydrated lime demonstrated a gradual increase in stiffness, 

reaching 353 MPa after 28 days. When 5% ESP was incorporated alongside lime, the Gₘₐₓ value 

further increased to 560 MPa at 28 days, continuing to rise to 640 MPa after 30 days. This 

sustained increase is attributed to the formation of cementitious compounds resulting from 

pozzolanic reactions, which effectively bind soil particles and enhance structural integrity [38]. 

hence, the influence of curing time on Gₘₐₓ varied across mixtures containing different ESP 

contents, highlighting the importance of optimising dosage for long-term performance. 

As previously discussed, the highest Gₘₐₓ value was achieved by treating the expansive soil 

with a combination of 5% eggshell powder (ESP) and 5% hydrated lime. However, a decline 

in Gmax was observed with further increases in ESP content. In particular, the addition of 10% 

ESP resulted in an approximate 45% reduction in Gmax compared to the value obtained with 5% 

ESP. According to [39], this reduction in strength may be attributed to the excessive calcium 

carbonate content in the ESP, which can adversely affect the shear strength of lime-stabilised 

expansive soils. 

 

 
Fig.13 Evolution of maximum small-strain shear modulus (Gmax) with curing time for the expansive soil 

treated with hydrated lime and ESP 
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5. Conclusions 

 

This study demonstrated that the combination of eggshell powder (ESP) and hydrated lime 

is effective in enhancing the geotechnical properties of expansive soils. The research forms part 

of a broader, ongoing investigation aimed at evaluating the potential of ESP in mitigating the 

detrimental effects of expansive soils on pavement performance. Experimental results obtained 

from Indirect Tensile Strength (IDT), California Bearing Ratio (CBR), and bender element tests 

support the following key conclusions: 

• The experimental results indicate that soil samples treated with 5% eggshell powder 

(ESP) exhibited the highest indirect tensile strength and corresponding axial strain, 

exceeding 90 kPa at approximately 0.8%. In contrast, samples containing 10%, 15%, 

and 20% ESP showed a reduction in peak stress, with lower axial strains around 

0.6%. 

• Analysis of the IDT strength test results and corresponding tensile strength–strain 

curves confirms that the optimal combination for enhancing soil strength is 5% ESP 

with 5% hydrated lime. This mixture increased peak tensile strength from 161 kPa to 

197 kPa and axial strain from 0.6% to 0.8%. 

• Results from both soaked and unsoaked CBR tests suggest that the 5% ESP and 5% 

lime combination is the most effective stabilisation approach. This blend improved 

strength by approximately 15% compared to lime-only treatment after 28 days of 

curing and yielded higher CBR values than when either additive was used 

individually. 

• The highest small-strain shear modulus (Gₘₐₓ) was also achieved with the 5% lime 

and 5% ESP combination, reaching up to 640 MPa after 30 days of curing. In 

comparison, Gₘₐₓ values declined significantly in all samples treated with 10%, 15%, 

and 20% ESP. 

• The findings consistently show that increasing ESP content to 10% or more resulted 

in decreased performance across all tests. This reduction is attributed to the excessive 

calcium carbonate content in higher ESP dosages, which weakens the bonding 

between soil particles and stabilising agents. 

In summary, the study concludes that the optimal enhancement of geotechnical properties in 

expansive soil is achieved by incorporating approximately 5% eggshell powder (ESP) into soil 

stabilised with 5% hydrated lime. This combination is particularly effective in increasing 

subgrade bearing capacity and maximising the beneficial use of readily available ESP in road 

construction applications. Furthermore, utilising ESP as a supplementary stabilising agent not 

only offers a cost-effective solution for pavement construction but also contributes to 

environmental sustainability by reducing the volume of eggshell waste disposed of in landfill 

sites. 
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