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Abstract : Expansive soils pose significant challenges to civil engineering infrastructure due to their high swell-shrink behaviour,
which often leads to pavement cracking, differential settlement, and reduced service life. Chemical stabilization using lime is a
widely adopted technique to improve the engineering properties of expansive soils; however, the long-term durability of lime treated
soils may be compromised by lime leaching under prolonged water exposure. Therefore, evaluating the leaching behaviour of
stabilized soils is essential for assessing their durability and field performance. In the present study, expansive soil was stabilized
using lime in combination with Ground Granulated Blast Furnace Slag (GGBS) and Rice Husk Ash (RHA). Initially, optimum mix
proportions were identified based on Unconfined Compressive Strength (UCS) tests. Subsequently, lime leaching studies were
conducted on the optimum mixtures under five wetting-drying cycles at curing periods of 1, 14, 28, 56, and 90 days. The results
indicated that the incorporation of GGBS and RHA significantly reduced lime leaching compared to lime-only stabilization. Among
the mixtures investigated, the ES80 + 6% Lime + 20% GGBS blend exhibited the highest strength and lowest cumulative lime loss,
demonstrating superior durability and resistance to leaching-induced degradation.

Index Terms - Expansive soil, Lime, Ground Granulated Blast furnace Slag (GGBS), Rice Husk Ash (RHA), Leaching,
Durability.

. INTRODUCTION

Expansive soils are characterized by significant volume changes in response to variations in moisture content, resulting in
engineering problems such as pavement cracking, differential settlement, heaving, and loss of bearing capacity. These volume
fluctuations often compromise the long-term performance of transportation infrastructure and foundation systems (B. Chittoori,
2009; Harrat, 2026) . To overcome these challenges, chemical stabilization using lime and cement has been widely adopted because
of its ability to improve strength, reduce plasticity, and enhance volumetric stability. However, despite their effectiveness,
conventional stabilizers remain vulnerable to long-term environmental degradation and strength, durability of stabilized mixes (B.
Chittoori, 2009; Gadge, 2025).

To address these limitations, researchers have increasingly explored the use of supplementary cementitious materials such as
Fly ash, Ground Granulated Blast Furnace Slag (GGBS) and Rice Husk Ash (RHA) in conjunction with lime stabilization. GGBS
possesses latent hydraulic properties, while RHA exhibits high pozzolanic reactivity due to its amorphous silica content. The
combined use of these industrial by-products promotes the formation of additional cementitious compounds, thereby improving the
engineering properties of expansive soils (Bernardo, 2024; Hyodo, 2024). Moreover, the incorporation of GGBS and RHA supports
sustainable construction practices by reducing dependence on conventional high-carbon stabilizers and facilitating the beneficial
reuse of industrial waste materials (Kodikara, 2024).

Several studies have demonstrated that the addition of GGBS and RHA enhances the mechanical performance of stabilized soils
through the formation of calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-A-S-H) gels. These reaction
products densify the soil matrix, improve strength characteristics, and reduce permeability (Bernardo, 2024; Hyodo, 2024). The
synergistic interaction between lime, slag, and pozzolanic ash also promotes geopolymerization reactions, resulting in improved
bonding between soil particles and increased resistance to environmental deterioration (Siddique, 2021). Furthermore, these binders
have been reported to reduce shrinkage cracking while enhancing both shear and tensile strength beyond the levels achieved by
conventional lime stabilization alone (Borana, 2025; Pantoja-Mufioz, 2021).
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Leaching is one of the most critical durability concerns associated with chemically stabilized soils. During prolonged exposure
to infiltrating water, soluble calcium compounds and hydration products may gradually dissolve and migrate from the stabilized
matrix. Leaching, leading to deterioration of the soil structure and reduction in mechanical performance. Such chemical dissolution
weakens the cementitious bonds formed during stabilization and adversely affects the long-term integrity of pavement subgrades
(Arulrajah, 2015; Gadge, 2025). Consequently, rigorous leaching studies are essential for evaluating the chemical permanence of
stabilized soils and understanding their long-term performance under realistic environmental conditions (Giri, 2025; Pu, 2024).
Recent studies showed that leaching behaviour strongly depends on the type of stabilizer and the chemistry of the percolating fluid.
Highly soluble calcium additives experience greater calcium loss, and acidic conditions can accelerate leaching even in well-cured
soils (Baig Moghal, 2015; Moghal et al., 2017). Continuous leaching tests further revealed steady decreases in pH, electrical
conductivity, and calcium concentration, leading to reduced bearing capacity over time. Although additives such as waste ceramic
dust improve early strength, they do not prevent long-term calcium loss when lime content is insufficient (Okeke, 2020).

Environmental studies on alternative stabilizers indicated that pollutant release increases with additive content but generally
remains within non-hazardous limits when optimal dosages are used (Galvin et al., 2021). Importantly, leaching tests carried out
under compacted, field-like conditions showed much lower pollutant release than standard laboratory tests, suggesting that
conventional methods often overestimate leaching risk (Galvin et al., 2021). Long-term field observations finally confirmed that
calcium leaching near exposed surfaces can completely reduce the benefits of lime and lime-cement stabilization, while protected
zones remain stable even after many years of service (Chabrat et al., 2024).

Hence, the present study focused on determining the optimum proportions of Lime-GGBS and Lime-RHA for the stabilization
of expansive soils. Lime was used as an additive, while GGBS and RHA were employed as partial replacements of the natural soil.
The optimum dosages of these materials were identified based on unconfined compressive strength test results. Further, the leaching
behavior of the soil treated with the optimum dosages was evaluated at their respective compaction parameters after curing periods
of 1, 14, 28, 56, and 90 days.

Il. METHODOLOGY
2.1 Materials used and Proportions.

The untreated Expansive Soil (ES) used in this study was collected from the Amalapuram region (Andhra Pradesh, India), where
clayey subgrade soils exhibiting expansive behaviour are commonly observed. It was collected at a depth of 0.5 mto 1 m at
Komaragiripatnam village, Amalapuram, Dr B R A Konaseema district of Andhra Pradesh, India. The commercial lime was
purchased from the locally available market. In this research, finely Ground Granulated Blast-furnace Slag (GGBS) and Rice Husk
Ash (RHA) were used as a stabilizing material. The GGBS was obtained from the ash silos of Rashtriya Ispat Nigam Limited
(RINL) Steel Plant, Visakhapatnam, Andhra Pradesh, India. The RHA was sourced from the captive power plant of Lalitha Rice
Industries, situated at Peddapuram in the East Godavari District of Andhra Pradesh, India.

In the present study, the selected high swell-shrink expansive soil was treated in two phases. In Phase 1, a comprehensive
laboratory investigation was conducted to determine the optimum mix proportions of ES-Lime, ES-Lime-GGBS, and ES-Lime-
RHA based on their strength characteristics. GGBS and RHA were separately incorporated as partial replacements for expansive
soil at replacement levels of 5%, 10%, 15%, and 20% by dry weight of soil. Lime was added as a stabilizing agent at dosages of
3%, 6%, 9%, and 12% by dry weight of soil. The details of the mix combinations and variables considered in the study are presented
in Table 1.

In Phase 2, lime leaching studies were carried out on the optimum stabilized mixtures identified from the Unconfined
Compressive Strength (UCS) test results. These investigations were undertaken to evaluate the long-term durability and resistance
of the stabilized soil mixtures to leaching-induced degradation.

Table 1. Details of stabilizing agents used for expansive soil in the current study

S.No Description of mix proportion Variables No. of Mixes
1 Lime as additive 0,3,6,9and 12 5
2 GGBS as Replacement to each Lime-ES mix 5,10, 15and 20 20
3 RHA as Replacement to each Lime-ES mix 5,10, 15and 20 20
Total mix proportions studied 45

2.2 Leaching Test Set-up

Various experimental investigations were performed over untreated and treated expansive soil in accordance with IS 2720, as
summarized in Table 2 and determined the optimum mix proportions of different combination of variables based on UCS test
findings. Lime leaching studies were conducted for the optimum mixes to evaluate the durability and long-term reliability of these
stabilized mixes under field exposure conditions such as rainfall infiltration. Leaching of calcium/lime from the stabilized layer
reduces the availability of binder for continued cementation and may lead to degradation in strength and performance with time.
Therefore, quantifying calcium in the leachate provides a direct measure of lime retention in the stabilized soil matrix.

The lime leaching tests were conducted using a Gl cylindrical tank of dimensions 190 mm diameter and 335 mm height, as shown
in Figure 1. A 150 mm thick stabilized soil bed was compacted at its respective OMC and MDD. Water head of 100 mm was
maintained during the leaching process to simulate continuous moisture infiltration conditions that may occur in field subgrade and
coastal environments.

During the leaching process, the leachate was collected at 24 h intervals. After five days of leachate collection, the specimen was
allowed to dry for five days to complete one wetting-drying cycle. A total of five wetting-drying cycles were adopted to
comparatively evaluate the durability and lime retention of stabilized soil matrix under repeated moisture exposure conditions. The
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collected leachate was analyzed for Ca2* concentration using EDTA complexometric titration at pH 12.5 (B. C. S. Chittoori et al.,
2013; S. Chittoori et al., 2011).

The effect of curing period also determined on lime leaching by allowing the prepared soil sample subjecting to curing before
initiate the leaching experiment. The curing durations considered were 1, 14, 28, 56, and 90 days. After sample preparation, the
specimens were sealed in polythene covers and cured under laboratory room temperature conditions. Moist curing was maintained
by wrapping the specimens with wet jute bags to minimize moisture loss during the curing period.

Table 2. Various tests conducted

S.No. Test Conducted IS Code
1 Specific Gravity IS 2720 (Part 3/Sec 1): 1980
2 Grain Size Distribution IS 2720 (Part 4): 1985
3 Swell Index IS 2720 (Part 40): 1977
4 Liquid Limit and Plastic Limit IS 2720 (Part 5): 1985
5 Compaction IS 2720 (Part 7): 1980
6 CBR IS 2720 (Part 16): 1987
7 UCS IS 2720 (Part 10): 1991
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Figure 1. (a) Schematic view of the lime leaching test setup; (b) Experimental tanks used for lime leaching studies in the
laboratory.

I11. RESULTS AND DISCUSSION

The physical, engineering, and strength characteristics of the untreated Expansive Soil (ES), GGBS, and RHA were evaluated
through a series of laboratory tests. The test results for the untreated expansive soil are summarized in Table 3, and the properties
of GGBS and RHA are presented in Table 4. As shown in Table 3, the natural expansive soil possesses high plasticity, as indicated
by its higher liquid limit and plasticity index values. The measured free swell index of 140% further highlights its pronounced
swelling potential and susceptibility to significant volume changes upon moisture fluctuations. In addition, the soil exhibited
relatively low strength characteristics, with a soaked CBR value of 0.95% and an unconfined compressive strength (UCS) of 78
kPa, indicating inadequate load-bearing capacity for pavement subgrades and foundation applications in its untreated state. The
results presented in Table 4 reveal that both GGBS and RHA are non-plastic materials, making them suitable additives for modifying
the plasticity and engineering behaviour of expansive soils.

3.1 Optimum Mix Proportions for Different Variables

As mentioned earlier, the UCS test results were considered as base for the determination of optimum mix proportions of ES-
Lime, ES-Lime-GGBs and ES-Lime-RHA. The UCS results (as shown in Figure 2) demonstrate that the addition of lime, GGBS,
and RHA considerably improved the strength characteristics of the expansive soil. The untreated soil exhibited a UCS of 78 kPa,
indicating poor load-bearing capacity. When treated with lime alone, the UCS increased progressively to 117 kPa at 12% Lime
content, representing a 50% improvement over the untreated soil. The incorporation of GGBS along with lime resulted in a
substantially higher strength gain. For the GGBS treated mixtures, the UCS increased with increasing GGBS and lime contents,
reaching a maximum value of 245 kPa for the 80% ES + 6% Lime + 20% GGBS, corresponding to a 214.1% increase compared to
the untreated soil. Similarly, the addition of RHA in combination with lime also improved the UCS of the expansive soil, although
the strength gain was comparatively lower than that achieved with GGBS. The maximum UCS of 189 kPa was obtained for the
85% ES + 9% Lime + 15% RHA, representing a 142.3% increase over the untreated soil.
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Based on the UCS results, the optimum mix proportions were identified as ES + 12% Lime for the Lime-only system, 80% ES
+ 6% Lime + 20% GGBS for the Lime-GGBS system, and 85% ES + 9% Lime + 15% RHA for the Lime-RHA system. Among all
the combinations investigated, the Lime-GGBS mixture exhibited the highest strength improvement, indicating its superior
effectiveness in stabilizing expansive soil.

Table 3. Properties of Untreated Expansive Soil (ES)

S.No. | Property Value
1 Specific Gravity 2.65
2 Grain size Distribution
Sand (%) 84
Silt & Clay (%) 91.6
3 Compaction parameters
Maximum Dry Density (kN/m?) 15
Optimum Moisture Content (%) 27.3
4 Atterberg’s limits
Liquid Limit (%) 782
Plastic Limit (%) 331
Plasticity Index (%) 451
Shrinkage Limit (%) 12.6
5 Free Swell Index (%) 140
6 Soaked CBR (%) 0.95
7 Unconfined Compressive Strength (kPa) 78
8 IS Classification CH
Table 4 Properties GGBS and RHA
Value
Sl. No. | Property GGBS RAA
1 Specific gravity 2.85 2.04
2 (i) Plasticity Index NP NP
8 Grain Size Distribution
(i) Sand size particles (%) 15 89
(i) Silt & clay size particles (%) 85 11
4 Compaction Parameters
(i) Max. Dry Density (g/cc) 1.8 0.89
(i) Optimum Moisture Content (%) 15 38.3
5 Shear Parameters
(i) Cohesion (kPa) 27
(i) Angle of Internal Friction (Degrees) 8 i
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Figure 2. Variation of Unconfined Compressive Strength (UCS) for Various ES-Lime, ES-Lime-GGBS and ES-Lime-RHA Mixes
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3.2 Lime Leaching Behaviour of Stabilised Expansive Soil

Lime leachability studies were carried out on these optimum mixes, along with untreated ES, using the experimental setup as
shown in Figure 1. The leaching quantities were evaluated and compared at different curing periods of 1, 14, 28, 56, and 90 days.
Percentage of lime leached for the selected optimum mixes at different curing periods shown in Figure 3 (a)-(d). From Figure 3 it
is evident that the amount of lime leached decreases with increase in curing period. A significant reduction is observed at 90 days
of curing for all optimum mixes, indicating improved stabilization and reduced availability of free lime with time. Further, for any
mix proportion, the reduction in leached lime from cycle 1 to cycle 5 becomes less significant with increase in curing period,
indicating that higher curing reduces the leaching fractions. Among the optimum mixes, 80% ES + 6% Lime + 20% GGBS
consistently exhibited the lowest lime leaching at all curing periods, which can be attributed to the finer particle size of GGBS and
its higher reactivity with lime, leading to rapid formation of cementitious products. For instance, at 1-day curing, the leached lime
in cycle 1 for ES + 12% Lime was 0.74%, whereas for 80% ES + 6% Lime + 20% GGBS it was 0.104%, corresponding to a
reduction of about 85.9%. Similarly, compared to ES + 12% Lime, the mix 85% ES + 9% Lime + 15% RHA showed a reduction
of about 63.9%, indicating a considerable decrease in lime leaching.

The lower leaching values observed in the GGBS and RHA treated specimens can be attributed to the pozzolanic and hydraulic
reactions that consume free calcium ions and convert them into stable C-S-H and C-A-S-H gels. These reaction products densify
the soil structure, reduce pore connectivity, and restrict the migration of dissolved calcium. Furthermore, increasing curing duration
from 1 to 90 days significantly reduced lime loss in all stabilized mixtures, indicating continued hydration and pozzolanic activity.
Overall, the results demonstrate that the addition of GGBS and RHA substantially improves resistance to lime leaching, with the

GGBS treated mixture exhibiting the greatest durability and the highest resistance to chemical degradation under prolonged leaching
conditions.

0.06 080 —mmm—————————————
i iapriaptr vty i . "~ & -1D ES*L 12,
. i —@—1D_OnlyES | — N I - !
S I S @ |- -14D ES+L12!
= y —8—14D OnlyES ! ~ NI !
5 0.05 . : 3 0.60 \:\\ | — @ -28D_ES+L 12
2 | —#—28D_Only ES ! 5 o ' & - e -56D_ES+L 12 |
< | —®—56D_Only ES : 3 v, R -90D EsvL12!
—_eNme e m e — - —— 4
@ 003 | —8—90D_Only ES ! @ 040 “e 23
- ! N~ ~--T-T======= : SN A
%‘ 5 '\\\‘\\e
= 0.02 £ 020 °. \\!‘3{:
3 3 - _ ~ ::!
E g e
--
0.00 o— 0.00
0 1 2 3 4 5 0 1 2 3 4 5
Number of Cycles Number of Cycles
(@) (b)
080 —=================¢ - 080 === .
. | —-®--1D_ES85+L 9+RHA 15 ! | —A- —1D_ES 80+ L 6+GGBS 20 |
o = 1
< | —®:-14D_ES85+L 9+RHA 15 ! S | —A- — 14D _ES 80+ L 6+GGBS 20
2 0.60 0.60 | 1
£ | —®—28D_ES85+L 9+RHA15 ! 3 | — @ —28D_ES 80+ L 6+GGBS 20 |
5o} 1 Q 1
3 1~ ® -56D_ESB5+L 9+RHALS & | —@ —56D_ES 80+ L 6+GGBS 201
2 0.40 | --®--90D_ES 85+L 9+RHA 15 1 2 0.40
': -—
-
S 5
€ 020 £ 020
Q 3
g £
<
0.00 0.00
0 0 1 2 3 4 5
Number of Cycles Number of Cycles
(c) (d)

Figure 3. Effect of curing period on amount of lime leaching (%) for; (a) Only ES; (b) ES + 12% Lime; (c) 85% ES + 9% Lime +
15% RHA; (d) 80% ES + 6% Lime + 20% GGBS

3.3 Cumulative Lime Leaching Behaviour of Stabilised Expansive Soil

The cumulative lime leaching results [Figure 4 (a)-(d)] for all optimum mixes at different curing periods are presented in Figure 4. In general,
the cumulative amount of lime leached increased continuously from Cycle 1 to Cycle 5 for all specimens. However, the rate of increase was not
uniform throughout the testing period. A substantial portion of the total lime loss occurred during the initial wetting-drying cycles (Cycles 1-3),
whereas the increase in cumulative leaching became considerably smaller during Cycles 4 and 5. This trend suggests that the readily soluble and
unreacted lime present within the soil matrix was progressively dissolved and removed during the early stages of exposure. As the wetting-drying
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cycles continued, the amount of free lime available for dissolution decreased, resulting in a slower rate of leaching. Similar observations have
been reported in stabilized soils where the majority of leachable calcium compounds are removed during the initial exposure period, while the
remaining calcium becomes incorporated into stable cementitious products.

The Lime-only stabilized specimens consistently exhibited the highest cumulative leaching values at all curing periods. At 1 day curing, the
cumulative lime leached increased from 0.74% in Cycle 1 to 2.11% by Cycle 5. Although the cumulative leaching reduced with increasing curing
duration, the Lime-only mixture still recorded comparatively high values of 1.92%, 1.83%, 1.45%, and 0.52% after 14, 28, 56, and 90 days of
curing, respectively. The incorporation of RHA substantially reduced the cumulative lime leaching compared with the Lime-only stabilized soil.
For the optimum mix containing 85% ES + 9% Lime + 15% RHA, the cumulative lime leached at Cycle 5 decreased from 0.55% at 1 day curing
to 0.50%, 0.48%, 0.38%, and 0.14% after 14, 28, 56, and 90 days of curing, respectively. The reduction in lime loss can be attributed to the high
amorphous silica content of RHA, which reacts with calcium released from lime hydration to form additional calcium silicate hydrate (C-S-H)
gels.

Similarly, for the optimum GGBS specimen containing 80% ES + 6% Lime + 20% GGBS exhibited the lowest cumulative lime leaching at
every curing period. The cumulative lime loss at Cycle 5 reduced from only 0.22% at 1 day curing to 0.20%, 0.19%, 0.15%, and 0.06% after 14,
28, 56, and 90 days of curing, respectively. The enhanced performance of GGBS can be attributed to its latent hydraulic nature, which promotes
the formation of substantial quantities of C-S-H and calcium aluminosilicate hydrate (C-A-S-H) gels in the presence of lime. Overall, the results
clearly demonstrate that the inclusion of GGBS and RHA significantly enhances the durability of lime-stabilized expansive soil, with GGBS
providing the greatest resistance to lime leaching under repeated wetting-drying exposure.
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Figure 4. Effect of curing period on cumulative amount of lime leaching (%) for; (a) Only ES; (b) ES + 12% Lime; (c) 85% ES +
9% Lime + 15% RHA,; (d) 80% ES + 6% Lime + 20% GGBS

IV. CONCLUSIONS

In the present study, the effect of GGBS and RHA were determined over the durability of stabilized ES-Lime soil mixes with
respect to lime leaching. Lime was employed as a chemical additive, while GGBS and RHA were used as partial replacements of
expansive soil. Based on the experimental findings, the following conclusions were drawn:

= The untreated expansive soil exhibited poor strength characteristics with a UCS of 78 kPa and lime treatment alone
improved the UCS to 117 kPa, representing a 50% increase over the untreated soil.

= The optimum ES-Lime-GGBS mixture was identified as 80% ES + 6% Lime + 20% GGBS, which achieved the highest
UCS of 245 kPa, corresponding to a 214.1% improvement compared with the untreated soil.

= The optimum ES-Lime-RHA mixture was 85% ES + 9% Lime + 15% RHA, which recorded a UCS of 189 kPa,
representing a 142.3% increase over the untreated soil.
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= The lime leaching results revealed that the majority of lime loss occurred during the initial wetting-drying cycles,
particularly between Cycles 1 and 3, indicating the rapid dissolution and removal of readily available free lime from
the stabilized soil matrix.

= Asignificant reduction in cumulative lime leaching was observed with increasing curing duration from 1 to 90 days.
This behaviour confirms that prolonged curing promotes pozzolanic and hydration reactions, which consume free lime
and convert it into stable cementitious products.

= The Lime-only stabilized soil exhibited the highest cumulative lime loss at all curing periods, demonstrating its greater
susceptibility to leaching induced deterioration and long-term chemical degradation under repeated wetting-drying
exposure.

» The incorporation of GGBS and RHA considerably reduced lime leaching by immobilizing calcium through the
formation of C-S-H and C-A-S-H gels, resulting in a denser soil structure with lower permeability and enhanced
durability.

= Among the stabilized mixtures, the ES80 + 6% Lime + 20% GGBS blend exhibited the lowest cumulative lime leaching
throughout the study, indicating superior resistance to leaching and improved long-term durability compared to the
lime-only and Lime-RHA treated soils.

The findings highlight the potential of Lime-GGBS and Lime-RHA stabilization as sustainable ground improvement techniques
for expansive soils, contributing to improved infrastructure performance while encouraging the beneficial utilization of industrial
and agricultural wastes.
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