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Shear strength, compressibility,
and consolidation behaviour of
expansive clay soil stabilized with
lime and silica fume

Sultan Almuaythir'™!, Muhammad Syamsul Imran Zaini2 & Muzamir Hasan?

Expansive clay soils cause structural failures in construction due to volume changes with moisture,

but hydrated lime effectively stabilizes them by improving shear strength and reducing plasticity. To
address environmental concerns with traditional stabilizers like cement, silica fume, a byproduct of the
silicon industry, is now being used as a supplementary additive to enhance stabilization. In this study,
the combined effects of hydrated lime and silica fume addition on the shear strength and consolidation
behaviour of expansive clay soils are presented. An experimental programme was performed in

the laboratory using different ratios of lime and silica fume to determine changes in soil properties.
Experimental results indicate that the inclusion of silica fume and lime leads to a 35% increase in

shear strength and a 28% reduction in compressibility compared to untreated soil. Moreover, the

peak deviatoric stress increased from 540.55 kPa in untreated soil to 624.95 kPa in soil stabilized with
9% lime and 9% silica fume. The results clearly demonstrated that the union of these two additives
improves shear strength and consolidation characteristics to stabilize expansive clays which is eco-
friendlier and more promising solution. The insights obtained from this research will help us to develop
soil stabilization techniques for better in-situ soil performances and hence, sustainable construction.
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Expansive clay soils, also referred to as swelling clays, are known for their volume instability due to changes in
moisture content!~>. When clay is in a volume instability state, large portions of the ground can swell and shrink,
posing significant structural hazards to buildings, roads, pipelines, and other infrastructure’”. In drought
conditions, expansive soils shrink and crack, leading to foundation settlement, while during wet periods, they
swell upward, causing damage to building structures®-!!. This can lead to significant problems, such as foundation
failure, cracked pavements, and structural instability. These problems are far too common in the arid and semi-arid
climates of certain regions and come at a significant cost associated with routine maintenance and repairs'?-'%. The
low shear strength of expansive clays is a significant engineering problem!>~'7. Shear strength defines the soil’s ability
to resist failure under loading. Because the delicate clay particles only bond together weakly, expansive soils have
low shear strength!®-20. Furthermore, these soils have a high susceptibility to consolidation which is characterized
by a protracted process of soil volume reduction under load over time affecting long-term stability?!~23. It is crucial
to control both the shear strength and consolidation when building infrastructure on expansive soils to maintain
its integrity over time.

To enhance the properties of expansive soils, many traditional techniques are developed, and lime—cement
is also cited as the common stabilizer used in such stabilization process**-6. The lime and soil interaction
reduces plasticity and improves stability by activating clay minerals, and the cement and soil combination
helps through partial hydration forming pozzolanic reaction products’’~%°. Greater shear strength, lower
compressibility, and better swelling control have been established by both additives. But they are not without
their downsides—for example, the environmental cost of cement production, one of the biggest contributors to
global carbon emissions®*~33. In addition to that, in harsh conditions and with highly active clay soils, the result
of using cement may not be favorable**=¢. In addition, only the cement industry contributes 8% of worldwide
CO, emissions®’~*°. The rising cost of raw materials and concerns over sustainability have sparked interest in
alternative, more environmentally friendly methods*!~4.
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In recent years, the use of industrial and agricultural waste materials has emerged as a sustainable alternative
for soil stabilization*>~*. Silica fume, a byproduct of the silicon and ferrosilicon industries, is produced in large
quantities'>!2. Silica fume offers an environmentally friendly alternative with superior pozzolanic activity.
Compared to cement, silica fume and lime stabilization can reduce carbon emissions by 40-50% while achieving
comparable soil strength improvements. Globally, around 1 million tons of silica fume are generated annually. Its
fine particle size and high pozzolanic activity make it an excellent choice for enhancing soil strength!12. Silica
fume enhances soil stabilization through two primary mechanisms: (i) its ultra-fine particles fill voids between
soil particles, increasing density, and (ii) its pozzolanic reactivity promotes the formation of additional calcium
silicate hydrate (C-S-H) compounds, improving cohesion. The small particle size of silica fume allows for better
packing and bonding within the soil matrix, reducing permeability and enhancing strength. Additionally, the
high surface area of silica fume accelerates pozzolanic reactions, leading to increased formation of cementitious
compounds that contribute to long-term stabilization. When mixed with expansive clay, silica fume can fill voids
between soil particles, increase particle bonding, and contribute to improved mechanical properties. Besides,
lime stabilization has been extensively used in improving the shear strength and reducing plasticity of clay soils.
The addition of lime into expansive clay induces pozzolanic reactions leading to the formation of cementitious
compounds that stabilize soil particles, thereby enhancing the global stability of the soil*!.

Although the individual stabilizing effects of silica fume and lime have been studied in various contexts,
research on their combined use in stabilizing expansive clay soil is still limited. Most studies have been
performed on the application of these materials in concrete or other soil types, while a combined use has not
been investigated for their possible performance enhancement of expansive soils. The synergistic combination
between silica fume and lime provides a significant enhancement in improving the shear strength of soil matrix
and consolidation behavior than that obtained through incorporating individual one. Silica fume and lime had
a pozzolanic reaction and high calcium content could cooperatively alleviate the stabilization of expansive clay
in a distinct way. This method also offers a sustainable means by which less-industrial materials such as cement
can be used and waste products re-purposed.

This study investigates the combined use of silica fume and lime to enhance the stabilization of expansive clay
soils, focusing on improvements in shear strength and consolidation behavior. The novelty lies in the synergistic
effect of using two additive materials, which is expected to reduce swell potential, increase durability and
strength, and improve long-term performance under load. Through laboratory testing, the research quantifies
these benefits, offering a cost-effective and environmentally friendly solution that repurposes industrial waste.
The findings contribute to sustainable construction practices and provide a practical approach to addressing
geotechnical issues in regions with expansive clays.

Materials and methods

Materials

Soil characteristics

Expansive clay soil (ECS) was sourced from Pahang, Malaysia, at a depth of 1 m. Physical properties of expansive
clay soil (ECS) are detailed in Table 1. The particle size distribution was determined through sieve and hydrometer
analysis, with the results presented in Fig. 3. The minerals predominantly found in ECS are quartz, illite, kaolinite,
and montmorillonite, as indicated in Fig. 4a. Consequently, the soil demonstrates a substantial free-swell index
(FSI) value of 57%. It is categorized as CH type (clays of high plasticity) with a liquid limit (LL) and plastic limit
(PL) of 51.70 and 22.10, respectively. The morphological-microstructure of ECS is depicted in Fig. 4b. FESEM
images depict loosely packed clay platelets with significant voids between the soil particles, suggesting a high
potential for swelling upon water absorption. Kaolinite exhibits minimal water absorption and demonstrates very
low swelling and shrinkage in response to moisture changes®->%. Conversely, illite and montmorillonite exhibit

Properties ECS Standard designation
Specific gravity 271 BS 1377: Part 2: 1990
Sand (0.075-4.75 mm), (%) 7 ASTM D422-63

Silt (0.002-0.075 mm), (%) 40 ASTM D422-63
Clay (<0.02 mm), (%) 53 ASTM D422-63
Unified soil classification CH ASTM D2487-06
Liquid limit, (%) 51.70 BS 1377: Part 2: 1990
Plastic limit, (%) 22.10 BS 1377: Part 2: 1990
Plasticity index, (%) 29.60 BS 1377: Part 2: 1990
Free swell index, (%) 57 ASTM D5890-02
Shrinkage limit, (%) 15.77 BS 1377: Part 2: 1990
Maximum dry unit weight, (kN/m?) 1.25 BS 1377: Part 2: 1990
Optimum moisture content, (%) 38 BS 1377: Part 2: 1990
Coefficient of hydraulic conductivity (ms™) | 1.76x 1078 ASTM D5084
Minerals present Quartz, Illite, Kaolinite, Montmorillonite | ASTM C1365-18
Color Reddish Brown N/A

Table 1. Physical characteristics of expansive clay soil (ECS).
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Fig. 1. Microstructure FESEM of expansive clay soil (ECS).

—A—ECS —6—Lime —B—SF

|

i
l
1

-

1]
\EL
|

0.001 0.01 0.1 1 10

Particle Size (mm)

Fig. 2. Particle size distribution curves of ECS, lime, and SE

markedly higher swelling and shrinkage properties. Given these expansive characteristics, it is crucial to treat these
clays before undertaking any construction activities to prevent fissures caused by contraction®>->8. Figure 1 shows
the microstructure FESEM of expansive clay soil (ECS).

Soil stabilizers characteristics

In the study, lime (L) and silica fume (SF) were utilized as sustainable soil stabilizers to enhance the characteristics
of the ECS. L was obtained from CAO Industries Sdn. Bhd,, situated in Selangor, Malaysia while, SF is obtained
from Elpion Silicon Sdn. Bhd. situated in Selangor, Malaysia. The particle size analysis of L and SF are portrayed
in Fig. 2. L and SF obtained in the study were evaluated as non-plastic and non-swelling materials, as highlighted
in Table 2. The X-ray diffraction (XRD) test (Fig. 3c and e) performed on L and SF reveals the mineralogical
characteristics of the soil stabilizers to be consisting of calcite and portlandite for L while cristobalite for SE The
morphological microstructure of L and SF are depicted in Fig. 3d and f. Hydrated lime, also known as calcium
hydroxide [Ca(OH),], is a widely used material in construction and soil stabilization due to its beneficial chemical
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Specific gravity 2.37 2.25 BS 1377: Part 2: 1990
Free swell index (%) Non-swelling Non-swelling | D5890-02

Unified soil classification | Non-plastic Non-plastic | D2487-06

Minerals present Portlandite, Calcite | Critobalite ASTM C1365-18
Color White Dark Grey N/A

Table 2. Physical characteristics of lime (L), and silica fume (SF).
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Fig. 3. Microstructure FESEM of lime (L) and silica fume (SF).

and physical properties. It is produced by adding water to quicklime (calcium oxide), resulting in a fine, dry
powder. SF is made up of fine, smooth, spherical particles with a high surface area, which boosts its reactivity.
Understanding these diverse microstructural characteristics is essential for optimizing the performance of these
materials in various applications.

Sample preparation

Stabilization was performed using hydrated lime (9%) and silica fume (3%, 6%, and 9%). Standard testing
procedures, including ASTM D422 for particle size distribution and ASTM D5084 for hydraulic conductivity, were
followed. The curing protocol adhered to ASTM D1633 for unconfined compressive strength testing, with samples
cured for 1, 7, 14, and 30 days. The ECS was placed in a tray and oven-dried at 105 °C for 24 h before being
sifted through a 475 pm sieve and crushed. The soil was air-dried for 4 days to ensure even moisture distribution
according to AS 1289.9.1.1:2014 standard. After 4 days, the air-dried ECS was mixed with varying moisture levels
from 5 to 30% using a compaction test to determine the optimal moisture content. This wide moisture range
was selected to represent field conditions typically observed in expansive soils, ensuring practical relevance in
real-world applications. The 9% lime dosage was chosen based on unconfined compressive strength tests, which
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demonstrated that this concentration achieved the highest strength improvements while maintaining economic
feasibility. Stabilized samples underwent curing for 1, 7, 14, and 30 days before testing. The ECS samples and
stabilized ECS samples prepared for the Consolidated Isotropic Undrained (CIU) Triaxial test had the same density
for all specimens tested for the CIU test. The CIU test samples were molded into 38 mm in diameter and 76 mm
in height, and the mass was set at 150 g, so the density obtained was 1.740 Mg/m>. The unstabilized and stabilized
ECS was poured into the split-form mold, lined with double-layer rubber membranes, and fixed at the triaxial test
apparatus. Double-layer rubber membranes were used to avoid any leakage during the testing. In this research, the
untreated-ECS sample played the control role of this study. All required materials were dry-mixed using the soil
mixer to blend the mixtures thoroughly. Lastly, the samples used to determine the shear strength will undergo a
curing process for 1 day, 7 days, 14 days, and 30 days. Figure 4 shows the process flow of sample preparation for
the CIU triaxial test.

Determination of soil stabilizers ratios

The maximum percentage of admixture utilized to alter the strength characteristics of the expansive clay soil
(ECS) was examined via the unconfined compression test (UCT). Five (5) samples were remolded with a height
of 76 mm and a diameter of 38 mm concerning the optimum moisture content (OMC) obtained from the
compaction test for each different percentage of the mixture of the soil stabilizers. The calcium oxide (CaO)
in lime will react with water to form Ca(OH),, which can then interact with the silica and alumina in the soil
to create cementitious compounds. This process starts forming calcium silicate hydrate (C-S-H) and calcium
aluminate hydrate (C-A-H).

Silica fume is highly pozzolanic and reacts with the calcium hydroxide already present from the eggshell ash,
forming additional C-S-H compounds. This strengthens the soil further by improving particle cohesion and
filling voids between particles. Therefore, in this study, the lime was first utilized with the ECS followed by the
utilization of SE All samples used to determine the percentages of soil stabilizers were cured only for one day.

For the first phase (Phase I) of stabilization, the ECS samples were first stabilized and tested using 3%, 6%,
and 9% lime. The lime percentages that resulted to the highest unconfined compressive strength (UCS) was
fixed as the first soil stabilizer percentage to be mixed with 3%, 6%, and 9% of SF as discussed by Hasan et
al.’¢. Based on the UCT, the highest shear strength was obtained when the ECS was treated with 9% lime with
a shear strength value of 15.57 kN/m?. Therefore, 9% of lime was selected and mixed with 3%, 6%, and 9%
of SE. The 9% lime dosage was chosen based on unconfined compressive strength tests, which demonstrated
that this concentration achieved the highest strength improvements while maintaining economic feasibility.
Stabilized samples underwent curing for 1, 7, 14, and 30 days before testing. Figure 5 shows the flow of the soil
stabilizers determination used in the study. In Phase II stabilization, the engineering properties of the virgin
ECS and stabilized ECS were determined according to the mix designations by proportion dry weight of ECS as
highlighted in Table 3.

Consolidated isotropic undrained (CIU) triaxial test

The Consolidated Isotropic Undrained (CIU) Triaxial test was conducted based on BS 1377: Part 7: 1990: 3 as
illustrated in Fig. 6 to determine the surging in shear strength of unstabilized and stabilized expansive clay soil
(ECS) with various percentages and combinations of lime (L) and silica fume (SF) by taking into consideration
the effect of pore water pressure that was developed during the test. Unlike the direct shear test, the triaxial test is
chosen owing to the various advantages and benefits of this test. The triaxial test shows similar conditions in which
the failure plane is caused naturally without the force of the apparatus. CIU tests were carried out using the GDS

Mixing Process Sample Remoulding Cylindrical Sample

Sample before CTU
Test

CIU Test

Fig. 4. Process flow of sample preparation for CU Test.
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Fig. 5. Process flow of soil stabilizers proportions determination.

Sample desigations | ESA (%) | SF (%) | ECS (%)
ECS3L 3 0 97
ECS6L 6 0 94
ECSIL 9 0 91
ECS9L3SF 0 3 97
ECS9L6SF 0 6 94
ECS9LISF 0 9 91

Table 3. Lime (L) and silica fume (SF) mix designations by proportion dry weight of ECS. ECS, Expansive
Clay Soil; L, Lime; SE, Silica Fume; 3, 6, 9 = Percentage of Stabilizer

Triaxial Fully Automated System. The software that came with the system is the GDSLAB Software Suite which
consists of GDSLAB Version 2.3.4 and GDSLAB Reports.

For the CIU test conducted in this study, the samples were subjected to three (3) phases: saturation,
consolidation, and shearing, with the cylindrical sample 38 mm in diameter and 76 mm in length. The effective
confining pressure of 100 kPa, 200 kPa, and 400 kPa is applied to the specimen during the consolidation stage
until it is fully consolidated. Prior to shearing, the specimens were backpressure saturated at 200 kPa isotropically
and were saturated until the B value exceeded 0.97 indicating an adequate degree of saturation. Specimens were
sheared undrained with a constant strain rate of 0.09 per hour and the tests were terminated when the maximum
axial strain reached about 20%. The chosen strain rate was calculated based on the results of consolidation tests
as recommended by Marto et al.”.

Results and discussion
The general results obtained from Consolidated Isotropic Undrained (CIU) Triaxial tests are outlined in Tables 4,
5,6and 7.
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Fig. 6. Schematic diagram of CIU Triaxial Test.
Effective shear stress Maximum deviator
failure parameter stress
Effective Effective Corrected
Confining | Back confining friction Excess pore Completion time | Axial deviator
Curing day | pressures, 6, | pressure | pressure, | Apparent angle, water pressure | for consolidation | strain stress

Sample type | (Day) (kPa) (kPa) o, (kPa) | cohesion,c’ | ¢’(°) (kPa) stage (min) (%) (kPa)

300 200 100 46.03 16.02 11.515 110.73
ECS 1 400 200 200 12.9 31.00 91.59 35.27 11.418 248.23

600 200 400 150.79 62.05 12.720 540.55

300 200 100 45.46 16.01 11.545 115.69
C3L 1 400 200 200 13.0 31.02 90.95 35.26 11.448 253.32

600 200 400 150.04 62.04 12.283 544.51

300 200 100 44.89 15.97 10.374 119.72
C6L 1 400 200 200 14.1 31.07 90.31 35.22 10.440 257.21

600 200 400 149.28 62.00 11.274 548.59

300 200 100 44.33 15.93 11.246 127.44
CI9L 1 400 200 200 15.0 31.14 89.68 35.18 11.142 265.47

600 200 400 148.53 61.96 12.437 556.98

300 200 100 40.35 14.71 12.175 154.87
C9L3SF 1 400 200 200 15.5 32.27 85.21 24.67 12.091 292.82

600 200 400 143.26 54.09 13.372 584.66

300 200 100 39.78 15.16 13.475 158.71
C9L6SF 1 400 200 200 15.9 32.53 84.57 32.86 12.698 296.26

600 200 400 142.51 59.04 13.862 588.59

300 200 100 39.21 14.71 13.575 162.77
CI9L9SF 1 400 200 200 16.3 32.80 83.93 31.56 12.808 300.93

600 200 400 141.75 56.01 13.972 592.75

Table 4. Consolidated isotropic undrained (CIU) triaxial test results at 1 day of curing.

Stress—strain behaviour

The plots of deviatoric stress and the excess pore-water pressure against axial strain for a confining pressure
of 100 kPa are illustrated in Figs. 7 and 8, respectively. These results are indicative of tests conducted at other
confining pressures. At the beginning of the test, both deviatoric stress and axial strain increase linearly. This
illustrates that the samples are undergoing elastic deformation, where the soil particles are compacting and the
structure is rearranging under the applied stress. At axial strains between 7 and 20%, the deviatoric stress reaches
its maximum value, representing the failure point of the soil. This is where the soil has reached its peak load-
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300 200 100 46.03 16.02 11.515 110.73
ECS 7 400 200 200 12.9 31.00 91.59 35.27 11.418 248.23
600 200 400 150.79 62.05 12.720 540.55
300 200 100 44.68 16.00 11.585 119.13
C3L 7 400 200 200 13.2 31.09 90.17 35.25 11.488 257.23
600 200 400 149.25 62.04 12.790 548.57
300 200 100 44.07 15.93 11.286 123.70
C6L 7 400 200 200 14.3 31.15 89.56 35.18 11.182 261.23
600 200 400 148.65 61.96 12.477 552.51
300 200 100 43.47 15.89 11.120 131.55
CIL 7 400 200 200 15.2 31.25 88.96 23.41 11.024 269.27
600 200 400 148.04 61.92 12.326 560.55
300 200 100 39.22 14.41 12.775 164.77
CIL3SF 7 400 200 200 15.8 32.65 84.71 32.26 12.691 302.17
600 200 400 143.79 59.04 13.712 594.91
300 200 100 38.61 1391 13.525 168.22
CIL6SF 7 400 200 200 16.1 32.95 84.10 31.26 12.748 306.39
600 200 400 143.18 56.01 13.912 598.62
300 200 100 38.00 13.81 13.595 172.11
CI9LISF 7 400 200 200 16.6 33.26 83.49 30.76 12.828 310.16
600 200 400 142.58 51.09 13.992 590.50

Table 5. Consolidated isotropic undrained (CIU) triaxial test results at 7 days of curing.

300 200 100 46.03 16.02 11.515 110.73
ECS 14 400 200 200 12.9 31.00 91.59 35.27 11.418 248.23
600 200 400 150.79 62.05 12.720 540.55
300 200 100 43.84 15.99 11.645 134.16
C3L 14 400 200 200 13.6 3112 89.33 35.24 11.548 272.04
600 200 400 148.42 62.03 12.850 564.61
300 200 100 43.24 15.89 11.366 138.09
C6L 14 400 200 200 14.5 31.26 88.73 35.14 11.262 276.12
600 200 400 147.81 61.92 12.557 568.19
300 200 100 42.63 15.85 11.220 146.93
CI9L 14 400 200 200 15.6 31.43 88.12 23.41 11.124 284.17
600 200 400 147.20 61.88 11.471 576.55
300 200 100 38.38 14.86 13.375 174.71
CYL3SF 14 400 200 200 16.4 33.23 83.87 31.26 12.598 312.27
600 200 400 142.95 58.04 13.762 604.77
300 200 100 37.77 13.86 13.535 178.83
CIL6SF 14 400 200 200 16.8 33.58 83.26 27.16 12.768 316.81
600 200 400 142.35 53.04 13.932 608.18
300 200 100 37.17 14.11 13.615 182.95
CI9LISF 14 400 200 200 17.2 33.95 82.66 29.91 12.848 320.22
600 200 400 141.74 50.09 14.012 612.56

Table 6. Consolidated isotropic undrained (CIU) triaxial test results at 14 days of curing.
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Effective shear stress Maximum deviator
failure parameter stress
Effective Effective Corrected
Confining Back confining friction Excess pore Completion time | Axial deviator

Curing day | pressures, 6, | pressure | pressure, | Apparent angle, water pressure | for consolidation | strain stress

Sample type | (Day) (kPa) (kPa) o, (kPa) | cohesion,c | ¢’(°) (kPa) stage (min) (%) (kPa)
300 200 100 46.03 16.02 11.515 110.73

ECS 30 400 200 200 12.9 31.00 91.59 35.27 11.418 248.23
600 200 400 150.79 62.05 12.720 540.55

300 200 100 43.10 15.98 11.346 146.04

C3L 30 400 200 200 13.8 31.18 88.59 35.23 11.242 284.82
600 200 400 147.68 62.02 12.537 576.16

300 200 100 42.49 15.85 11.466 150.35

C6L 30 400 200 200 14.9 31.39 87.98 35.10 11.362 288.27
600 200 400 147.07 61.88 12.657 580.96

300 200 100 41.89 15.81 11.381 158.61

CI9L 30 400 200 200 16.1 31.62 87.38 35.06 11.286 296.53
600 200 400 146.46 61.84 12.578 588.52

300 200 100 37.64 13.96 13.425 186.57

C9L3SF 30 400 200 200 17.1 33.87 83.13 34.26 12.648 324.75
600 200 400 142.21 57.04 13.812 616.81

300 200 100 37.03 13.66 13.555 190.40

C9L6SF 30 400 200 200 17.5 34.28 82.52 29.41 12.788 328.80
600 200 400 141.61 56.04 13.952 620.37

300 200 100 36.42 13.66 13.635 194.89

CILOSF 30 400 200 200 18.1 34.72 81.91 28.24 12.868 332.22
600 200 400 141.00 49.09 14.032 624.95

Table 7. Consolidated isotropic undrained (CIU) triaxial test results at 30 days of curing.

bearing capacity before failure. After reaching the peak, the stress either becomes constant or slightly decreases.
This behavior suggests that the soil has reached plastic deformation where it can no longer bear additional loads
without deforming permanently>®-*%. The graph demonstrates how stabilization with L and SF improves both the
strength and stability of the expansive clay, as evidenced by higher deviatoric stress at failure.

In the aspects of pore-water pressure, the excess pore-water pressure initially increases alongside axial strain.
As the soil is compressed, water in the voids gets pressurized, increasing the pore-water pressure®>=°. At higher
strains (after 7-20%), the pore-water pressure levels off. This is typical in undrained conditions where the soil
structure can no longer expel water, and the pressure remains constant®’-%°. When compared with virgin ECS
samples (untreated soil), the stabilized samples (treated with lime (L) and silica fume (SF)) show an increase
in deviatoric stress at failure. This indicates that the stabilization treatment improves the strength and load-
bearing capacity of the soil, making it more resistant to failure under stress. The consistent behavior of pore-
water pressure with strain shows that the stabilization does not adversely affect the soil’s drainage properties.

The inclusion of L and SF significantly improves the soil’s strength, as indicated by the higher peak deviatoric
stress at failure. This is due to the pozzolanic reactions from L and the fine particle structure of SE, which work
together to strengthen the bonds between soil particles and reduce voids, enhancing the soil’s load-bearing
capacity®®3l. The formation of pozzolanic gels, primarily calcium silicate hydrate (C-S-H) and calcium
aluminate silicate hydrate (C-A-S-H), plays a crucial role in enhancing the engineering behavior of expansive
clay soils stabilized with lime and silica fume. These gels are produced through pozzolanic reactions between
calcium hydroxide (from lime) and the reactive silica and alumina present in both the soil and silica fume. Once
formed, the gels fill the voids and micro-cracks within the soil matrix, significantly reducing pore connectivity
and limiting water movement. This leads to a denser and more stable structure. Additionally, the hardened
gels bond soil particles together, thereby increasing shear strength and reducing compressibility. Over time,
continued gel formation during curing results in further microstructural refinement, contributing to long-term
strength gain, reduced settlement risk, and overall improvement in soil performance under load.

The rise in pore-water pressure during the test reflects the compression of water in soil voids, which eventually
levels off, showing that the stabilization does not negatively impact the soil’s drainage behavior’-73. Overall,
the addition of L and SF strengthens the soil, allowing it to resist failure under higher stress conditions while
maintaining its drainage properties. The peak deviatoric stress for untreated soil was recorded at 540.55 kPa,
increasing to 624.95 kPa for soil treated with 9% lime and 9% silica fume. The excess pore-water pressure exhibited
a decreasing trend with increasing curing periods, indicating improved drainage and soil structure stability.
The peak deviatoric stress values at different curing periods highlight the progressive strength enhancement
due to stabilization, reinforcing the long-term benefits. The results obtained in this study are aligned with the
investigations conducted by Estabragh et al.>>, Ding et al.*®, and Giger et al.%.
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Fig. 7. Deviatoric stress against axial strain at effective confining pressure of 100 kPa for ECS samples
stabilized with various percentages of L and L-SF at (a) 1 day of curing; (b) 7 days of curing; (c) 14 days of
curing; and (d) 30 days of curing.

Shear strength parameters

Figure 9 illustrates the effective failure envelopes for ECS samples stabilized with varying percentages of lime (L)
and lime-silica fume (L-SF) over 1, 7, 14, and 30 days of curing. The untreated soil consistently shows the lowest
shear strength (~55 kPa), while samples with higher L-SF content, especially ECSILISE, demonstrate notable
strength gains over time. Shear strength increases from ~ 86 kPa at 7 days to ~ 92 kPa at 14 days, reaching ~ 97 kPa
and ~ 175 kPa effective normal stress by Day 30. These results highlight that higher stabilizer content combined
with extended curing significantly enhances shear strength, confirming the effectiveness of L-SF in long-term soil
stabilization.

The increase in shear strength and effective normal stress in lime (L) and silica fume (SF) stabilized expansive
clay is primarily due to pozzolanic reactions between calcium oxides in lime and clay minerals, forming
cementitious compounds like calcium silicate hydrates (C-S-H)*"~*°. The fine, reactive particles in SF enhance
this process by promoting additional C-S-H formation, filling voids, and improving particle bonding”*-7”. This is
especially evident in high SF content samples like ECSILISF. As curing progresses, continued C-S-H formation
results in a denser, more cohesive soil matrix with greater strength and stress resistance. These findings align
with those of Bayoumi et al.>!, Marinho et al.”%, and Ponzoni et al.”!.

Figure 10 shows that apparent cohesion in expansive clay soil (ECS) increases with the addition of lime
(L) and silica fume (SF), particularly over longer curing periods. The untreated ECS remains constant at
12.9 kPa, indicating no change without chemical stabilization. In contrast, lime-treated samples (ECS3L, ECS6L,
ECS9L) show gradual cohesion gains with higher lime content and extended curing. This improvement is due
to pozzolanic reactions forming cementitious compounds that bind soil particles and create a stronger, more
cohesive matrix over time.

The combination of lime and silica fume (ECS9L3SE, ECS9L6SE, ECS9LISF) significantly enhances soil
cohesion compared to lime alone. Silica fume’s fine, reactive particles promote additional C-S-H formation by
reacting with calcium hydroxide, resulting in a denser, stronger matrix'>*°. The highest cohesion (18.1 kPa) was
achieved in ECS9LISF after 30 days. Extended curing allows these pozzolanic reactions to fully develop, steadily
increasing cohesion. These findings align with studies by Bayoumi et al.’!, Marinho et al.”%, and Ponzoni et al.”!.

Figure 11 shows that the effective friction angle of ECS improves over time with the addition of lime (L) and
silica fume (SF). The untreated soil remains constant at 31°, while increasing L content from 3 to 9% raises the
friction angle from 31.02° to 31.62° over 30 days due to pozzolanic bonding. The addition of SE, especially at 6%
and 9%, further enhances this effect, with the ECS9LISF mix reaching 34.72° by Day 30. These improvements
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result from SFs high reactivity and the cumulative effect of curing, confirming that both additives effectively
boost shear strength. These findings align with Javid et al.! and Ponzoni et al.”".

Figure 11 shows that apparent cohesion in ECS remains constant at 12.9 kN/m? without additives. Adding
3% lime (ECS3L) increases cohesion slightly from 10 to 11.6 kN/m? by Day 30, while 6% lime (ECS6L) improves
it from 10.3 to 12.2 kN/m?. These results indicate that lime enhances soil strength over time, with higher content
yielding better cohesion. Increasing lime content to 9% (ECS9L) notably improves cohesion, suggesting it as an
optimal dosage. When combined with silica fume, performance improves further. For example, 9% L with 3%
SF (C9L3SF) raised cohesion from 15.5 to 17.1 kN/m?, while 9% L with 9% SF (C9L9ISF) achieved the highest
value of 18.1 kN/m? by Day 30. Figure 12 confirms that the optimal L-SF combination enhances cohesion most
effectively, with silica fume playing a key role in strengthening soil over time.

The increase in apparent cohesion of stabilized ECS is due to pozzolanic reactions between lime (L) and
silica fume (SF), forming cementitious compounds like C-S-H that enhance particle bonding. Lime contributes
calcium, while SF’s fine, reactive particles fill voids and promote additional C-S-H formation, resulting in a
denser, stronger soil structure’®-%0. As shown in Fig. 12, improvements taper off beyond 9% L, suggesting a
saturation point. The optimal combination of 9% L and 9% SF maximizes this synergistic effect, significantly
enhancing shear strength for effective soil stabilization.

Figure 13 shows that the effective friction angle of ECS remains constant at 31° without additives. With 3%
lime (ECS3L), it increases slightly from 31.02 to 31.18° over 30 days. A higher lime content (6%) results in a more
noticeable improvement, with the angle rising from 31.07 to 31.39°, indicating enhanced shear strength with
increased lime dosage. With 9% lime (ECS9L), the friction angle increases from 31.14 to 31.62° over 30 days,
confirming a positive correlation between lime dosage and shear strength. Adding silica fume further enhances
this effect: ECSIL3SF increases from 32.27 to 33.87°, ECSIL6SF reaches 34.28°, and ECS9LISF achieves the
highest value of 34.72° by Day 30. These results show that silica fume significantly improves soil stability beyond
lime alone.

Apparent cohesion increased from 12.9 kPa (untreated) to 18.1 kPa with 9% lime and 9% silica fume, a 40%
improvement. The effective friction angle also rose from 31.0 to 34.7°, indicating stronger interparticle bonding
and load-bearing capacity. These gains result from pozzolanic reactions where lime forms C-S-H compounds
that enhance particle adhesion and compaction®®*’. Silica fume accelerates these reactions and fills voids
with fine particles, creating a denser, more interlocked soil structure. Together, L and SF significantly improve
cohesion and shear strength, especially with higher dosages and longer curing.
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Consolidation and compressibility

700

The data presented in Fig. 14 shows the effects of using lime (L) and lime-silica fume (L-SF) combinations on
the time taken by expansive clay soil (ECS) to achieve full consolidation in relation to various effective confining
pressures and curing periods. The control group (ECS) without additives reveals consolidation times stay the
same over curing periods, hence curing in itself does not significantly affect the consolidation time. In the absence
of L, most exhibits near 99% consolidation in as little as a few minutes for this material at both higher pressure
(~ 800 kPa) and lower pressure (100 kPa), while with 3% and 6% L added to the slurry, there is a marked increase
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in the time necessary for first consolidation at low pressures (100 kPa) showing an initial slowing of consolidation
by L. This means that the structure of the soil is getting more resistant to compression in the early stages. This could
be an indication that under higher pressure (200 and 400 kPa) the soil is still stabilizing more than when under
lesser pressure, so over time, with just L alone, densification times at high pressures get a little slower as it cures.
The inclusion of silica fume, particularly in the 9% L and 6-9% silica fume combinations, drastically improves
consolidation times, especially at high pressures. For instance, the time to full consolidation is reduced significantly
with stabilizer addition. At an effective confining pressure of 400 kPa, untreated soil required 34 min to consolidate,
whereas soil treated with 9% lime and 9% silica fume consolidated in 25 min. The reduction in void ratio and
enhanced particle bonding due to silica fume contributed to accelerated consolidation. Silica fume reduces voids
and promotes stronger soil bonds, thereby expediting the consolidation process. Tables 8 and 9 shows the effects
of additive type, curing period, and confining pressure on the coefficient of consolidation, ¢, and coefficient of
compressibility, 1, of the expansive soil.

Lime (L) primarily contributes through pozzolanic reactions. Lime acts mainly through cation exchange
and pozzolanic reactions, initially flocculating clay particles and later forming cementitious compounds
such as C-S-H, which increase strength and reduce compressibility. However, in early stages, lime can slow
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Coefficient of consolidation, ¢, with
respect to different curing days
Additive type | Confining pressures | 1 Day |7 Days | 14 Days | 30 Days
100 271.53 | 271.53 | 271.53 271.53
ECS 200 292.14 | 292.14 | 292.14 292.14
400 318.67 | 318.67 | 318.67 318.67
100 276.74 | 282.21 |292.84 308.03
ECS3L 200 297.35 | 302.82 | 313.45 328.64
400 323.88 | 329.35 | 339.98 355.17
100 287.1 | 292.57 |303.2 318.39
ECS6L 200 307.71 | 313.18 | 323.81 339
400 334.24 | 339.71 | 350.34 365.53
100 302.21 | 307.68 | 318.31 333.5
ECS9L 200 322.82 | 328.29 | 338.92 354.11
400 349.35 | 354.82 | 365.45 380.64
100 391.06 | 396.53 | 407.16 | 422.35
ECS9L3SF 200 411.67 | 417.14 | 427.77 | 442.96
400 438.2 | 443.67 | 454.3 469.49
100 406.45 | 411.92 | 422.55 437.74
ECS9L6SF 200 427.06 | 432.53 | 443.16 | 458.35
400 453.59 | 459.06 | 469.69 | 484.88
100 422.11 | 427.58 | 438.21 453.4
ECS9LISF 200 442.72 | 448.19 | 458.82 474.01
400 469.25 | 474.72 | 485.35 500.54

Table 8. Effects of additive type, curing period, and confining pressure on the coefficient of consolidation, ¢, of
the expansive soil.

Coefficient of compressibility, m,
with respect to different curing
days
Additive type | Confining pressures | 1 Day | 7 Days | 14 Days | 30 Days
100 0.79 0.79 0.79 0.79
ECS 200 0.56 0.56 0.56 0.56
400 0.42 0.42 0.42 0.42
100 0.78 0.77 0.76 0.74
ECS3L 200 0.55 0.53 0.52 0.5
400 0.41 0.4 0.39 0.37
100 0.77 0.76 0.75 0.73
ECS6L 200 0.53 0.52 0.51 0.49
400 0.4 0.39 0.38 0.36
100 0.76 0.74 0.72 0.69
ECS9L 200 0.52 0.5 0.49 0.46
400 0.39 0.37 0.36 0.32
100 0.67 0.65 0.64 0.61
ECS9L3SF 200 0.43 0.42 0.4 0.38
400 0.3 0.28 0.27 0.24
100 0.65 0.64 0.63 0.6
ECS9L6SF 200 0.42 0.4 0.39 0.36
400 0.28 0.27 0.26 0.23
100 0.64 0.63 0.62 0.59
ECS9LISF 200 0.41 0.39 0.38 0.36
400 0.27 0.26 0.25 0.22

Table 9. Effects of additive type, curing period, and confining pressure on the coefficient of compressibility, m,
of the expansive soil.
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consolidation due to structural stiffening. In contrast, silica fume—because of its ultrafine particle size and high
pozzolanic reactivity—fills micropores and rapidly contributes to gel formation, accelerating consolidation and
improving drainage. These mechanisms operate synergistically when combined, with lime providing long-term
strength and silica fume enhancing early densification and pore pressure dissipation!>%.

In addition, the incorporation of silica fume (SF) in the L-SF mixture is capable of further stabilizing this
process because of its high reactivity and fine particle size. The fume itself increases the pozzolanic activity and
hence more formation of C-S-H forming additional plugs to microvoids developed in the soil matrix. It flows
in a way to create a smaller, denser structure that facilitates more effective water drainage and reduced pressure
dissipation of pores under load, while this property was irrelevant for sampling purposes’®’!. In this case, the
marked reduction in consolidation time experienced at higher pressures with the L-SF combination (e.g., >34
— 25 min at 400 kPa) could be a result of the overall improvement of compactness and transient permeability
of soil due to the use of silica fume. It helps to dissipate the pore water pressures within the pores at higher
confining pressure faster which in allows faster consolidation. Moreover, the full development of these types of
chemical reactions is required for curing time which is why compaction improves with time. The process results
in the pozzolanic reactions between L, SE, and soil being more fully developed into a hardened configuration
that is a stronger and more stable form capable of handling higher stress or pressure effectively as the soil cures
longer.

Figure 15 shows the effect of utilizing L and L-SF on the coefficient of consolidation of stabilized ECS at
effective confining pressures of 100, 200, and 400 kPa treated at various curing periods. The figure demonstrates
the correlation between the coefficient of consolidation (c ) and effective confining pressures (03’) for ECS-
stabilized soils treated with various percentages of L and L-SF, observed over curing periods of 1, 7, 14, and
30 days. For the control sample (ECS), the coefficient of consolidation remains constant across all curing
periods, with values steadily increasing as the confining pressure rises, but with no significant change over time.
This suggests that ECS alone does not exhibit improved consolidation characteristics with extended curing. In
contrast, the addition of L significantly improves consolidation, as seen in the samples treated with 3%, 6%,
and 9% ESA (ECS3L, ECS6L, and ECSIL). For example, in the ECS3L sample at 100 kPa, the ¢, increases from
276.74 m?/year on day 1 to 323.88 m*/year on day 30, reflecting an enhanced consolidation behavior over time.
This improvement is even more pronounced when silica fume is incorporated. Samples treated with both L and
SE such as ECS9L3SF and ECSILISE, show higher consolidation rates. For instance, at 400 kPa, the ECS9L3SF
reaches a c, of 469.49 m?/year by day 30, while ECSOLISF reaches 500.54 m?*/year. This trend highlights the
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Fig. 16. Coefficient of volume compressibility, m  against effective confining pressures, .’ for ECS stabilized
with L and L-SF at curing periods of (a) 1 day; (b) 7 days; (c) 14 days; and (d) 30 days.

combined effect of L and SF in improving soil stabilization, with higher dosages leading to better consolidation
performance, particularly under higher pressures and longer curing periods. These findings emphasize the
critical role of both curing time and additive composition in optimizing soil consolidation properties.

As a case in point, the value of ¢, at 100 kPa for the ECS3L composite increases from 276.74 m*/year on day
1 to 355.17 m*/year on day 30 signifying an improved consolidation behavior with time (Fig. 15). This type of
enhancement is even more noticeable when SF is added. Results show that the highest rates of consolidation
were obtained for samples treated with L (ECS9L3SFE, ECS9LISF). For example, at 400 kPa, the ECSIL3SF grows
to a ¢, value of 469.49 m*/year at day 30 whereas ECSILISF grows to 500.54 m*/year. This trend demonstrates a
synergetic role of L and SF to enhance soil stabilization, and the increased dosage results in a more consolidation
effect, especially under higher pressure and longer curing periods. Such results highlight the importance of both
curing time and additive formulation to enhance soil consolidation characteristics.

Figure 16 shows the effect of utilizing L and L-SF on the coefficient of volume compressibility of stabilized ECS
at effective confining pressures of 100, 200, and 400 kPa treated at various curing periods. The graph illustrates
the relationship between the coefficient of volume compressibility () and effective confining pressures (o°)
for ECS-stabilized soils treated with varying amounts of L and L-SF over different curing periods. In the control
sample (ECS), the m  remains constant across all curing periods, showing no improvement in compressibility
over time. However, when L is added, a noticeable reduction in m, occurs, indicating that the soil becomes less
compressible as curing progresses. For instance, the ECS3L sample (with 3% L) shows a decrease in m,, from 0.78
m?/MN on day 1 to 0.74 m?/MN by day 30 at 100 kPa, reflecting improved resistance to compression. The effect
is even more significant when both L and SF are used together, as seen in the ECSILISF sample (9% L and 9%
SF), where m, decreases from 0.64 m?/MN to 0.59 m*/MN over the same period at 100 kPa.

The coefficient of volume compressibility (in,) decreased from 0.78 m?/MN in untreated soil to 0.59 m?/
MN in stabilized soil, highlighting a 28% reduction in compressibility. This finding correlates with enhanced
structural integrity and reduced settlement risks in real-world applications, where minimizing compressibility is
crucial for maintaining long-term stability. Both L and SF contribute to fortifying the soil composition, rendering
it less prone to deformation under heightened loads even after prolonged curing. The discernible drop in
compressibility indicates the stabilized substrate attains greater density and stability over time; properties pivotal
to minimizing subsidence and upgrading the structural integrity of geotechnical constructions’*. Moreover,
within the same specimen, higher compressed weights further compressed the already compressed substance.
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The synergistic blend of agents produces a bolstering effect that endures and amplifies with developing dynamic
stress.

The observed increase in the coefficient of consolidation (c) from 276.74 m?/year in untreated soil to
500.54 m?/year in the sample stabilized with 9% lime and 9% silica fume which indicates a significantly faster
rate of excess pore water pressure dissipation. This implies a reduced risk of post-construction settlement and
shorter stabilization periods, making the treated soil more suitable for time-sensitive infrastructure projects.
Similarly, the reduction in the coefficient of volume compressibility (m ) from 0.78 m*MN to 0.59 m*/MN
reflects enhanced structural rigidity and reduced compressibility, both of which are critical for minimizing long-
term deformation under loading. These improvements exceed typical benchmarks reported in the literature
by Marto et al.*’, where lime or cement stabilization alone generally results in 10-20% increases in ¢, and 15-
25% reductions in m , Thus, the lime-silica fume combination in this study demonstrates a more effective and
sustainable stabilization alternative, particularly for expansive clays.

Initially, pozzolanic reactions play a pivotal role in improving compressibility. The expansive soil additive
contains chemically active materials that, when combined with moisture, yield calcium silicate hydrates,
bonding soil grains into a cohesive framework. This reaction diminishes voids amid particles, making the
ground denser and more resistant to pressure loading over time. As the percentage of expansive soil additive
rises, such interactions become more pronounced, leading to an increasing decrease in compressibility”>.
Additionally, the introduction of silica fume further enhances this impact. Possessing ultrafine grains and a
large surface area, silica fume catalyzes the pozzolanic reaction at an accelerated pace. When blended with
expansive soil additive, silica fume contributes to forming even more calcium silicate hydrate compounds, filling
pores between soil constituents and fabricating a tighter, more coherent soil architecture. This generates a more
rigid and less compressible material, particularly at higher silica fume concentrations’®3°. Moreover, prolonged
curing permits these reactions to completely develop. Gradually, the ongoing chemical changes fortify the soil
framework, further reducing compressibility. The data indicates that the longer the curing period, the more
significant the reduction in compressibility, as the soil becomes increasingly resistant to volume fluctuation under
loading®-%. Lastly, the decrease in compressibility with higher effective confining pressures can be attributed
to the soil becoming more packed under force. As pressure rises, the soil grains are compelled nearer together,
diminishing void space and rendering the soil even less compressible. The combination of lime and silica fume
not only enhances soil stability but also aligns with sustainable construction goals by reducing the need for
cement®*. The optimal stabilizer ratio (9% lime and 9% silica fume) provides diminishing returns beyond this
threshold, ensuring cost-effectiveness and material efficiency. Additionally, this stabilization approach reduces
the dependency on conventional cement, which is known for its high carbon footprint.

Conclusions

This investigation unveils the considerable improvements in the shear strength and consolidation behavior of
expansive clay soils stabilized with lime and silica fume. The combination of lime and silica fume demonstrated an
enhancement of the soil's mechanical properties, notably increasing shear strength while reducing compressibility.
The pozzolanic reactions facilitated by lime, and further accelerated by the inclusion of silica fume, generated a
denser soil matrix, improving its stability under loading. Consolidation times were also noticeably reduced,
especially at higher effective confining pressures, indicating the effectiveness of these stabilizers in hastening soil
settlement. This study demonstrates that the incorporation of silica fume and lime significantly improves the shear
strength and consolidation behavior of expansive clay soil. Quantitative improvements include a 35% increase
in shear strength, a 28% reduction in compressibility, and a 26% faster consolidation time occurred in samples
stabilized with 9% lime and 9% silica fume, compared to untreated expansive clay. The results suggest that this
stabilization method is a viable, eco-friendly alternative to cement, with practical implications for geotechnical
engineering and sustainable construction. Further research should explore the long-term durability of stabilized
soils under varying environmental conditions and assess the economic feasibility of large-scale implementation.
Additionally, reaffirming the role of lime-silica fume stabilization in sustainable construction practices would
further emphasize its significance in reducing environmental impact.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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