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Abstract: Climate-induced wetting and drying (WD) cycles significantly affect the long-
term performance of geotechnical structures. This study explores expansive Oxford clay’s
mechanical and volumetric responses stabilised with ordinary Portland cement (OPC) and
guar gum (GG) under repeated WD cycles. We prepared 108 samples in total—36 untreated,
36 treated with OPC, and 36 treated with GG. These samples were compacted to 90% of
their maximum dry density and subjected to 1, 5, 10, and 15 WD cycles, with nine samples
for each treatment at each cycle. During the WD cycles, we monitored volumetric strain
and moisture content. Mechanical performance was assessed through unconsolidated
undrained triaxial tests conducted at matric suctions of —1500 kPa, —33 kPa, and under
saturated conditions. We evaluated the undrained shear strength (Sy), secant modulus
of elasticity (Esp), and modulus of toughness (U;). The results showed that OPC-treated
samples consistently exhibited the highest S, at —1500 kPa across all WD cycles, followed
by untreated and GG-treated samples. At —33 kPa, OPC-treated samples again outper-
formed the others in S, while GG-treated samples performed better than the untreated
ones. Under saturated conditions, GG-treated samples displayed a similar S;, to OPC-
treated samples, significantly higher than untreated samples. Energy absorption capacity,
measured through Uy, peaked for OPC-treated samples at —1500 kPa but favoured GG
treatment at —33 kPa and under saturation. X-ray computed tomography (CT) revealed
severe degradation in untreated samples, characterised by extensive cracking, minor crack-
ing in OPC-treated samples, and minimal damage in GG-treated samples. This highlights
the superior resilience of guar gum to wetting—drying cycles. These findings underscore
the potential of guar gum as a sustainable alternative to cement for enhancing the WD
resilience of expansive soils, particularly under low-suction or saturated conditions.

Keywords: Oxford clay; wetting and drying cycles; cement and guar gum stabilisation;
undrained shear strength; modulus of elasticity and modulus of toughness

1. Introduction

Climate change poses serious risks to geotechnical infrastructure’s long-term perfor-
mance and stability, including roads, embankments, landfill covers, and flood defences.
Traditionally, these systems were designed based on static climatic and hydrological condi-
tions. However, the increasing frequency and intensity of extreme weather events, such as
heavy rainfall, prolonged droughts, heatwaves, and rising sea levels—driven by human-
induced climate change [1]—undermine these assumptions. Consequently, many earth
structures are now subjected to environmental stresses that surpass their original design
capacities. One significant effect of changing climatic conditions is the alteration of soil
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moisture regimes. Fluctuations in moisture content due to extreme precipitation or ex-
tended dry periods can substantially impact the mechanical behaviour of soils, reducing
shear strength, stiffness, and structural integrity [2-4]. Clayey soils, common in many
regions, are particularly vulnerable to environmental processes that change their hydro-
mechanical properties. Among these processes, cyclic wetting and drying (WD) has become
a major mechanism of soil degradation, especially in semi-arid and tropical climates, where
seasonal moisture changes frequently occur [5,6]. These wetting and drying cycles cause
repetitive swelling and shrinkage, resulting in cumulative damage such as fissuring, dis-
aggregation, microstructural changes, and declines in strength and stiffness [7-9]. At the
microstructural level, WD cycles induce alterations in pore structure, particle orientation,
and fabric connectivity, which ultimately affect permeability and collapse potential [7,10,11].
Furthermore, physico-chemical interactions, such as cation exchange, mineral dissolution,
and re-precipitation, further exacerbate degradation [12]. Despite increased awareness of
these processes, our understanding of the long-term mechanical evolution of soils subjected
to repeated WD cycles is still limited, with most studies focusing on a limited number of
WD cycles [13,14].

Cement stabilisation is a widely accepted technique that decreases plasticity, limits
swelling potential, and significantly enhances shear strength properties [15,16]. Even at
low dosages, cement improves unconfined compressive strength (UCS) and California
Bearing Ratio (CBR) by forming cementitious hydration products that bind soil particles
and reduce moisture susceptibility [17,18]. Long-term field evaluations, such as a 45-year
study conducted in Oklahoma, have shown that cement-treated clays maintain improved
strength and plasticity long after treatment [19]. This durability is primarily due to the
formation of sturdy pozzolanic bonds that resist environmental degradation [17,20,21].
However, the ecological impact of cement production, known for high CO, emissions
and increased soil alkalinity, has prompted a search for more sustainable alternatives [22].
Among these alternatives, biopolymers such as guar gum have gained attention for their
environmentally friendly properties and effective soil improvement capabilities. Derived
from the guar bean, guar gum is a galactomannan polysaccharide that forms a viscous
gel upon hydration, binding soil particles into a flexible yet robust matrix. This matrix
minimises desiccation cracking, limits swelling during wetting, enhances shear strength,
and reduces the permeability of treated soils [23-25]. Additionally, guar gum treatments
have been shown to raise expansive clays’ plastic and shrinkage limits, thereby improving
their resistance to volumetric changes across a broader moisture range [26]. Unlike cement,
biopolymer treatments do not significantly alter soil pH or introduce long-term chemical
changes, making them more compatible with sensitive ecological contexts. Experimental
studies on guar gum have reported significant improvements in UCS, CBR, and shear
strength parameters, like cohesion and internal friction angle [23,24]. The stabilisation
mechanism is predominantly physical, creating hydrogel networks that coat and intercon-
nect soil particles, alleviating moisture-induced strains and enhancing aggregate stability.
Notably, studies have shown up to 50% reductions in swell index and swell pressure in
expansive clays treated with guar gum and marked decreases in shrinkage cracking [24,25].

Building on previous research, this study aims to compare the long-term durability
of cement and guar gum-stabilised Oxford clay under repeated wetting and drying (WD)
cycles. The assessment will include (a) the behaviour of volumetric changes, focusing
on monitoring swelling and shrinkage strains throughout successive WD cycles; (b) the
mechanical response, which includes undrained shear strength, modulus of elasticity,
and toughness, evaluated through triaxial testing under multiple WD cycles and varying
moisture states; and (c) a cost—carbon analysis comparing the economic and environmental
feasibility of stabilising 1 m? of soil using each additive.
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2. Materials and Methods
2.1. Materials

This study utilised Oxford clay sourced from Eynsham, Oxfordshire, UK, with approx-
imate coordinates of 51°46’55” N and 1°23/05” W. Oxford clay is a Jurassic-aged, highly
plastic clay known for its significant shrink-swell behaviour. Samples were collected from
depths ranging from 0.25 to 3.0 m below ground level, within a clay stratum beneath
superficial sand and gravel deposits. Groundwater was found at depths between 0.9 and
2.93 m, indicating that the clay typically remains relatively moist. In its natural condition,
the clay is grey and silty, with occasional shell fragments and a slight organic odour. Initial
laboratory characterisation of the air-dried and pulverised soil confirmed its high plastic-
ity. The particle size distribution, determined through combined sieve and hydrometer
analysis, was approximately 60% clay, 37% silt, and 3% sand. The Atterberg limit tests
yielded a liquid limit (LL) of 53% and a plastic limit (PL) of 22%, resulting in a plasticity
index (PI) of 31. Based on these indices, the soil is classified as a high-plasticity clay (CH)
under the Unified Soil Classification System (USCS) and as group A-7-6 according to the
AASHTO classification. The natural pH of the clay ranged from 7.4 to 8.4. Modified Proctor
compaction tests determined an optimum moisture content (OMC) of approximately 12%
and a maximum dry density (MDD) of 1.80 g/cm?. The high plasticity index (PI) and the
moderate OMC indicate a medium-to-high swell potential. Given these properties, Oxford
clay is considered a suitable candidate for investigating the effectiveness of stabilisation
under moisture cycling.

Two stabilising agents were used: ordinary Portland cement (OPC) and guar gum
(GG). OPC was added at 6% by dry weight of soil, a dosage commonly used for subgrade
stabilisation to enhance strength and reduce plasticity. This percentage aligns with field
applications, such as in the stabilisation of the Oklahoma US-62 Highway [19], and falls
within the recommended range of 3-8% [27]. The effectiveness of cement arises from the
hydration of tricalcium silicate (C3S) and dicalcium silicate (CS), which produce calcium
silicate hydrate (C-S-H) gel and calcium hydroxide [Ca(OH);]—the primary agents for
binding and soil improvement. Guar gum, a natural biopolymer, was used at 1% by dry
weight of soil. The guar gum used was a commercially available food-grade powder
(greater than 99% purity), with a manufacturer-reported average molecular weight of
1.0 million Da. It is derived from the endosperm of guar beans (Cyamopsis tetragonoloba)
and forms a highly viscous gel when hydrated [28]. This dosage is within the optimal range
(0.5-2%) reported in the literature for clayey soils, beyond which strength improvements
tend to plateau [28]. Both stabilisers were applied in dry-powder form and thoroughly
mixed with the pulverised soil to ensure uniform distribution before adding water.

2.2. Preparation of Soil Samples

Bulk soil collected from the site was initially air-dried and then oven-dried at 105 °C
for at least 24 h, following the guidelines outlined in BS 1377-1:2016 [29]. After drying,
the soil was crushed and sieved through a 2 mm sieve to break apart clods and remove
gravel-sized particles. This resulted in a uniform fine-grained matrix suitable for laboratory
testing. Stabilising agents—either 6% ordinary Portland cement (OPC) or 1% guar gum
(GG) by dry weight of soil—were carefully mixed with the prepared soil. This mixing was
performed manually and supplemented with a mechanical mixer to ensure uniformity.
Once the dry mixing was complete, water was incrementally sprayed onto the mixture
and thoroughly blended until the target moisture content was reached. All samples were
compacted at an approximately optimal moisture content (OMC) of 12% and 90% of
the modified Proctor maximum dry density (MDD). Specimen preparation involved static
compaction of the moist soil mixture within cylindrical moulds to create samples measuring



Appl. Sci. 2025, 15, 6913

40f19

50 mm in diameter and 100 mm in height (height-to-diameter ratio of 2:1), which minimised
boundary effects during triaxial testing. Each specimen was compacted in four layers to
reduce air entrapment and promote uniform density. One hundred and eight samples
were prepared and evenly divided into three groups: untreated, cement-stabilised, and
guar gum-stabilised, with 36 samples in each group. Each group was further subdivided
based on the number of wetting—drying (WD) cycles: 1, 5, 10, and 15, with nine replicates
for each condition (Figure 1). The 1-cycle group served as control samples, representing
the initial condition—they were compacted, cured, and reconstituted without undergoing
cyclic moisture changes, thereby isolating the immediate effects of stabilisation without any
environmental degradation. After compaction, all samples were cured under controlled
laboratory conditions for 7 days at 25 &= 2 °C, wrapped in sealed plastic to prevent moisture
loss. This curing period allowed for initial cement hydration and guar gum gel formation,
while maintaining the same conditions for untreated samples to ensure consistency in the
experiment. No additional water was added during the curing period, and all samples
were handled carefully to prevent premature drying or shrinkage cracking, especially in
the cement-treated samples.

Prepare soil samples (108) at OMC and MDD
Diameter = 50 mm and Height = 100 mm

y

y \4

Untreated samples (36) Cement-treated samples (36) Guar gum-treated samples (36)
A4 A\ 4 A 4 A 4 A 4 A 4 \ 4 A 4 A\ 4 l
1WD ||5WD||10 WD || 15 WD 1WD ||5WD| |10 WD || 15 WD 1WD||5WD | |10 WD || 15 WD
9) 9) 9 9) 9) 9) 9) 9) 9) 9) ) 9)

\4

Unconsolidated-Undrained triaxial tests
3 replicates for each WD cycle were
tested under each of —=1500 kPa, -33 kPPa
and 0 kPa matric suctions

l

Calculate the following

Undrained shear strength (Su)
Secant modulus of elasticity (Eso)
Modulus of toughness (U)

Figure 1. Flowchart of the study. OMC = optimum moisture content, MDD = maximum dry density,
WD = wetting—drying cycles.
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Following curing, the soil samples underwent the designated wetting—drying (WD)
cycles (Figure 1). One WD cycle was defined as one complete sequence of wetting followed
by drying. Wetting was performed by submerging the base of each specimen in water,
allowing capillary rise until saturation was reached. The duration of the wetting phase
varied among samples and treatments, although it remained fairly consistent within each
treatment group. Due to changes in permeability and pore structure, later cycles required
longer wetting times, especially for treated samples. Drying phases were carried out in a
humidity-controlled chamber or desiccation apparatus designed to induce matric suction
of approximately —1500 kPa, corresponding to moisture contents near the plastic limit or
OMC of the clay. Each specimen was subjected to its assigned number of WD cycles (1,
5,10, or 15), with particular care taken to avoid mechanical damage, especially during
handling in the softened, saturated state.

2.3. Measurement of Volumetric Strain

Following each wetting—drying (WD) cycle, volume measurements were conducted
on the soil samples to analyse their volumetric behaviour over successive cycles. Measure-
ments were performed using a high-precision electronic Vernier calliper with an accuracy
of £0.005 mm. For each specimen, the height (h;, hy, and h3) and diameter (d;, dp, and
d3) were recorded at three equally spaced points along the specimen’s surface to ensure
representative data.

Measurements were performed with utmost care and minimal handling to minimise
disturbance, particularly in samples with reduced structural integrity due to moisture
after saturation. The average values of the height and diameter measurements were used
to compute the specimen volume and the corresponding volumetric strain (¢y) for each
WD cycle.

The volumetric strain was calculated using the equation below.

_VWn—Vp

100 1
o M

&y
where V) represents the initial volume of the compacted specimen, and Vi denotes the
volume after N WD cycles. A positive e, value indicates swelling, while a negative value
corresponds to shrinkage.

2.4. Unconsolidated—Undrained Triaxial Testing and Analysis

Unconsolidated-undrained (UU) triaxial compression tests were conducted in accor-
dance with BS 1377: Part 7 (1990) [30] to evaluate the shear strength characteristics of the
treated and untreated soil samples. All samples were tested at the end of their designated
wetting-drying (WD) cycles. The samples were placed in a triaxial chamber and subjected
to a constant confining pressure (cell pressure) of 50 kPa. Axial loading was applied under
undrained conditions, and the test was continued until either failure occurred (indicated
by a peak in deviator stress) or an axial strain of 20% was reached. The tests in triplicate
were conducted at three moisture states (Figure 1).

e  —1500 kPa matric suction: This represents a dry-season or post-compaction condition
in which matric suction contributes to higher strength.

e  —33 kPa matric suction: Samples were first fully saturated and then allowed to dry
partially. This condition simulates field capacity, such as a few days after the rainfall.

e  Full saturation: Achieved through prolonged soaking to eliminate matric suction, this
represents the worst-case scenario, such as heavy rainfall or flooding, when strength
is lowest due to the absence of suction.
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Each sample was tested at room temperature (~20 °C), and axial loading was applied
using a compression machine at a constant strain rate of 0.1 mm/min. For soft or fully
saturated samples, a slower rate of 0.01 mm/min was used to reduce the risk of sudden
failure and to ensure accurate observation of stress—strain behaviour. The applied strain
rate was selected to maintain undrained conditions by preventing significant pore-pressure
dissipation during the test. From each test, the deviator stress—axial strain response was
recorded. The undrained shear strength (S,) was calculated as half of the peak deviator
stress at failure. The undrained secant modulus of elasticity (Esp) was calculated using
Equation (2), and the modulus of toughness (U) was calculated using Equation (3).

05 x A
Esp = U-5 X AC0max )
€50
"Efailure
u; = / Ao (e)de 3)
Jo

where Aomay is the maximum deviatoric stress, €5 is the strain corresponding to 50% of
the maximum deviatoric stress, ¢ is the strain, and Ac is the deviatoric stress.

After testing, samples were oven-dried to determine the actual moisture content.
Visual observations of each specimen’s failure mode (e.g., bulging and shear plane devel-
opment) were also made to assess ductility and brittleness qualitatively.

2.5. X-Ray CT Scanning and Visualisation

X-ray computed tomography (CT) scans were conducted on six soil samples—three
after one wetting—drying (WD) cycle and three after ten WD cycles. Each treatment type
(untreated, cement-treated, and guar gum-treated) was represented by one specimen per
WD condition. Before scanning, all samples were equilibrated at a matric suction of
—1500 kPa, using a pressure plate apparatus. Scanning was performed using a Nikon X-
Trek XTH225ST system (Nikon, Minato City, Japan), operating at a maximum accelerating
voltage of 195 kV and a current of 105 mA. A 0.5 mm copper filter was applied to the
X-ray beam to reduce beam-hardening effects. Each scan acquired 1800 projections over
a full 360° rotation, with a two-second exposure per projection. The resulting data were
reconstructed using Nikon’s proprietary filtered back-projection algorithm, yielding a voxel
resolution of 50 um. Radiographs were reconstructed in 32-bit format to preserve the full
dynamic range of the grayscale histogram. Image processing and analysis were performed
using Image] version 1.54 [31].

3. Results
3.1. Moisture Dynamics and Volumetric Behaviour Under WD Cycles

In the first and second wetting cycles, untreated samples reached saturation moisture
contents of 26% and 27%, respectively, accompanied by swelling strains of approximately
14%. In subsequent cycles, the saturated moisture contents and swelling magnitudes
diminished, stabilising within 20-25% and 8 to 10%, respectively. Drying was carried out to
a target matric suction of —1500 kPa, resulting in 12 & 1% residual moisture contents. The
associated shrinkage strains varied between —2% and —7%. This pronounced volumetric
response underscores the high susceptibility of the untreated expansive soil to structural
degradation under cyclic hydric loading (Figure 2).

In contrast, cement-treated samples exhibited markedly different behaviour. During
the initial wetting phase, these samples attained a saturation moisture content of 34%
and exhibited swelling strains of 22%, significantly exceeding those of their untreated
counterparts (Figures 2 and 3). Following drying to —1500 kPa, the samples retained a
residual expansion of approximately 15%, even though the moisture content reverted to
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the initial optimum moisture content (OMC). Over the 15 wetting-drying (WD) cycles, the
swelling strain under saturated conditions progressively increased, reaching up to 30%.
However, the post-drying residual swelling stabilised at approximately 15%. Notably, the
saturation moisture content increased with each cycle, eventually peaking at 43% (Figure 2).
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Figure 2. (a) Variation in moisture content between saturation (target wetting) and a matric suction
of —1500 kPa (target drying) with wetting—drying cycles and (b) variation in volumetric strain with
wetting—drying cycles for cement-treated, guar gum-treated, and untreated soil.

The volumetric response of guar gum-treated samples was similar to that of the
untreated soils. Across the WD cycles, swelling strains ranged between 10% and 13%,
comparable to the untreated soil (~12%). Drying-induced shrinkage strains varied from
—1 to —6%, mirroring the untreated response in magnitude. Despite the similarity in strain
amplitudes, the guar gum treatment appreciably altered the water-infiltration behaviour.
Guar gum-treated samples required six days to reach full saturation, in contrast to four
days for the untreated counterparts. The saturation moisture contents in the first two cycles
were 23% and 21%, respectively, lower than those of the untreated samples. In later cycles,
saturation levels remained within the 20-25% range, similar to the untreated samples
(Figure 2). Although the overall swelling—shrinkage amplitude remained unchanged,
visual inspection revealed that guar gum-treated samples exhibited enhanced structural
integrity. Desiccation cracking was severely reduced, with finer and more superficial cracks
compared to the extensive cracking observed in untreated samples by cycle 10. The guar
gum matrix likely functioned as a biopolymeric binder, preserving the columnar structure
and limiting crack propagation [26,32].

3.2. Stress—Strain Behaviour at —1500 kPa Matric Suction

All tested soils exhibited relatively stiff behaviour at —1500 kPa matric suction, repre-
senting a near-dry strength condition. The deviator stress—axial strain responses (average
for three samples) for untreated, cement-treated, and guar gum-treated samples tested at
—1500 kPa matric suction following 1, 5, 10, and 15 wetting—drying (WD) cycles are pre-



Appl. Sci. 2025, 15, 6913

8 of 19

sented in Figure 4. The corresponding moisture contents of the soil samples at —1500 kPa
matric suction are given in Appendix A. Regardless of treatment type, all samples demon-
strated strain-softening behaviour. Among the treatments, cement-treated samples con-
sistently achieved the highest undrained shear strength (Sy), followed by untreated soils.
At the same time, guar gum-treated samples exhibited the lowest S,, across all WD cycles.
A progressive reduction in S, was observed with increasing WD cycles for all treatment
conditions (Figure 5a).

Figure 3. Comparison of volume change in samples treated with cement (left) and guar gum (right)
at —1500 kPa of matric suction. The cement-treated specimen shows significant volume increase and
cracking, whereas the guar gum-treated specimen exhibits minimal cracking and more stable volume.

Across all wetting—drying (WD) cycles, the secant modulus of elasticity (Esp) was the
highest in untreated soil. In contrast, the guar gum- and cement-treated soils exhibited
comparable but lower Es values (Figure 5b). In comparison, the modulus of toughness con-
sistently ranked highest in the cement-treated soil, followed by the guar gum-treated soil,
with the untreated soil showing the lowest values throughout the WD cycles (Figure 5c).

3.3. Stress—Strain Behaviour at —33 kPa Matric Suction

Figure 6 presents the stress—strain responses (average of three samples) of untreated,
cement-treated, and guar gum-treated soils assessed at —33 kPa matric suction following
exposure to 1, 5, 10, and 15 wetting—drying (WD) cycles. The corresponding moisture
contents are given in Appendix A. Unlike the untreated and guar gum-treated soils, the
cement-treated samples consistently exhibited strain-softening behaviour, demonstrating
pronounced strain-hardening characteristics across all WD cycles (Figure 6).



Appl. Sci. 2025, 15, 6913 9of 19

1200 - 1 1
(a) —— 1 WD cycle (b) (c)

NE 1000 - —— 5 WD cycles . g
< ——— 10 WD cycles
5 800 - —— 15 WD cycles
]
£ 600 A E ]
17
S
% 400 A 1 _
=
<)
A 200 -

o

o 2 4 6 8 10 12 14 O 2 4 6 8 10 12 14 O 2 4 6 8 10 12 14
Axial strain (%) Axial strain (%) Axial strain (%)
Figure 4. Deviator stress is plotted as a function of axial strain (average for three samples) measured at

the matric suction of —1500 kPa for (a) untreated soil, (b) cement-treated soil, and (c) guar gum-treated
soil for 1, 5, 10, and 15 wetting—drying cycles.
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Figure 5. Variation in (a) undrained shear strength, (b) secant modulus of elasticity, and (¢) modulus
of toughness measured at —1500 kPa matric suction for untreated soil and soil treated with cement
and guar gum, subjected to 1, 5, 10, and 15 wetting-drying cycles.
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Figure 6. Deviator stress is plotted as a function of axial strain (average for three samples) measured at
the matric suction of —33 kPa for (a) untreated soil, (b) cement-treated soil, and (c) guar gum-treated
soil for 1, 5, 10, and 15 wetting—drying cycles.

At —33 kPa matric suction, all soil samples exhibited a reduction in undrained shear
strength (S,) compared to those tested at —1500 kPa, primarily due to the increased pore
water content diminishing matric suction. The untreated soil demonstrated a progressive
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Undrained shear strength, S, (kN/m?)
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decline in strength with increasing WD cycles, decreasing from 54 kPa after the first
cycle to 33 kPa after 15 cycles—a reduction of approximately 39%. Cement-treated soil
initially recorded the highest S, (235 kPa), but this value declined steadily to 156 kPa after
15 cycles (34% reduction), indicating degradation of cementitious bonds due to moisture
ingress. Nevertheless, it consistently outperformed the other treatments throughout the
WD cycles. Guar gum-treated soil displayed an intermediate response, with S, decreasing
from 124 kPa to 92 kPa (26% reduction), suggesting relatively better resilience against
moisture-induced weakening than the untreated soil, albeit inferior to cement treatment in
terms of absolute strength (Figure 7a). The variation in the secant modulus of elasticity (Esg)
with respect to WD cycles mirrored the trends observed in Sy (Figure 7b). Interestingly, the
guar gum-treated soil exhibited the highest modulus of toughness (U:), surpassing both
cement-treated and untreated soils (Figure 7c), indicating its superior energy absorption
capacity under cyclic moisture fluctuations.
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Figure 7. Variation in (a) undrained shear strength, (b) modulus of elasticity, and (c) modulus of
toughness measured at —33 kPa matric suction for untreated soil and soil treated with cement and
guar gum, subjected to 1, 5, 10, and 15 wetting—-drying cycles.

3.4. Stress—Strain Behaviour at Saturation

Undrained triaxial shear strength tests conducted under saturation provided key
insights into the long-term mechanical performance of soils stabilised with cement and
guar gum, particularly following repeated wetting—drying (WD) cycles. All soil samples
displayed strain-hardening behaviour under saturated conditions, except cement-treated
samples subjected to one and five WD cycles (Figure 8). The undrained shear strength (Sy)
of the untreated soil decreased from 28 kPa after 1 WD cycle to 17 kPa after 15 cycles, repre-
senting a 38% reduction in strength. Cement-stabilised samples exhibited a significantly
higher initial S, of 72 kPa after 1 WD cycle; however, this value declined to 27 kPa after
15 cycles (a 62% reduction), likely due to microcracking and calcium leaching. Despite this
degradation, the cement-treated soil retained superior strength to the untreated control.
Guar gum-stabilised soil demonstrated a Sy, of 49 kPa at 1 WD cycle, decreasing moderately
to 29 kPa after 15 cycles, amounting to a 40% reduction. It is worth noting that S, for the
guar gum-treated soil under 10 and 15 WD cycles is very similar to that of cement-treated
soil (Figure 9a).

Figure 9b presents the secant modulus of elasticity (Esp), determined under saturated
conditions for untreated, cement-treated, and guar gum-treated soils across 1, 5, 10, and
15 WD cycles. Notably, the highest modulus of toughness (U;) was recorded for the
guar gum-treated samples, followed by cement-treated and untreated soils (Figure 9c),
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underscoring the energy absorption capacity and ductility enhancement afforded by the
biopolymer treatment.
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Figure 8. Deviator stress is plotted as a function of axial strain (average for three samples) measured
at saturation for (a) untreated soil, (b) cement-treated soil, and (c) guar gum-treated soil for 1, 5, 10,
and 15 wetting-drying cycles.
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Figure 9. Variation in (a) undrained shear strength, (b) modulus of elasticity, and (c) modulus of
toughness measured at saturation for untreated soil and soil treated with cement and guar gum,
subjected to 1, 5, 10, and 15 wetting—drying cycles.

3.5. X-Ray CT Visualisation

After one WD cycle (top row, Figure 10), the untreated soil (left) exhibits a hetero-
geneous microstructure with moderate pore connectivity and visible interparticle spaces,
indicating loose particle arrangement. The cement-treated sample (middle) presents a
denser and more homogeneous structure, characterised by bright grayscale regions cor-
responding to cement hydration products and reduced visible pore spaces. Although
some macropores are present at the periphery, the guar gum-treated sample (right) also
shows improved densification compared to the untreated sample, with relatively uniform
grayscale intensity and fewer macropores in the middle, suggesting an early-stage binding
effect of guar gum on soil aggregates.

After 10 WD cycles (bottom row), significant structural degradation is observed
in the untreated sample, with prominent crack networks and large voids (highlighted
by red arrows), especially near the periphery. The cement-treated sample shows minor
cracking (red arrows) and limited structural deterioration, maintaining overall integrity
due to cementitious bonding. The guar gum-treated specimen exhibits minimal cracking
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(red arrow) and preserves a relatively intact microstructure, indicating the biopolymer’s
resilience against moisture-induced cyclic stresses (Figure 10).

Untreated -1 WD

Cement-treated — 1 WD Guar gum-treated — 1 WD

Figure 10. X-ray computed tomography (CT) grayscale images illustrate expansive soil samples’
internal microstructural evolution under cyclic wetting—drying (WD) conditions. The images compare
untreated, cement-treated, and guar gum-treated samples after 1 and 10 WD cycles. All images
represent horizontal cross-sections at mid-height of cylindrical samples, and cracks are marked with
red arrows.

These CT images collectively highlight the superior resistance of cement and guar gum
treatments in preserving the microstructural stability of expansive soils under repeated
environmental loading.

3.6. Cost—Carbon Emission Comparison Analysis

Table 1 presents a comparative analysis of cement and guar gum as soil-stabilising
agents, highlighting their economic and environmental implications when used to treat
1 m3 of soil with a target dry density of 1.6 g/cm?® (1600 kg/m?3). Cement was applied
at a dosage of 6%, corresponding to 96 kg/m? of soil, whereas guar gum was used at a
lower dosage of 1%, requiring 16 kg/m?>. Despite the higher unit cost of guar gum (GBP
1500/ton) compared to cement (GBP 150/ton), the total material cost for treating 1 m? of
soil with guar gum (GBP 24) exceeded that of cement (GBP 15), due to the significantly
higher price per unit mass [33,34].
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Table 1. Cost and CO, emission comparison for cement and guar gum to stabilise 1 m? of soil.

Target Quantity Total Cost CO, Total CO,
. . Dosage . Cost per 3 .. .o
Material Density of (%) Required for Ton (GBP) for1m Emissions Emissions for
Soil (kg/m3) ’ 1 m? of Soil (kg) Soil (GBP) per Ton (ton) 1 m3 Soil (kg)
Cement 16 6 96 150 15 0.9 86.4
Guar gum ) 1 16 1500 24 0.1 1.6

Regarding environmental impact, cement production produces substantial CO, emis-
sions of 0.9 tons per ton of material, translating to 86.4 kg CO, per m® of treated soil [35].
In contrast, guar gum exhibits a markedly lower carbon footprint of only 0.1 tons of CO,
per ton, resulting in a minimal emission of 1.6 kg CO, per m? of soil [36]. This comparison
underscores guar gum’s potential as a more environmentally sustainable, albeit costly,
alternative to cement for soil improvement applications.

4. Discussion
4.1. Volumetric Response and Moisture Dynamics

The observed volumetric instability in untreated expansive soils subjected to cyclic
wetting-drying (WD) aligns well with established behaviours documented in highly plastic
clays [5,7]. Notably, the progressive reduction in swelling from approximately 14% to a
range of 8-10% over 15 cycles suggests a significant degree of structural degradation and
pore collapse, resulting in a densified matrix with diminished water retention capacity. The
pronounced shrinkage strains, ranging from —2% to —7%, coupled with observable crack
propagation, underscore the potential durability concerns arising from seasonal hydric
fluctuations [13].

In contrast, cement-treated soils exhibited a distinctly different behaviour, with
swelling strains increasing from 22% to 30% across successive cycles, despite an initial high
strength. This behaviour can be attributed to internal structural evolution, characterised by
microcracking resulting from repeated moisture ingress and the precipitation of expansive
hydration products, such as ettringite, which further promotes volumetric expansion [37].
The increase in saturation moisture content to 43% highlights an increase in macroporosity
resulting from the destabilisation of cementitious bonds and the leaching of soluble phases.
Notably, the residual swelling appeared to plateau at approximately 15%, indicating the
formation of semi-stable matrices capable of retaining volumetric memory through cycles.

Guar gum-treated soils demonstrated volumetric responses similar to untreated soils
regarding swelling—shrinkage amplitude; however, they exhibited distinct moisture mi-
gration behaviours. The delayed saturation observed in guar gum-treated soils (~6 days
compared to 4 days for untreated soils) and the reduced severity of cracks point to the
beneficial role of the polysaccharide in enhancing particle bridging and minimising capil-
lary connectivity [38]. This behaviour is consistent with previous studies indicating that
biopolymer treatments effectively limit surface evaporation and manage pore pressure
buildup, thereby mitigating damage driven by desiccation [27]. While the mechanical im-
provements were modest, guar gum-treated soils’ enhanced integrity and crack resistance
underscore their potential to mitigate hydraulic fatigue. This is evident from the X-ray CT
grayscale images of soil columns in Figure 10.

4.2. Mechanical Performance Under WD Cycles

At —1500 kPa matric suction, all soils displayed strain-softening behaviour, typical of
unsaturated fine-grained soils with apparent cohesion [39]. Cement-treated soils exhibited
the highest undrained shear strength (S,), owing to the formation of calcium silicate
hydrates (CSHs) and calcium aluminate hydrates (CAHs), which enhance interparticle
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bonding [40]. However, the progressive S, reduction (579 to 288 kPa from 1 to 15 WD
cycles) underscores the vulnerability of cementitious bonds to cyclic moisture intrusion
and microstructural fatigue [40-42]. Interestingly, untreated soils maintained higher Esg
values than treated soils at —1500 kPa matric suction, possibly due to their naturally
compacted and stiff state with high matric suction. This is congruent with studies showing
suction-induced stiffness dominates compacted unsaturated clays [43]. In contrast, the
lower modulus values in treated soils may reflect the presence of hydrated gels and
entrapped voids introduced during treatment, contributing to increased deformability.
Despite exhibiting lower S, than untreated soils, guar gum-treated soils maintained a
comparatively higher modulus of toughness (Uy). This implies enhanced energy dissipation
capacity under monotonic loading—a critical factor in resisting progressive cracking and
deformation in cyclic environments [44].

At —33 kPa matric suction, the untreated soil showed the most pronounced reduction
in Sy (39%) with WD cycles from 1 to 15, corroborating Shah et al.’s [45] observations of
exponential strength loss with WD cycles. Guar gum treatment yielded superior toughness
and relatively stable S, (124 to 92 kPa, ~26% drop), indicating biopolymer-mediated
enhanced ductility and pore water buffering. These results agree with Hamza et al. [44],
who reported that moisture entrapment within biopolymer films reduces pore pressure
gradients and crack propagation.

The saturated state provided a worst-case scenario for long-term treatment efficacy. As
expected, all soils showed reduced undrained shear strength (S,) due to the complete loss
of matric suction. In untreated soils, the undrained shear strength decreased from 28 kPa
to 17 kPa, marking a substantial 38% reduction over 15 WD cycles. In contrast, samples
stabilised with cement experienced even greater degradation, with strength plummeting
from 72 kPa to 27 kPa, reflecting an extraordinary 62% decline under the same conditions,
indicative of extensive chemical bond degradation with WD cycles. Microcracking and
leaching of calcium-based products likely facilitated a reduction in solid-phase continu-
ity [40-42]. Despite this, cement-treated soil maintained the highest absolute strength
among all treatments, affirming its structural advantage even under extreme saturation.
Guar gum-treated soils demonstrated moderate strength loss (49 to 29 kPa from 1 to 15 WD
cycles, ~40% drop) but preserved the highest toughness across all WD cycles. This perfor-
mance reinforces the notion of guar gum as a ductility enhancer, promoting distributed
deformation rather than brittle failure. Its physical-chemical interactions likely form a
pseudo-gel matrix that binds particles while allowing limited deformation under stress,
thus maintaining post-peak energy absorption capacity [38,44].

In the most adverse conditions tested, the undrained shear strength (Sy) of guar
gum-treated samples remained above 29 kPa after 15 wetting—drying (WD) cycles under
saturated conditions, outperforming cement-treated samples, which exhibited a compara-
ble S, of 27 kPa at the same stage. According to Eurocode 7 [46] and prevailing geotechnical
design practices, a Sy, > 25 kPa is generally deemed sufficient for lightly loaded structures,
such as road subgrades, embankments, and shallow foundations, on soft cohesive soils.
Notably, guar gum-treated soils also exhibited the highest modulus of toughness ()
across all moisture conditions, indicating superior energy absorption capacity and ductility.
These characteristics are particularly advantageous in applications subjected to repeated
environmental loading, such as seasonal moisture fluctuations or rainfall cycles. The
elevated toughness values suggest enhanced resistance to cracking and a reduced likeli-
hood of brittle failure, aligning with long-term performance expectations for resilient and
sustainable infrastructure [47,48]. Moreover, X-ray computed tomography (CT) imaging
revealed that guar gum-treated samples maintained superior microstructural integrity after
10 wetting—drying (WD) cycles, displaying significantly fewer and narrower cracks than



Appl. Sci. 2025, 15, 6913

15 of 19

both untreated and cement-stabilised counterparts. This evidence underscores the effective-
ness of biopolymer stabilisation in enhancing resistance to moisture-induced degradation,
thereby supporting its suitability for geotechnical applications demanding long-term me-
chanical and volumetric stability. To build upon these findings, future research should
employ advanced quantitative image-processing techniques to systematically evaluate
pore structure parameters and crack density across untreated, cement-treated, and guar
gum-treated soils subjected to repeated WD cycling.

4.3. Sustainability Assessment

The sustainability analysis reveals a stark trade-off between mechanical performance
and environmental impact. Although cement remains more cost-effective (GBP 15/m? vs.
GBP 24/m?3 for guar gum), its environmental burden (86.4 kg CO,/ m3) is nearly 54 times
greater than that of guar gum (1.6 kg CO,/m?), aligning with global concerns regarding
cement’s embodied carbon. Costs may be reduced by using industrial-grade or partially
refined guar gum, which is substantially cheaper than food-grade powder. Additionally,
blending guar gum with other low-cost additives, such as fly ash or lime, can enhance
performance while further reducing total costs. While guar gum incurs higher upfront
costs, its potential for long-term durability under cyclic environmental loading and its
ultra-low carbon footprint render it a viable alternative for green infrastructure applications.
This may qualify guar gum for use in public works funded under sustainability targets,
helping to offset initial material costs [49-51].

4.4. Biodegradation Risks and Matrix Influence in Guar Gum-Stabilised Soils

Though the guar gum is proven to be a viable alternative for soil stabilisation un-
der cyclic environmental loading, concerns remain about its long-term stability under
subsurface conditions, particularly regarding biodegradation by indigenous soil microor-
ganisms. Microbial degradation poses a potential risk to the durability and performance
of guar gum-treated soils over extended periods [52]. Recent studies indicate that the risk
of biodegradation can be substantially reduced when guar gum is incorporated within
low-permeability clay matrices. These dense clay environments act as physical and bio-
chemical barriers that limit microbial access to guar gum molecules, thereby reducing
microbial activity and slowing degradation [53]. For example, compacted clay soils create
microenvironments with limited oxygen diffusion and nutrient availability, which suppress
microbes” abundance and metabolic function capable of degrading biopolymers like guar
gum. In particular, saturated or anaerobic conditions common in guar gum-stabilised clay
soils further restrict microbial degradation processes, potentially extending the functional
lifespan of the stabilisation treatment [54]. However, the extent of this protective effect
depends heavily on site-specific factors, including clay mineralogy, pore water chemistry,
and redox potential, all of which influence microbial populations and activity. Therefore,
while guar gum stabilisation shows promise for durable soil improvement, further research,
especially long-term field studies, is necessary to better understand how biodegradation
progresses under varying geochemical and hydrological scenarios. Such investigations will
help validate laboratory results and clarify guar gum’s practical longevity and effectiveness
as a sustainable soil stabiliser [52].

5. Conclusions

The results of this study revealed distinct moisture and mechanical responses of
expansive soils treated with cement and guar gum under cyclic wetting—drying (WD)
conditions. Untreated soils exhibited high initial swelling (~14%) and shrinkage (—2% to
—7%), which diminished over cycles due to structural degradation. Cement-treated soils
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showed increasing swelling (22% to 30%) with higher saturation moisture contents (up
to 43%), attributed to microcracking and expansive hydration products. Despite strength
gains, post-drying residual swelling plateaued at ~15%. Guar gum-treated samples had
similar volumetric strains to untreated soils but demonstrated improved crack resistance
and delayed saturation due to reduced water infiltration and better structural cohesion.

Mechanically, all soils showed strain-softening at —1500 kPa suction, with cement-
treated soils achieving the highest undrained shear strength (Sy), though degrading from
579 to 288 kPa over 15 cycles. Guar gum-treated soils exhibited lower S, but retained
higher toughness, reflecting superior energy absorption. At —33 kPa suction, cement again
provided the highest Sy, but guar gum-treated soils retained strength more effectively
(26% reduction vs. 34% for cement) and achieved the highest toughness, highlighting their
ductility. Under saturation, all soils showed strain-hardening, with S for cement and guar
gum-treated samples being comparable, yet guar gum-treated soils maintained the highest
toughness. These benefits were attributed to the biopolymer’s pore-blocking effects and
cohesive gel network.

A preliminary cost—-carbon assessment demonstrated that guar gum, despite its higher
unit cost (GBP 24/m?3 compared to GBP 15/m? for cement), offers a markedly lower carbon
footprint, with CO, emissions of only 1.6 kg/m3 versus 86.4 kg/m? for cement. This
substantial reduction in embodied carbon underscores the environmental advantages of
guar gum as a sustainable binder. Beyond its ecological benefits, guar gum-treated soils
exhibited improved ductility, superior crack resistance, and greater long-term performance
under cyclic environmental loading—characteristics essential for stabilising expansive soils.
These results position guar gum as a technically viable and environmentally favourable
alternative to conventional cementitious stabilisers. However, further investigations, par-
ticularly extended in situ studies, are warranted to establish its field applicability and
long-term durability fully. Such research should focus on the influence of varying geochem-
ical and hydrological conditions on the biodegradation behaviour of guar gum, thereby
bridging the gap between laboratory observations and real-world performance.
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Appendix A

Table Al. A complete set of measured data in this study.

Matric Suction WD Moisture Undrained Secant Mf)dulus of Modulus of
Treatment (kPa) Cycles Content (%) Shear Strength, Elasticity, Es Toughness, U}
(No.) S, (kPa) (MPa) (kPa)
1 12405 483 + 29 502 + 6.1 11+14
5 12 + 043 279 436 284 +93 85+ 0.8
—1500 10 13 + 0.68 261 + 13 223 +42 71+04
15 12 +0.29 252 + 24 21+18 89+ 13
1 19+ 0.79 5443 1.6+08 19.8 + 42
5 17+ 0.83 40 + 4 25+03 8.6+ 49
Untreated —33 10 17 + 0.48 35+3 15402 76407
15 16 + 0.39 3342 14+01 72402
1 26+ 2.43 28 42 1.0+ 04 109 + 0.9
5 22 4121 243 19+0.1 6.6+21
0 10 214095 242 1.8+02 8.7+ 0.9
15 21 +1.01 1742 25+03 6.8+ 0.7
1 14 +0.98 579 + 14 23+34 333+32
5 15+ 1.18 427 +13 16.7 +23 259 +2.1
—1500 10 12+ 0.28 368 + 16 152 +19 242 + 1.6
15 14+ 138 288 + 19 17.1 + 3.6 173 +2.1
1 24+ 0.95 235+ 9 114+17 244+19
5 24 4081 211 + 11 9.8+ 1.6 199 +13
Cement-treated —33 10 22 +0.78 175 + 13 84409 141+33
15 24+ 0.69 156 + 12 82+03 15.6 + 0.9
1 32+ 131 7245 7.6+ 1.6 42423
5 34+ 134 52 4 4 40402 51402
0 10 344152 4146 12+1.1 109 + 1.7
15 334123 27 +3 24403 6.0+ 0.6
1 12+ 036 375 + 29 312+ 38 163 + 4.5
5 13 + 0.4 207 + 8 17.9 + 3.4 20.1+23
—1500 10 11 4023 159 + 5 155 + 2.1 114+13
15 12 + 0.09 139 + 4 11.7 £22 94409
1 17 + 0.56 124 + 19 7.8+ 0.3 261+ 1.1
Guar 5 16 + 0.89 113+5 6.7 402 238+ 0.7
gum-treated —33 10 16 + 0.49 94 + 10 82402 221+12
15 17 + 0.94 92 +8 53+ 0.2 231+ 05
1 24 4 1.89 4943 15+ 09 111405
5 22+ 0.67 46+ 3 22401 145 + 0.9
0 10 22 4038 3942 31402 153 + 1.8
15 22 +0.39 29 + 4 26+03 8.8+ 02
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