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Abstract
The quantification of long-term performance of mechanically/chemically treated problematic soils is still under discussion. 
Likewise, exploring the availability and use of eco-friendly and sustainable stabilizing admixtures is a parallel area of con-
temporary research. This paper presents the laboratory results of a highly plastic soil strengthened with xanthan gum (XG) 
biopolymer to determine its suitability as a suitable subgrade for pavements. The XG content varied from 0 to 5 percent, 
and the specimens were tested at different aging periods (0‒60 days). The unconfined compressive strength (UCS) of soil 
strengthened with 1.5% XG content showed a considerable enhancement in strength by 314 percent, strength improvement 
ratio (SRI) increased by 8.3 times, and energy absorption capacity (Ev) by 1.4 times, resulting in a hard-quality subgrade for 
pavement construction. The compression (Cc) and rebound (Cs) indices were greatly reduced by 78 percent, as well as the 
swell potential parameters (percent swell (Sw) and swell pressure (Sp)) were decreased by 85 percent on average. The hydraulic 
conductivity of treated soil as well as the moisture-mass losses in freeze–thaw durability test was also found to be greatly 
enhanced with increased XG content. Aging time also plays a pivotal role in enhancing the strength and anti-deformation 
characteristics of stabilized soil up to 60 days. SEM coupled with EDX analysis proved the aggregation of soil particles by 
hydro-gelling effect of biopolymer, which helps in the improvement of strength and durability. Therefore, XG biopolymer 
has a promising potential as an alternative admixture for treating widespread fat subgrade soils.

Keywords Highly plastic soil · Xanthan gum · Unconfined compressive strength · Strength improvement ratio · Hydraulic 
conductivity · Freeze–thaw durability

Introduction

Expansive clays with low shear strength and high compress-
ibility are common in many parts of the world, especially 
in tropical areas like Pakistan (Ali et al. 2020), Australia, 
Thailand, and Malaysia. These clays beneath foundations 
and pavements are generally related to undesirable lateral 
movements on loading, differential settlement issues, and 
bearing capacity problems (Ijaz et al. 2022b). Therefore, 
soil stabilization methods are commonly suggested for these 
clays (Hamza et al. 2022b). Soil improvement techniques are 
generally classified as either mechanical or chemical; in cer-
tain circumstances, a mix of treatments is also applied. Com-
monly known mechanical improvement methods include 

soil reinforcement (Hamza et al. 2022a), densification, and 
dewatering.

On the other hand, chemical techniques and biological 
methods involve the stabilization of weak soils by chemi-
cal admixtures and biotic processes (Hamza et al. 2022c). 
Conventional chemical admixtures like fly ash, bituminous 
materials, lime, calcium, carbide, and cement are used in 
the construction industry nowadays (Aziz et al. 2022, 2021). 
Though these chemical admixtures offer many benefits like 
workability, hydraulicity, enhanced durability, and high 
strength at a reasonable price (Ijaz et al. 2020, 2022a; Aziz 
2020), they leave an irreparable and everlasting mark on 
the environmental ecosystem. Cement is a commonly used 
material and popular soil stabilizer that releases half tons 
of carbon dioxide  (CO2) gas for each ton of its production 
(Latifi et al. 2016a, b), as well as it accounts for about 5 
percent of global  CO2 gas emissions (Chang et al. 2016). 
Also, nitrogen oxides are produced in cement production 
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kilns in addition to  CO2 emissions. Moreover, the conven-
tional admixtures change the pH of the treated soil, affect-
ing vegetal and groundwater quality and contributing to 
desertification. Likewise, it has been observed that the soil 
treated with chemical admixtures shows brittle behavior, 
which reduces the overall structural stability (Sujatha et al. 
2021). Ecological concerns and the requirement for sustain-
able growth necessitate using an environmentally friendly 
stabilizing material. Therefore, natural admixtures such as 
powdered glass, plastic, paper, fibers, and biopolymer are 
becoming popular for the economic treatment of high-plastic 
soils (Latifi et al. 2017).

Being derived from natural processes, biopolymers such 
as xanthan gum, gellan gum, guar gum, alginate, chitosan, 
polyurethane resin, agar, and polyglutamic acid can substi-
tute conventional admixtures as soil stabilizers (Kumar and 
Sujatha 2020). It also finds application in slope strengthen-
ing, erosion control, soil stabilization, liquefaction mitiga-
tion, and bioremediation (Hamza et al. 2022d). Biopolymers 
do not contribute to harmful gas emissions owing to the 
carbon-capture effect in the production phase, resulting in 
a negligible carbon dioxide trace, and therefore branded as 
sustainable, carbon–neutral, and environmentally friendly 
materials (Lee et al. 2019). Biopolymers are natural poly-
saccharides produced by algae, bacteria, and fungi that have 
inherent properties like pseudo-plasticity, stability, resist-
ance to shear breakdown, and high viscosity throughout a 
wide range of temperatures and pH (Moghal and Vydehi 
2021). Xanthan gum (XG) biopolymer is now the most com-
monly used anionic biopolymer for generating biodegrad-
able polysaccharides (Petri 2015), synthesized by bacterial 
micro-organisms Xanthomonas campestris using carbo-
hydrate as the main raw material. XG is non-toxic, odor-
less, water-soluble, low cost, and shows advanced stability 
in temperature, salt, base stability, and acid, accompanied 
by good resistance to oxidation and enzymatic hydrolysis 
(Rosalam and England 2006).

Elkafoury & Azzam (2021) evaluated the performance 
of XG-amended fine sand and observed that the CBR value 
of treated soil improved by three times with 0.9% XG com-
pared to natural soil. The tensile strength of low-plastic 
clay treated with xanthan and guar gum increased by 25 and 
10 times, cohesion increased by 5 and 1.5 times, and fric-
tion angle reduced by 2° and 12°, respectively (Soldo et al. 
2020). The dehydration of gum causes biopolymer gel to 
change to a glassy state, which accumulates inside the pore 
spaces of clay particles and strongly binds them together to 
form a crosslinking network, thus improving the unconfined 
shear strength (Acharya et al. 2017; Arasan et al. 2017; Latifi 
et al. 2016a, b), deviatoric stress (Soldo et al. 2020), cohe-
sion with friction angle (Ayeldeen et al. 2016; Dehghan et al. 
2019; Latifi et al. 2017), California bearing strength (Chen 
et al. 2013, 2015), permeability with hydraulic conductivity 

(Ayeldeen et al. 2017; Biju & Arnepalli 2020; Cabalar et al. 
2017; Muguda et al. 2017), Atterberg limits with compres-
sion index (Nugent et al. 2011, 2009), and metal uptake 
capacity with leachability. Because of their benefits and 
prospective properties, these biopolymeric stabilizers have 
been recognized as viable soil strengthening additives with 
significant potential in various areas of the construction 
industry. Table 1 summarizes the recent research findings 
related to biopolymeric stabilization of weak geomaterials.

Though, most of the research known in the literature 
was mainly focused on low-plastic, silty clays, residual, and 
sandy soils with limited work on problematic high-plastic 
clays. Besides, understanding XG-stabilization correspond-
ing to freeze–thaw durability performance also requires 
special attention to pave its path for practical field imple-
mentations. Therefore, a comprehensive study is needed 
to highlight and understand the potential attributes of XG-
treatment of problematic high-plastic clay with particular 
attention to subgrade strength which involves specialized 
testing considering the freeze–thaw durability performance. 
Such studies are deemed necessary as they provide a sustain-
able and environment-friendly solution and pave the way for 
future field applications.

Considering the discussion, this study aimed to explore 
the mechanical behavior of XG-treated problematic high-
plastic clay with particular attention to subgrade tests, 
coupled with microstructural and elemental testing to 
understand the possible interaction mechanism of XG with 
high-plastic clays by incorporating long-term aging condi-
tions. This comprehensive study will provide the scientific 
basis and better understanding of the long-term behavior 
of XG-treatment of problematic high-plastic subgrade to 
researchers and practitioners working in a similar research 
area. Macroscale tests performed to determine the mechani-
cal behavior of natural and treated soils include unconfined 
compression strength (UCS), direct shear (DS), swell-
consolidation, permeability, and freeze–thaw durability 
tests. Microscale tests conducted to examine the micro-
level changes in treated soil include scanning electron 
microscopy (SEM), energy-dispersive x-ray (EDX), and 
Brunauer–Emmett–Teller (N2-BET) surface area analyses. 
Furthermore, tests were performed on treated samples at 
prolonged aging (0‒60 days) to investigate the changes in 
mechanical strength and microlevel properties of the treated 
soil over time.

Materials and methods

Natural soil and xanthan gum biopolymer

The natural soil used in this research was quarried from 
2 to 3.5 m below the ground level from Kohat district in 
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Khyber Pakhtunkhwa, Pakistan, with geographical coordi-
nates (33°33′57.6ʺ N, 71°29′30.0ʺ E). The soil comprises 
36 percent sand, 41 percent silt, and 23 percent clay con-
tents (Zamin et al. 2021), as shown by the gradation curve 
in Fig. 1. The liquid limit is 50.5 percent, the plasticity index 
is 30.5 percent, plastic limit is 20 percent, specific gravity 
is 2.68, and classified as high-plastic clay or fat clay (CH) 
according to the Unified Soil Classification System (USCS). 
X-ray diffractogram (XRD) of pure soil shows the dominant 

Table 1  Literature review on the utilization of different biopolymers for soil amelioration

Reported by Soil type Biopolymer type Optimum quantity Experimental results

Present study Highly plastic clay Xanthan gum 1.5% Enhancement in unconfined and 
direct shear strengths, anti-
deformation properties, and 
mitigation of swelling potential

Wang et al. (2021) Red clay Xanthan gum 1.5% Strength enhancement, and 
improvement in cohesion and 
internal friction angle

Kumar and Sujatha (2021) Silty clay Xanthan gum 1% Strength enhancement, consid-
erable reduction in hydraulic 
conductivity

Bağrıaçık and Mahmutluoğlu 
(2021)

Clean sand Xanthan gum 1.25% Improvement in bearing capacity

Kumar and Sujatha (2020) Clayey sand βeta-glucan ‒ Strength enhancement
Soldo et al. (2020) Sand with silt Xanthan gum, βeta-1,3/1,6 

glucan, Chitosan, Guar gum, 
and Alginate

2% XG and 1% GG Strength enhancement

Soldo and Miletić (2019) Silty sand Xanthan gum 1% Strength enhancement
Chen et al. (2019) Sand Xanthan gum ‒ Drying leads to increase strength 

and cohesion
Lee et al. (2019) Sand Xanthan gum 2% Strength enhancement
Kwon et al. (2019) Marine clay Xanthan gum, ϵ-polylysine 2% Strength enhancement
Dehghan et al. (2019) Silty clay Xanthan gum 2% Decrease in permeability and 

collapsible potential
Chang and Cho (2019) Sand-clay mixtures Gellan gum 1% Increase in the shear strength 

parameters

Fig. 1  Grain size distribution curve of natural soil
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Fig. 2  a XRD, and b FTIR spectra of natural soil
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presence of quartz mineral, while swelling clay minerals 
(montmorillonite, illite) are also present in the soil sample 
as shown in Fig. 2a. The Fourier-transform infrared spectros-
copy (FTIR) of the natural soil is presented in Fig. 2b. The 
bending and stretching vibrations recorded in FTIR spec-
tra revealed the presence of Al–OH, Si–OH, and Mg-OH 
groups.

Xanthan gum biopolymer, a natural polysaccharide gener-
ated by the microbe Xanthomonas campestris (Garcıa-Ochoa 
et al. 2000), was used in this study for soil stabilization 
purpose. The most often used microbe for the commercial 
synthesis of xanthan gum, Xanthomonas campestris, is an 
aerobic bacterium, and fermentation results in a significant 
rise in viscosity (Rosalam and England 2006). Therefore, 
xanthan gum solutions have high shear stability and higher 
pseudo-plasticity. Because of these qualities, xanthan gum 
has a wide range of uses in the pharmaceutical, oil, paint, 
food, cosmetic, textile, and paper industries as a thickening, 
suspending, gelling, viscosity controller, or as a flocculant 
(Comba and Sethi 2009). XG looks like a dry and cream-
colored powder with grain size passing American Society 
for Testing and Materials (ASTM) #200 mesh. It is water 
soluble, viscosity of 1615 cps, anionic charge, and specific 
gravity of 1.1.

The SEM and EDX of natural soil and xanthan gum are 
presented in Fig. 3. The soil SEM demonstrates the presence 
of voids and micro-cracks in its microstructure (Fig. 3a), 
which would impact strength and deformation behavior 
when subjected to moisture fluctuations in the field. It also 
shows platy soil grains stacked in a parallel configuration to 
produce a dispersed structure. The microstructure of pure 

XG presents a continuous and smooth surface with fiber 
matrices in Fig. 3b. The EDX of pure soil shows the elemen-
tal composition as oxygen (O-47%), carbon (C-14%), sili-
con (Si-18%), aluminum (Al-8%), and EDX of xanthan gum 
comprises oxygen (O-39%) and carbon (C-55%) with trace 
amounts of other elements.

Specimen preparation and testing program

The XG biopolymer was mixed in natural soil at 0, 0.5, 1, 
1.5, 2, and 5 percent of the soil’s dry mass, which is the most 
acceptable method for field application. The prepared mix-
tures were placed in sealed plastic bags for 24 h to achieve a 
homogeneous moisture distribution. The soil-XG mixtures 
were subjected to naturally air-dried aging conditions for an 
aging of 0, 4, 7, 14, 28, and 60 days for the performance of 
geotechnical experimentation as presented below.

Tests for mechanical behavior

Unconfined compression tests were conducted according 
to ASTM D2166M-16 on treated soil specimens com-
pacted at their respective maximum dry density (MDD) 
and optimum moisture content (OMC) in the split mold 
of 38 mm diameter and 76 mm height. The samples were 
kept in plastic bags at 25 °C during the required aging 
periods of 0, 4, 7, 14, 28, and 60 days. A strain-controlled 
UCS apparatus was used to apply uniaxial compression 
load at a strain rate of 1.27 mm/min to a maximum of 20 
percent strain. Direct shear tests were carried out using 
standard shear box apparatus (20 mm height and 60 mm 

Fig. 3  SEM with EDX graphs 
of powdered samples a natural 
soil, and b xanthan gum
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sides) according to ASTM D3080. The samples were 
tested at three different normal stresses at a 1.0 mm/min 
horizontal displacement. It is appropriate to mention here 
that for the UCS and direct shear tests, the soil was mixed 
with the desired biopolymer percentage at their respective 
optimum moisture contents (OMCs) overnight at a room 
temperature of (28 ± 2 °C) and compacted at maximum 
dry densities (MDDs).

One-dimensional consolidation tests were conducted 
according to ASTM D2435M-11 on the treated specimens 
of 75 mm diameter and 20 mm height. An initial seating 
load of 2.5 kPa was applied to prevent swelling of the 
soil, and after that, the applied vertical load was main-
tained for 24 h until there was no further change in vertical 
strain. The load increments of 10, 20, 50, 100, 200, 400 
and 800 kPa were applied at elapsed times of 0.25, 1, 2.5, 
4, 6.25, 9, 16, 25, 30 min, 1 h, 2, 4, 8, and 24 h.

A series of falling head permeability tests were also 
conducted according to ASTM D5084. For this purpose, 
the required quantity of soil, water, and xanthan gum were 
hand mixed to achieve a homogeneous mixture and com-
pacted using a standard Proctor mold (ASTM D698-12). 
The soil samples were saturated by soaking in water, and 
the permeability values were recorded over 120 h. The 
durability performance of soil was studied by conducting 
cyclic freeze–thaw tests in line with (ASTM D560 2012), 
and soil samples were prepared with XG content (0, 0.5, 
1, and 1.5%). Three sets of samples were prepared for each 
mix to calculate the moisture content and mass losses. For 
this purpose, the soil samples were covered in a polyeth-
ylene bag and kept for ten aging days in a damp chamber. 
The test was then executed for 12 successive cycles when 
the aging process was over.

Tests for microstructural analysis

The microstructural behavior of the soil specimens was elu-
cidated through SEM, EDX, and BET surface area analy-
ses. Field-emission scanning electron microscope (Nova 
NanoSEM 450) was used for microscopic examination 
(state, shape, and size of aggregation, arrangement of par-
ticles, etc.) of the treated soil matrix. This test also helped 
detect the formation of new cementitious hydrogels that are 
difficult to identify with other microstructural characteriza-
tion methods. Each dried soil specimen was positioned on 
an aluminum stub covered with two-sided carbon tape and 
coated by gold (Au) sputtering for 110 s at 25 milliamperes 
under a high vacuum until it was fully covered and ready for 
SEM analysis. The EDX analysis was also used with SEM 
to determine the elemental composition of the soil samples. 
The change in surface area of the particles of XG-treated 
soils offers helpful insight into the physical changes and 
chemical reactions during the treatment process. Likewise, 
BET surface area analysis was also used to estimate the sur-
face area of test materials.

The test specifications and specimen details and their 
associated references are summarized in Table 2.

Results and discussion

Effect of XG on compaction properties

Figure 4 shows the variation in MDD and optimal water 
content OMC with xanthan gum. It can be observed that the 
MDD and OMC values of natural soil and XG-treated soil 
differ significantly. MDD of natural soil was around 18.7 

Table 2  Test specifications

Test Test parameters in SI units Specimen details References

Compaction test MDD (kN/m3) and OMC (%) 0.102 m (dia.) × 0.1161 m (ht.) ASTM D698–12 (2021), 
ASTMD(1557)–12e1 (2012)

Unconfined shear strength test UCS (kPa) 0.0381 m (dia.) × 0.0762 m (ht.) ASTM D(2166)M–16 (2016)
E50 (kPa) Chang et al. (2015)

Direct shear test c (kPa) and ϕ (°) 0.02 m (ht.) × 0.06 m (sides) ASTM D3080 (2011)
Consolidation test Cc, Cs, Sw (%), and SP (kPa) 0.075 m (dia.) × 0.02 m (ht.) ASTM D (2435)M–11 (2011)
Permeability test k (×  10–7 cm/s) 0.1 m (dia.) × 0.1273 m (ht.) ASTM D5084 (2016)
Freeze–thaw durability test Mass loss (%) and moisture loss 

(%)
0.1016 m (dia.) and 1.1E-5  m3 

(vol.)
ASTM D560

X-rays diffraction analysis Mineralogical composition Powdered form Advance Bruker D8 diffractometer
Fourier-transform infrared spec-

troscopy test
Infrared absorption spectra Powdered form IRTracer-100FTIR spectrometer

BET surface area analysis Surface area  (m2/g) 0.5‒2 g soil and 9 mm glass cells Horiba SA-9600
Energy dispersive x-ray analysis Elemental composition Powdered form Nova NanoSEM 450
Scanning electron microscopic 

analysis
Microstructure arrangement 1E-6  (m3)
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kN/m3, and the OMC was 16.5 percent which was changed 
to 15 kN/m3 and 18.8 percent, respectively, at an XG con-
tent of 5 percent. These compaction characteristics emerged 
from changes in sample properties and water absorption of 
hydrophilic XG biopolymer. The subgrade construction 
material should have a dry unit weight of at least 16.5 kN/
m3 (Congress 2015), so the samples prepared at modified 
Proctor densities meet this criterion satisfactorily. Soil and 
granular materials should be compacted to max dry density; 
otherwise, poor pavement performance will result.

Effect of XG on consolidation‒swell behavior

The consolidation-swell behavior of soil treated with differ-
ent percentages of XG at aging periods (0‒60 days) is rep-
resented by various parameters such as compression index 
(Cc), rebound index (Cs), swell pressure (Sp), and percent 
swell (Sw), as shown in Fig. 5. The Cc and Cs values of soil 
containing 1.5% XG were initially increased by 10 and 47 
percent at 0 day of aging due to the natural expansivity of the 
XG hydrogels. But with the application of prolonged aging 
of 60 days, both parameters were significantly reduced by 
78% on average as shown in Figs. 5a, b. The obtained Cc 
value for 1.5% XG-stabilized soil (i.e., 6%) is well below 
the permissible limit (< 13%) for low expansive soil (Holtz 
and Gibbs 1956). Hence treated soil became stiffer with 
time due to the formation of cementitious hydrogel net-
works and offered excellent resistance to the settlement of 
soil structure caused by an external load. Similar behavior 
has been observed for other XG percentages and aging peri-
ods. Researchers (Latifi et al. 2017; Singh and Das 2020) 
observed similar compression and rebound indices trends 
with the addition of XG content. Consistent with the UCS 
results, the most substantial improvements in strength behav-
ior were noticed in the first 28 days of aging, with nearly 
little change reported between 28 and 60 days. The effect 

of XG addition on the soil swelling potential (Sw, Sp) with 
prolonged aging is presented in Fig. 5c, d. The maximum 
swell percentage of pure soil is 5 percent, and this swelling 
is mainly due to the presence of montmorillonite or illite 
minerals in the soil. Including 1.5 percent XG content in 
pure soil significantly reduced the swell percent by 76 per-
cent (from 5 to 1.2 percent) for 28 days and further reduced 
it to 82 percent (up to 0.9%) for an aging period of 60 days 
as compared to virgin soil. Thus, the expansivity of stabi-
lized soil was changed from medium class to low class after 
an aging time of 28 days, as its percentage swell is well 
below the permissible limit of 1.5% (Hamidi and Hooresfand 
2013). Also, the swell percent is below the acceptable limit 
of 2% as specified by the Housing and Urban Development 
(HUD) Department of America (Day 2006). Likewise, the 
swell pressure of soil with 1.5 percent XG was reduced by 
82 percent (from 103 to 19 kPa) for 28 days and 86 percent 
(from 103 to 14 kPa) for 60 days of aging, which is also 
within the permissible range of 50 kPa for low swelling class 
(McCormack 1976). Prolonged aging also influences the 
swell potential due to the presence of hydrogel in soil fabric, 
which offers excellent resistance to its volumetric expansion.

Prediction models for  Cc,  Cs,  Sw, and  Sp of treated soil

Based on the consolidation test results presented in this 
study, regression analysis was performed to develop a pre-
diction model for the percent decrease in swell-consolidation 
parameters of treated soil, as shown in Fig. 6. The predic-
tion models with the relevant statistical coefficients have 
been presented in Table 3. Proposed prediction models fit 
the observed data well, with regression (R2) values of 80, 84, 
88, and 82 percent, respectively, as presented in Eqs. (1‒4):

where Cc denotes compression index, Cs denotes rebound 
index, Sw denotes percentage swell, and Sp denotes 
swell pressure, given that the predicted decrease of 
Cc,Cs, Sw, andSp of soil depends on the variations in 
the percentage of xanthan gum (XG) and aging time (d) 
in stabilized clay. Therefore, the independent variables 
selected to predict the empirical model in this study 
include the additive content (XG) and the aging time. 
The significance associated P-value (Significance F) for 

(1)ΔCc = 15.8 + 1.9 × XG + 1.1 × d [R2 = 0.80]

(2)ΔCs = 25.2 + 2.8 × XG + 0.9 × d [R2 = 0.84]

(3)ΔSw = 16.1 + 2.8 × XG + 1.0 × d [R2 = 0.88]

(4)ΔSp = 26 + 1.9 × XG + 1.1 × d [R2 = 0.82]

MDD = -0.63*XG + 18
(R² = 0.91)

OMC = 0.45*XG + 16.8
(R² = 0.82)
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all prediction models is less than the tolerable limit of 
0.05. Moreover, it has been observed that about 92% of 
the data points fall within the range of 90% upper–lower 
prediction bands, which show reasonably good prediction 
models.

Effect of XG on shear strength parameters of soil 
and its strengthening mechanism

In UCS testing, the prepared soil specimens were allowed 
to dry until the required aging period to allow a complete 
chemical reaction between the soil and XG polymer. Even a 

Fig. 5  Comparison of swell-
consolidation parameters and 
percentage increase/decrease a 
compression index, b rebound 
index, c percent swell, and d 
swell pressure
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small percentage of XG showed a significant improvement 
in UCS (Fig. 7a) because the XG biopolymers have high 
specific surfaces that allow for extensive contact between 
soil particles, resulting in a hard soil matrix with increased 
strength. Significant effects of both XG content and the 
aging period on UCS of the treated soil were observed. The 
testing was conducted at a maximum of 60 days of aging 
and 5 percent XG since no further strength enhancement 
was observed beyond these limits. The subgrade quality of 
clay stabilized with 1.5 percent XG altered from medium to 
hard quality, as its UCS of 728 kPa is much larger than the 
minimum requirement of 360 kPa for a subgrade of hard 
quality (Das and Sobhan 2013). The UCS of treated soil is 
also within the suitable range of 687 to 1373 kPa for good 
quality subgrade (Ingles and Metcalf 1972). The Strength 
Improvement Ratio (SIR) for the unconfined compressive 
strength of the XG-treated soil specimens is presented in 
Fig. 7b, and can be determined using the following equation;

The formation of hydrogels that bind the soil grains 
together and fill the pore spaces in the samples can explain 
the increase of compressive strength over time (Latifi et al. 

(5)SIR =
ImprovedUnconf inedCompressive Strength

Initial Unconf inedCompressive Strength

2016a, b). The anionic XG biopolymer, in unification with 
soil particles, provides significant viscose forms, improv-
ing the ductility of soil samples. Interestingly, similar 
behavior has been observed for sand treated with polypro-
pylene fiber reinforcement, transforming its brittle behav-
ior into a relatively ductile one (Hamidi and Hooresfand 
2013). Polysaccharides were thought to work by having 
high absorption and strong microstructural interaction in 
the samples (Chenu 1993). Chang et al. (2015) showed that 
the microstructural interactions between the XG gels and 
soil grains improve grain-to-grain contact. Accordingly, 
the Ev of the samples tested was calculated by carrying 
out the derivation of the area under the stress–strain curve 
up to the peak point. XG inclusion into soil increased Ev; 
thus, the materials were intended to deal with the problems 
of inelastic response to large dynamic loads, as in Fig. 7c.

BET surface area analysis

When evaluating the physical interaction of clays stabilized 
with biopolymer additions, the specific surface area is a 
crucial attribute to understand. Figure 8 depicts the results 
of BET testing on natural and xanthan gum biopolymer-
treated soils with varying aging time intervals. As indi-
cated, increasing the aging time resulted in a significant 
reduction in the surface area of the treated samples. The 
flocculation of soil grains to form greater soil clusters dur-
ing cementation reduces the overall surface area of a parti-
cle at the microlevel. As illustrated in the figure, stabilized 
clay shows a considerable drop in surface area (from 45 to 
22  m2/g) during the first 28 aging days, with minimal addi-
tional change seen from 28 to 60 days (from 22 to 18  m2/g). 
Also, a considerable reduction in surface area (from 45 to 
39  m2/g) was interestingly detected after only seven aging 
days. The analysis of changes in the surface area suggested 
that the biopolymer treatment reduced the outside surface 
area by filling the voids in treated soil with new hydrogels 
(Latifi et al. 2015). As shown in the SEM micrographs, this 
change in a surface area correlates to the chemical or physi-
cal alteration of the natural soil into a newly cemented and 
engineered geomaterial with a dense-flocculated structure.
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Table 3  Prediction models for 
percent decrease in swell-
consolidation parameters

XG in percentage of xanthan gum (0.5–5.0%), d = aging days (0–60 days)

Parameter Prediction Model R2 Correlation 
Coefficient

Significance F

Compression index, Cc ΔCc = 15.8 + 1.9 × XG + 1.1 × d 0.80 0.94 1.1E-07
Rebound index, Cs ΔCs = 25.2 + 2.8 × XG + 0.9 × d 0.84 0.90 9.5E-07
Swell, Sw (%) ΔSw = 16.1 + 2.8 × XG + 1.0 × d 0.88 0.94 1.3E-13
Swell pressure, SP (kPa) ΔSP = 26 + 1.9 × XG + 1.1 × d 0.82 0.89 3.4E-08
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Soil‑XG strengthening mechanism

Figure 9 shows the SEM micrographs of 28 days aged 
treated samples to determine the micro-mechanics of 
soil stabilization, with EDX analysis to determine the 
elemental composition of soil with varying XG con-
tents. The micrographs reveal that the soil voids were not 
filled with XG-gel at 0.5 percent XG, resulting in lower 
strength gain values previously observed. At 1.5 percent 
XG and above, the biopolymer molecules were able to 

fill the voids and coat the soil grains with dense hydro-
gels, resulting in dense flocculation of clay particles and 
enhanced strength. The significant difference in soil SEM 
micrograph appearance is attributed to the hydrated XG 
gel covering. In contrast, when the biopolymer surpasses 
the 1.5% XG optimal level, the soil fabric shows a more 
conglomerated matrix with more significant inter/intra 
assemblage voids. EDX analysis also proved the forma-
tion of cementitious hydrogels and cross-link elements 
in the soil fabric. High peaks represent a greater quantity 
of that element present in a sample. The peak intensi-
ties of xanthan gum-clay mixtures differed from the peak 
intensities of natural soil and pure xanthan gum. Instead, 
it was stipulated that both the places and values of peaks 
differed from those of natural soil and pure xanthan gum 
(Bağrıaçık and Mahmutluoğlu 2021). This phenomenon 
demonstrates that when the mixing of XG and soil was 
completed, strength improvements occurred in the peak 
intensities due to a chemical reaction between soil grains 
and XG particles, resulting in better bonding properties of 
the soil-XG composite. After an aging period of 60 days, 
more hydrogel formation has been observed in the soil 
system, shown in Fig.  10. The observed micrographs 
offer practical reasoning for the substantial decrease in 
swell-consolidation properties, permeability decrement, 
and considerable enhancement in freeze–thaw durabil-
ity. The schematic diagram between clay grains and XG 
biopolymer is also illustrated in Fig. 11. Direct interac-
tions (electrostatic or hydrogen bonding) between xanthan 
gum monomers and clay grains occur due to electrically 
charged clay grains in the soil fabric (Barani and Barfar 
2021). These XG monomers form inter-connected cation 
bridges between individual grains, cover their surfaces 
with a thick gel, and increase the contact area between 
grains.
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Prediction models for UCS and Ev of treated soil

Based on the shear strength test results presented in this 
study, regression analysis was performed to develop 

prediction models for the percentage increase in UCS and 
Ev of treated soil shown in Fig. 12 and Table 4. The proposed 
prediction models fit the observed data well, with respective 
R2 values of 85 and 89 percent. The significance F value for 

Fig. 9  SEM and EDX graphs of 
XG-treated soil (a 0.5%, b 1%, 
c 1.5%, d 2%, and e 5% XG) at 
28 aging days
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Conglomeration of 
fine particles 
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this model is acceptably less than the maximum boundary 
limit (≤ 0.05). It has also been observed that about 96% of 
the data points fall within the range of 90% upper–lower 
prediction bands, which indicates an acceptably good pre-
diction model.

Hydraulic conductivity of XG‑strengthened soil

The ability of a geomaterial to allow water molecules to 
flow through it is termed hydraulic conductivity. Figure 13 
summarizes the changes in stabilized soil's hydraulic 

Fig. 10  SEM images of XG-
treated soil (a 0.5%, b 1%, c 
1.5%, d 2%, and e 5% XG) at 60 
aging days
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conductivity (k) during aging and indicates that the 
hydraulic conductivity gets significantly reduced with the 
increased XG concentration. At initial aging, hydraulic 
conductivity of natural soil was significantly reduced by 
61 percent (from 230 ×  10–7 to 90 ×  10–7 cm/s) when sta-
bilized with 1.5 percent XG and further reduced to 80 
percent with 5 percent XG content. The production of 
hydrogels in the soil fabric prevents the water flow through 
the gaps as the biopolymer content increases (Singh and 
Das 2020). The reduction rate of k values becomes much 
more prominent with prolonged aging. The addition of 1.5 
percent xanthan gum to the soil reduced the k value by 85 
percent (from 230 ×  10–7 to 35 ×  10–7 cm/s) at four aging 
days and further reduced it to 90, 95, 97, and 98 percent 
for 7, 14, 28, and 60 days of aging, respectively. A similar 
trend has been observed for soil with 5 percent XG. The 

k values decrease with increased XG dosage due to fill-
ing up the available voids with gum particles. Researchers 
(Cabalar et al. 2017; Biju and Arnepalli 2020; Sujatha 
et al. 2021) also report similar observations.

The decreasing trend of k with increasing aging days 
implies that chemical reactions like pore-clogging, 
crosslinking elements, and hydrogel formation persist 
over time. For all percentages of biopolymer examined, 
k decreases with increasing XG content and aging, and 
this also supports the concept that the biopolymer has not 
degraded in the soil matrix over the 60-days study period. 
The lower k of soil–biopolymers have potential uses in 
contaminant and seepage barriers, grouting material, 
slurry walls, landfill liners, etc.

Effect of XG on cohesion and internal friction angle 
of soil

The cohesion (c) and internal friction angle (ϕ) of xanthan 
gum-amended clay were investigated using direct shear 
box testing for pseudo-strain measurement. Under the same 
conditions, a series of interface direct shear tests were car-
ried out and compared to the shear results of natural soil 
(soil-to-soil shearing). Direct shear test device Humboldt 
HM-5750D.3F was used to test all samples. Figure 14 dem-
onstrates the improvement of soil’s cohesion and angle of 
internal friction treated with different XG contents. The c 
values show a well-defined rise with the increase in XG con-
tent and aging periods, along with the progressive increment 
of ϕ values as XG content increases. There is an increasing 
relationship between c, ϕ, XG content, and aging time. As 
an example, the soil containing 5 percent XG presented a c 
value of 108.6 kPa and ϕ of 21° after 60 aging days, whereas 

Fig. 11  Schematic diagram 
illustrating the interaction 
model between clay-XG par-
ticles
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Table 4  Prediction models for 
percent decrease in strength 
parameters

XG in percentage of xanthan gum (0.5–5.0%), d = aging days (0–60 days)

Parameter Prediction Model R2 Correlation 
Coefficient

Significance F

Unconfined 
compressive 
strength, UCS

ΔUCS = 80.3 + 36.4 × XG + 10.7 × d 0.85 0.92 6.2E-12

Energy Absorp-
tion capacity, Ev

ΔEv = 30.6 + 30.8 × XG + 1.9 × d 0.89 0.94 1.3E-07
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the immediately tested soil showed a c value of 67.4 kPa 
and ϕ of 17.4°. As a result, the respective increase in cohe-
sion and internal friction angle values were determined to 
be around twofold increase.

A strong network of hydrogen bonding might be formed 
between the soil particles and xanthan gum biopolymers. 
Lower quantities of xanthan gum inhibited contact with 
soil grains by filling the voids in soil fabric, resulting in a 
slight reduction in maximum shear strength. Higher XG con-
tents in the mixtures can either enhance the shear strength 
or decrease it, depending on the amount of applied verti-
cal force (Cabalar et al. 2018). Similar observations have 
been observed for direct shear results by some researchers 
(Cabalar et al. 2018; Latifi et al. 2017; Latifi et al. 2016a, b).

Prediction models for c and ϕ of treated soil

Based on the direct shear strength test results presented in 
this study, regression analysis was performed to develop pre-
diction models for the percentage increase in cohesion and 
internal friction angle of treated soil as shown in Fig. 15 and 
Table 5. The proposed prediction models fit the observed 
data well, with respective R2 values of 83 and 88 percent. 
The significance F value for this model is acceptably less 
than the maximum boundary limit (≤ 0.05). It has also been 
observed that about 96% of the data points fall within the 
range of 90% upper–lower prediction bands, which indicates 
an acceptably good prediction model.

Freeze–Thaw durability of XG‑strengthened soil

Figure 16 shows the cumulative variation in moisture con-
tent and mass losses in soil specimens containing 0%, 0.5%, 
1%, and 1.5% XG contents. Weathering and decomposi-
tion are observable phenomena in geotechnical engineering 
(Singh and Das 2020). XG biopolymer shows greater stabil-
ity under severe conditions such as alkaline and acidic envi-
ronment, thermo-decomposition below 250 °C, and oxida-
tion (Muguda et al. 2017). A freeze–thaw test was performed 

k value at optimum XG dosage
k = 136.6e-0.59*d (R² = 0.97)
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to determine the durability of the biopolymer under harsh 
environmental conditions. The test results indicate that the 
cumulative variation in moisture loss and mass loss in XG-
treated specimens is substantially smaller than untreated 
soil. The rheology of the XG-treated soil is changed due 
to an increase in pore fluid viscosity, which supports the 
soil's ability to resist moisture loss and retain moisture. A 
considerable reduction in mass loss is also found in treated 

samples due to the sticky interaction of XG strands with 
soil grains. The long-chain polymer network of biopolymer 
absorbs adequate water due to hydrogen bonding forming a 
thin coating around the soil particles improving their bind-
ing ability. Highly plastic silts treated with 1% XG showed 
improved moisture retention capacity with 12 freeze/thaw 
cycles. The ability of XG biopolymer-stabilized clays in 
resisting weathering action ascertains their use for erosion 
control applications along slopes.

Economic feasibility of XG biopolymer for soil 
stabilization

To prepare the way for the long-term use of XG as an expan-
sive soil stabilizer, a brief economic and environmental fea-
sibility comparison with a widely used conventional cement 
additive was made. Because of their commercial availability, 
biopolymers in soil stabilization might give an alternative for 
green and cost-effective building. According to the research, 
XG uses approximately 4.97 kg of  CO2 every kilograms of 
biopolymer (Mohanty et al. 2002). Table 6 briefly compares 
the treatment of one ton of problematic soil. The material 
prices were calculated using market rates in Punjab Prov-
ince, Pakistan. The XG stabilization was shown to be supe-
rior in terms of environmental effect (i.e.,  CO2 consump-
tion) and cost when compared to cement stabilization for the 
treatment of one-ton soil. Overall, considering its multiple 
benefits over typical admixtures, XG stabilization as a green 
building material might provide a sustainable option.

Table 5  Prediction models 
for percent increase in DS 
parameters of soil

XG in percentage of xanthan gum (0.5–5.0%), d = aging days (0–60 days)

Parameter Prediction Model R2 Correlation Coef-
ficient

Significance F

Cohesion, c Δc = 13.8 + 4.3 × XG + 0.5*d 0.83 0.91 1.0E-09
Angle of internal 

friction, ϕ
Δϕ = 4.6 + 1.4 × XG + 0.1*d 0.88 0.93 1.2E-05

 0

5

10

15

20

25

30

35

40

45

50

55

600

5

10

15

20

25

30

35

40

45

50

55

60

0 1 2 3 4 5 6 7 8 9 10 11 12
M

as
s l

os
s (

%
)

M
oi

st
ur

e 
lo

ss
 (%

)

Freeze-thaw cycle

Natural soil NS-0.5XG
NS-1.0XG NS-1.5XG

Fig. 16  Cumulative changes in moisture content and mass losses with 
freeze–thaw cycles

Table 6  Economic feasibility 
comparison of XG stabilization 
with cement treatment

a European Union Emission Trading Scheme (EU−ETS) carbon emission trade (2012) [ec.europa.eu].

Soil stabilization material Unit Cement Xanthan gum

The market price of material USD/ton 450 2400
Amount required for 1-ton soil treatment kg 80 kg

(@8%/ton of soil)
15 kg 

(@1.5%/
ton of soil)

Material price for 1-ton soil treatment USD 36 36
CO2 emission per 1-kg material production kg  CO2  + 1.24 − 4.95
CO2 emission related to 1-ton soil treatment kg  CO2  + 126 − 24.76
CO2 emission trade related to 1-ton soil  treatmenta USD  + 2.67 − 0.57
Total cost for 1-ton soil treatment
(with carbon trade exchange considerations)

USD 38.6 35.4
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Applications of xanthan gum in geotechnical 
engineering

The previous researches have indicated that the xanthan gum 
can be utilized in nearly all engineering applications, includ-
ing embankments, pavement construction, slope stability, 
retaining wall backfill, foundation soils, and swell potential 
mitigation. The use of XG biopolymer (non-traditional sta-
bilizer) is one of the promising green solutions as it shows 
better strengthening ability for use with different soil types 
in geotechnical engineering practices (Lee et al. 2019). The 
advantages of XG-stabilized soil include ecological benefits, 
ease of labor, execution speed, availability, high resistance 
to biodegradation, and suitability to be used in all weather 
conditions. XG is very cost-competitive when compared to 
other traditional materials because, unlike different chemical 
stabilization procedures, the construction operation of XG-
stabilized clay is unaffected by climate conditions (Li 2005). 
Hence, eco-friendly xanthan gum biopolymer may lead to 
the more prevalent usage of XG-stabilized soil and more 
profitable construction in the geotechnical engineering field.

Conclusions

The following conclusions have been drawn from this study:

• The max dry density of soil gets slightly reduced with 
biopolymeric inclusions due to its low specific gravity 
of 1.1, while the optimum moisture content of treated 
soil increased by 13 percent due to hydrophilic nature of 
xanthan gum biopolymer.

• The unconfined compressive strength (UCS), strength 
improvement ratio (SIR), and energy absorption capac-
ity (Ev) of pure soil enhanced by 4‒9 folds increase with 
the XG biopolymeric inclusions, although this strength 
increment was sustained up to 5% XG content. However, 
the maximum increment in shear strength parameters was 
recorded at 1.5% XG and aging time of 60 days. This 
strength enhancement could be due to the hydro-gelling 
effect and development of cross-linking elements in the 
soil matrix with prolonged aging as a result of micro-
scopic soil-XG particles interaction. The hydraulic con-
ductivity (k) and BET surface area were also decreased 
by 98 and 60 percent, respectively, due to the pore-clog-
ging ability of XG gels in soil fabric.

• With the increase in aging time and XG content, the 
consolidation properties (Cc, Cs) values were found to 
be increased by 78 percent at 60 aging days. The swell 
potential parameters (Sp, Sw) were also significantly miti-
gated by 79 and 84 percent, respectively, with optimal 

biopolymer dosage of 1.5% XG. Hence, the treated soil 
is shifted from high-expansivity to low-expansivity class.

• Likewise, the direct shear strength tests conducted on 
1.5% XG-treated samples showed considerable increment 
in cohesion (c) by 306 percent and angle of internal fric-
tion (ϕ) by 12 percent, due to the phenomenon already 
explained before.

• The adhesive interaction of XG with soil grains results in 
a significant decrease in moisture loss by 51% and mass 
loss by 72% in the freeze–thaw durability test. The ability 
of XG-stabilized clays to resist weathering action enables 
their use for erosion control applications along slopes.

• Scanning electron microscopy (SEM) coupled with 
energy-dispersive X-ray (EDX) data corroborated the 
formation of hydrogels and cross-link elements inside 
the soil matrix. These hydrogel elements firmly weld the 
soil particles together, fill the pore spaces, and reduce the 
BET surface area of soil particles up to great extent.
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