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The traditional treatment of red clay using inorganic materials leads to many serious environmental problems. The study
investigates the mechanical properties of red clay using an environmental-friendly material—xanthan gum—through confined
compression, direct shear, and scanning electron microscope tests. At the macroscale, xanthan gum content and curing age
had obvious effects on the compressibility, presenting the treated red clay was in the category of low compressibility which
gradually increased when xanthan gum content exceeded 1.5%. The xanthan gum content and curing age also had significant
influences on the cohesion but not on the internal friction angle. The shear strength of red clay can be improved by increasing
the cohesion without obviously changing the friction characteristics. After curing for 28 days, the cohesion and internal
friction angle of 2.0% xanthan gum-treated soil were effectively improved to 170.44 kPa and 20.56°, which were increased by
69.79% and 9.36°, respectively, compared with untreated red clay. Microscopic analysis indicated that the strengthening
mechanism by xanthan gum was derived from changing the arrangement characteristics of soil particles and forming hard
biopolymer-red clay matrices. The proper xanthan gum can effectively wrap clay particles and fill pore spaces. However, the
extensive stacking of gels would also reduce the effective connection of clay particles and produce local weak points in the soil,
resulting in attenuation of mechanical properties. This study enriches the treatment measure of red clay and provides
beneficial experiences for biopolymer application on special clay.

1. Introduction

Red clay is mainly a special brown-red soil formed from car-
bonate rocks by strong physical and chemical weathering
and lateralisation in a warm and humid environment with
abundant rainfall [1]. It is mainly distributed in tropical
and subtropical regions between 30°N and 30°S latitude,
especially in Asia, Europe, Africa, and South America [2]
and also in Yunnan, Guangxi, Guizhou, Hunan, and other

regions of China with a total exposed area of about
200,000 square kilometers [3]. Red clay has significant
regional differences and undesirable characteristics such as
poor compaction, high water content, high plasticity, low
density, and reverse profile characteristics, leading a condi-
tion that it can not be used the correlation laws of general
physical property indexes and mechanical parameters of
ordinary clay to evaluate the engineering performances [4,
5]. However, red clay is closely related to actual engineering
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construction. The construction on the untreated red clay
layer induces ground collapse, uneven deformation of the
foundation, road cracking, slope instability, and other engi-
neering defects. From the geotechnical engineering perspec-
tive and to meet construction needs, it is imperative to
modify red clay to improve its strength and stability.
Recently, many scholars conducted sufficient studies on the
strength-growth law, strength characteristics, and action
mechanism of inorganic solidified red clay. Traditional rein-
forcement of red clay is based on physical and chemical
measures, utilising inorganic reinforcement materials (i.e.,
cement, fly ash, and lime) for soil treatment. Although these
are effective solidification measures, the application of inor-
ganic solidified soil leads to excessive stiffness, low perme-
ability, and many residual, nondegradable inorganic
materials, which cause significant influences on soil and eco-
logical functions. However, the annual demand and produc-
tion of cement have increased to 2.8 billion tonnes recently,
making cement the world’s largest source of carbon dioxide
emissions. It is also reported that the amount of carbon
dioxide emitted during cement production processes was
close to 8% of the total global emissions [6]. Carbon dioxide
emissions generated using cement materials in geotechnical
engineering account for about 0.2% of the total global emis-
sions [7]. Although industrial by-products (i.e., blast furnace
slag and fly ash) can reduce cement use to a certain extent,
there are still some problems such as insufficient emission
reduction efficiency of carbon dioxide in the production pro-
cess [8]. Simultaneously, many nondegradable pollutants
produced from cement waste invades and pollutes the soil
environment. Thus, the demand for the development and
usage of relatively harmless, renewable, and environmental-
friendly materials has significantly increased in the twenty-
first century. Scholars are aware of the defects of traditional
consolidation and environmental pollution and are actively
exploring soil solidification ways for ecological protection.

Biological polymers (i.e., xanthan gum, gellan gum, and
guar gum), as new soil consolidation agents, have attracted
the attention of many international scholars. Biopolymers
are mainly natural polysaccharides produced by algae, fungi,
or bacteria and have functional properties such as adsorb-
ability, rheology, and pseudoplasticity [9]. At present, bio-
polymers are widely used as thickeners, stabilizers, and
rheological regulators in fields such as agriculture, food,
medicine, and chemist shops [10]. Moreover, biopolymers
have a carbon-capturing effect during production; therefore,
they exhibit a low carbon dioxide footprint and are often
classified as neutral, renewable, and environmental-friendly
materials [11]. In the field of civil engineering, biopolymers
are used as highly efficient water reducers or water-
retaining agents in the dry mixed mortar or concrete admix-
tures. In the geotechnical engineering field, biopolymers are
mainly applied to desertification prevention, slope protec-
tion, and water infiltration reduction [12]. However, some
scholars use biopolymers to directly stabilize soil aggregates
rather than activating microbial reactions in soil, and a
homogeneous mixture of biopolymers can be formed in
the soil to improve the mechanical properties [13]. At pres-
ent, xanthan gum is the most widely used among biopoly-

mers for producing polysaccharides [14], which are
produced by Xanthomonas campestris with carbohydrate as
the main raw material. Xanthan gum is odourless, safe, sol-
uble in water, and cheap and has good stability and compat-
ibility. Xanthan gum shows higher stability in temperature
(28°C-80°C), salt, acid, and base (pH = 1-11), oxidation
resistance, and resistance to enzymatic hydrolysis [15]. Latifi
et al. [11] found that xanthan gum, as an environmental-
friendly stabilizer, can improve the engineering properties
of clay, and in the presence of clay particles, xanthan gum
can produce a significant reinforcement effect. Chang et al.
[16] pointed out that in the presence of clay particles,
xanthan gum formed a firm biopolymer matrix through
hydrogen bonding, which had a more significant treatment
effect on soil with good particle grading. They believed that
xanthan gum was an effective and sustainable soil stabilizer.
Rashid et al. [17, 18] mixed xanthan gum with soil and
found that xanthan gum can produce an effect within 28
days and significantly improve the soil strength and also
pointed out that industrially produced water-insoluble bio
gels (i.e., chitosan, polyglutamate, and sodium alginate) have
great value in soil erosion control and antisoil liquefaction
and play a positive role in reducing water conductivity of
highly permeable soil. Ayeldeen et al. [19] showed that the
permeability of sandy soil was significantly reduced after
the biopolymer treatment, suggesting that xanthan gum
mainly reduced water conductivity of soil by filling the
pores. Smitha and Rangaswamy [20] believed that biopoly-
mers can form direct hydrogen bonds with clay particles to
achieve the purpose of soil reinforcement. Compared with
sand particles, there were hydrogen and ionic bonds between
xanthan gum and clay particles to maximise the strengthen-
ing effect of xanthan gum. Lee et al. [21] discovered that
xanthan gum had more significant treatment effects on soil
under the condition of low or shallow layers through triaxial
shear tests. They believed that the strengthening effect of
xanthan gum and other biopolymers mainly came from the
improvement of soil cohesive force. Besides, xanthan gum
and guar gum have been used to stabilize dispersive soil,
which can cause dam erosion, embankment erosion, etc.
[22]. Some studies [23] found that after xanthan gum is
mixed with clay particles, it can directly combine with clay
minerals such as kaolinite to produce accumulative face-to-
face clay layers. Favorable modifications of dispersivity, ero-
sion resistance, permeability, and swell shrink of soils, upon
amendment of soil materials by biopolymers, have been
enough reported [24–26].

Although many researchers mainly focused on the appli-
cation of biopolymers on some soils (sand, soft soil, sand-
clay, etc.) with insignificantly geotechnical specialties or
good soil quality in recent studies. Besides, red clay treated
by xanthan gum biopolymer has transferred to be a new
composite soil material due to the changes of basic geotech-
nical properties, and its research on the treatment by utiliz-
ing xanthan gum biopolymer as a soil stabilizer is relatively
rare at present. To achieve the actual engineering applica-
tion, this study was based on the energy saving, emission
reduction, and ecological protection of red clay reinforce-
ment methods and further mainly focused on the typical
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engineering problems of red clay to explore this new treat-
ment measure and completely investigate the improvement
effectiveness of the compressibility and shear strength prop-
erties, especially in considering the primary factors (xanthan
gum content, curing ages, and vertical loads), providing
some significant mechanical indexes for relative engineering
calculation (i.e., slope stability design and foundation treat-
ment). The influence roles of xanthan gum on compressibil-
ity, shear strength, and shear strength parameters of red clay
under different xanthan gum ratios and curing ages were
analysed. To elucidate the mechanism between xanthan
gum and red clay, the microstructural characteristics of red
clay and xanthan gum-treated soil were analysed using a
scanning electron microscopy (SEM) test.

2. Materials and Methods

2.1. Materials

2.1.1. Red Clay. Red clay was sampled from a foundation pit
at 3-5m depth in Kunming, Yunnan province, China. The

latitude and longitude coordinates of the sampling site are
102°42′31″E and 25°02′11″N, respectively. The natural
moisture content is 38%, air-dried moisture content is 2%,
surface of the soil is brownish red, soil quality is relatively
hard, overall particles are fine and uniform, and clay content
is high. The basic physical properties of red clay were deter-
mined according to GB/T50123-2019 [27]. The physical
properties of red clay are shown in Table 1. The particle size
distribution curve is shown in Figure 1. According to
GB50007-2011 [28], the test soil is a kind of representative
red clay.

2.1.2. Xanthan Gum Biopolymer. The biopolymer in the
present study was industrial-grade xanthan gum (XG),
which is yellow powder at room temperature and can form
gels with high consistency and viscosity in aqueous solu-
tions. Xanthan gum (C35H49O29) is an anionic polysaccha-
ride with a molecular weight of about 2 × 106 [29]. The
main chain is composed of glucose connected at 1 and 4
positions, and the branch chain is composed of two man-
nose units connected by a β-D-glucuronic acid unit [30].

(a) (b)

Figure 2: Physical morphology of xanthan gum.

Table 1: Basic physical parameters of red clay.

Type wP %ð Þ wL %ð Þ IP %ð Þ ρd g/cm3� �
wopt %ð Þ w %ð Þ Gs

Red clay 26.1 51.3 25.2 1.43 30.56 38 2.82
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Figure 1: Gradation curve.
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There is a strong mutual attraction between the main chain
and branch chain. Thus, the molecular chains are closely
aggregated to form a network structure, benefiting to
agglomerate and adsorb more clay particles. Figure 2 shows
xanthan gum physical morphology. In the present study, it is
aimed at investigating the geotechnical properties of biomo-
dified sample to evaluate the effects of xanthan gum biopoly-
mer content on the modifying mechanical properties of red
clay. Thus, the certain xanthan gum contents (from 0% to
2.5% of soil mass weight ratio, respectively) have been set

based on the previous studies [9, 23, 31–34] and the purpose
of the paper. Also, the appropriate and effective small per-
centage of the additive to reduce the economic cost is a sig-
nificant concern when we use biopolymer material to
stabilize or treat the soil.

2.2. Sample Preparation and Test Methods

2.2.1. Sample Preparation. Specimen preparation was carried
out according to GB/T50123-2019 procedures [27]. Before

(a) (b)

Figure 3: (a) Specimens of mechanical tests. (b) Red clay.

Table 2: The compressibility indexes of confined compression test.

Test groups Curing ages (days) av (MPa-1) Es (MPa-1) mv (MPa-1) Cc

Red clay

0

0.176 12.129 0.082 0.053

Red clay + 0:5%XG 0.109 20.687 0.048 0.034

Red clay + 1:0%XG 0.098 20.530 0.049 0.040

Red clay + 1:5%XG 0.102 19.697 0.051 0.043

Red clay + 2:0%XG 0.130 15.247 0.066 0.063

Red clay + 2:5%XG 0.129 15.510 0.064 0.053

Red clay

7

0.143 15.276 0.065 0.042

Red clay + 0:5%XG 0.108 19.247 0.052 0.037

Red clay + 1:0%XG 0.097 20.674 0.048 0.040

Red clay + 1:5%XG 0.080 24.985 0.040 0.033

Red clay + 2:0%XG 0.103 20.917 0.049 0.032

Red clay + 2:5%XG 0.122 16.405 0.061 0.030

Red clay

14

0.121 17.423 0.057 0.047

Red clay + 0:5%XG 0.104 19.079 0.052 0.042

Red clay + 1:0%XG 0.069 29.025 0.034 0.033

Red clay + 1:5%XG 0.065 30.674 0.033 0.029

Red clay + 2:0%XG 0.087 22.879 0.044 0.039

Red clay + 2:5%XG 0.104 19.079 0.052 0.043

Red clay

28

0.096 20.734 0.048 0.036

Red clay + 0:5%XG 0.081 24.420 0.041 0.036

Red clay + 1:0%XG 0.071 28.100 0.036 0.031

Red clay + 1:5%XG 0.058 33.140 0.030 0.029

Red clay + 2:0%XG 0.092 21.448 0.047 0.037

Red clay + 2:5%XG 0.102 19.536 0.051 0.026
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the specimen preparation, soil samples were placed in a
105°C drying oven for 24 h, and then, the dried samples were
ground and passed through a geo-sieve of diameter 2mm.
Next, the moisture content of the soil sample was measured
first, replenishing water to reach the set moisture content
(Wopt = 30:56%), and then, the configured soil sample was
put into the standard curing apparatus for 24 h. The mixture
was configured with ρd = 1:43 g/cm3 and Wopt = 30:56%,
and the xanthan gum content was controlled by the mass
ratio (M =mXG/ms × 100%). Detailed preparation steps are
as follows: first, the xanthan gum powder and soil were uni-
formly mixed; then, the required amount of water was
divided into two equal parts and evenly sprayed onto the
mixture. The dry mixing method was adopted to configure
the mixture to ensure that xanthan gum can be completely
dissolved at room temperature to obtain a homogeneity soil
mixture. After mixing, the specimen was resized to 61.8mm
diameter and 20mm height using a ring knife. The static
sample pressing method was used for moulding, and the
dry density error was controlled to be within 0.02 g/cm3.
After preparation, the specimens were cured under standard
conditions (the temperature of 20 ± 2°C, 80% relative
humidity) for avoiding water loss until the set time (i.e., 0,
3, 7, 14, 21, and 28 days) [27, 35, 36]. It is aimed at investi-
gating the various curing periods which are aimed at explor-
ing the early mechanical properties and the mechanical laws
with time span to red clay treated by various xanthan gum
contents. Specifically, selecting 0-3 days of curing is that
we want to understand the effectiveness of xanthan gum to

the early mechanics of red clay, which is significant for
actual engineering construction such as slope protection
and foundation treatment; the 7-28 days of curing is aiming
at understanding the strengthening mechanism with long
time span to red clay treated by various xanthan gum con-
tent. Figure 3 shows the specimens and soil samples.

2.2.2. Test Methods. The GZQ-1 automatic air pressure con-
solidation was used in the confined compression test. The
basic variables were the content of xanthan gum (mXG/ms
=0%, 0.5%, 1.0%, 1.5%, 2.0%, and 2.5%) and curing ages
(0, 7, 14, and 28 days). The pressure grades were 12.5, 25,
50, 100, 200, 400, 800, and 1600 kPa. The time sequence of
data acquisition under each loading was 6 s, 15 s, 30 s, 60 s,
1min 15 s, 4min, 6min 15 s, 9min, 12min 15 s, 16min,
20min 15 s, 25min, 30min 15 s, 36min, 49min, 1 h
40min, 3 h 20min, 6 h 40min, 23 h, and 24 h. The stability
standard of all levels of loading was that specimen deforma-
tion under each level of loading was no more than 0.01mm/
h. For the convenience of data comparison, the compression
index corresponding to the pressure interval between P1 =
100 kPa and P2 = 200 kPa was used to evaluate the com-
pressibility [18]. For each group of test conditions, 10 paral-
lel specimens and a total of 240 specimens were prepared.
Table 2 shows the compressibility indexes measured in the
tests.

A Z-J strain control type direct shear instrument was
used to carry out a fast shear test. The test variables of were
xanthan gum content (mXG/ms = 0%, 0.5%, 1.0%, 1.5%, and

Table 3: Groups and conditions of direct shear test.

Test groups Curing ages (days)
Vertical pressure (kPa)

100 kPa 200 kPa 300 kPa 400 kPa

A: red clay

3 A-3-1 A-3-2 A-3-3 A-3-4

7 A-7-1 A-7-2 A-7-3 A-7-4

14 A-14-1 A-14-2 A-14-3 A-14-4

28 A-28-1 A-28-2 A-28-3 A-28-4

B: red clay + 0:5%XG

3 B-3-1 B-3-2 B-3-3 B-3-4

7 B-7-1 B-7-2 B-7-3 B-7-4

14 B-14-1 B-14-2 B-14-3 B-14-4

28 B-28-1 B-28-2 B-28-3 B-28-4

C: red clay + 1:0%XG

3 C-3-1 C-3-2 C-3-3 C-3-4

7 C-7-1 C-7-2 C-7-3 C-7-4

14 C-14-1 C-14-2 C-14-3 C-14-4

28 C-28-1 C-28-2 C-28-3 C-28-4

D: red clay + 1:5%XG

3 D-3-1 D-3-2 D-3-3 D-3-4

7 D-7-1 C-7-2 D-7-3 D-7-4

14 D-14-1 C-14-2 D-14-3 D-14-4

28 D-28-1 C-28-2 D-28-3 D-28-4

E: red clay + 2:0%XG

3 E-3-1 E-3-2 E-3-3 E-3-4

7 E-7-1 E-7-2 E-7-3 E-7-4

14 E-14-1 E-14-2 E-14-3 E-14-4

28 E-28-1 E-28-2 E-28-3 E-28-4
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2.0%) and curing ages (3, 7, 14, and 28 days). The vertical
loads were 100, 200, 300, and 400 kPa, respectively, and the
shear rate was 0.8mm/min. The shear of the specimen was
completed within 5-8min [27]. If the values of the dyna-
mometer continued to increase, the test was stopped when
the shear deformation reached 6mm. For each test condi-
tion, 6 parallel specimens and a total of 120 specimens were
prepared. Table 3 shows the test conditions and grouping.

The SEM tests were used by the Flexsem1000 device to
qualitatively observe and compare the microstructure char-
acteristics of the red clay and xanthan gum-treated red clay
(mXG/ms = 1:0%, 1.5%, and 2.0%) after curing for 28 days.
A cubic soil strip with a size of about 0.5 cm3 (height
5mm, length 10mm, and width 10mm) was obtained by a
fine steel wire in the direction of soil deposition and avoid-
ing the smooth surface as much as possible, and the sam-
pling point was the center of the interior of the specimen
to ensure that the part of the soil sample taken can represent
the structural features as much as possible. Before scanning,
the surface of the specimen was blown away with a rubber
ball to remove the disturbing particles and sprayed with gold
to eliminate the charging phenomenon, and the specimen

was quickly moved into the sample table for testing. This
study provides a microscopic basis for further explaining
the effects of xanthan gum on the mechanical properties of
red clay.

3. Results and Discussion

3.1. Confined Compression Test

3.1.1. Effect of Xanthan Gum Content on the Compressibility
of Red Clay. Figure 4 shows the e-p relationship of speci-
mens with various xanthan gum contents (mXG/ms = 0:0%,
0.5%, 1.0%, 1.5%, 2.0%, and 2.5%) at curing for 0, 7, 14,
and 28 days, respectively. It can be noted that red clay was
the medium compressible soil, whereas the xanthan gum-
treated soils were basically as low compressible. The e-p rela-
tionship showed that the initial stage was slightly steep, and
the compression of red clay and xanthan gum-treated soil
was large because of the rearrangement of clay particles.
Then, the curves gradually flattened and the compression
decreased, which was because of the decrease in porosity
ratio, which led to the limited movement of particles. At
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Figure 4: Relationship of e-p.
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the same curing age, the porosity ratio of the modified soil
changed greatly with the increase in xanthan gum content.
However, with the increase in curing ages, the variation
range of porosity ratios of the treated soil was limited. When
the xanthan gum content remained unchanged, the porosity
ratio of the treated soil decreased with the increase in curing
ages under the similar compressive stress.

Figure 5 shows the relationship between xanthan gum
content and compression modulus. It can be discovered that
when curing is for less than 0 days, the compression modu-
lus of treated soil showed a decreasing trend with the
increase in xanthan gum content, and the compression mod-
ulus of the 0.5% xanthan gum-treated soil was the largest
(20.69MPa). The compression modulus of 2.0% and 2.5%
treated soil was 15.25MPa and 15.51MPa, respectively,

which was close to that of red clay (12.13MPa). The reason
is that a large amount of xanthan gum in the uncured red
clay did not effectively react with water and clay particles
to form the biopolymer red clay matrix. Instead, more
xanthan gum gels remained in the red clay, which reduced
the contact between clay particles and expanded the pore
spaces, leading to a decrease in compression modulus. After
curing for 7 days, the compressive modulus of the treated
soil first increased and then decreased with the increase in
the xanthan gum content. The compressive modulus of the
1.5% treated soil cured for 28 days was the largest, which
increased by 59.83% compared with that of the red clay.
The 2.5% xanthan gum-treated red clay cured for 28 days
had the lowest compressive modulus, which was close to that
of the red clay (20.73MPa).
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Figure 6: Relationship of xanthan gum content and compression
coefficient.
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Figure 6 shows the relationship between xanthan gum
content and compressibility coefficient. At curing for 0 day,
the compressibility coefficient of the treated soil gradually
increased with the increase in xanthan gum content, and
the compressibility coefficient of the 0.5% treated soil was
the smallest (0.053MPa-1). The compressibility coefficient
of 2.0% and 2.5% treated soil were 0.063MPa-1 and
0.053MPa-1, respectively, which were close to that of red
clay (0.053MPa-1). After curing for 7 days, with the increase
in xanthan gum content, the treated soil compressibility
decreased first and then increased, among which the 1.5%
treated soil compressibility was the smallest and 2.5% treated
soil compressibility was the largest.

3.1.2. Effect of Curing Ages on the Compression of Xanthan
Gum-Treated Red Clay. Figure 7 shows the relationship
between curing ages and compression modulus. The com-
pression modulus of red clay gradually improved with the
increase in curing ages, because red clay had many aggregate
structures in the formation process. Colloid formation
through the interaction between free iron oxide and aqueous

solutions filled the pore spaces of the aggregate structures,
and strong chemical bonds were formed between water mol-
ecules and iron molecules [37]. For xanthan gum-treated
soil, the compression modulus of 0.5% and 1.0% soil did
not significantly change after curing for 0-7 days; however,
the compression modulus gradually increased with the
xanthan gum content of more than 1.0%. With the increase
in ages (7-28 days), the compression modulus of the modi-
fied soil increased first and then became flat, and the soil
consolidation effect of 1.5% content was the best. Compared
with the compression modulus of red clay during each cur-
ing age, the compression modulus of xanthan gum-treated
soil increased by 7.57, 9.71, 13.25, and 12.41MPa, respec-
tively. However, the presence of a large number of xanthan
gum gels (M > 1:5%) in the soil can reduce the effective con-
tact points between soil particles. Meanwhile, the prolonged
curing ages led to water loss and the hardening of the gels to
form crystalloid structures expanded the pore space of soil
particles, increasing the compressibility.

Figure 8 shows the relationship between curing ages and
compression coefficient. It can be observed that the
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Figure 9: Shear stress and shear displacement of soil after curing for 7 days.
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compression coefficient of red clay gradually decreased with
the increase in curing ages, whereas that of xanthan gum-
treated soil gradually decreased and tended to be flat. The
compression coefficients of 0.5%, 1.0%, 1.5%, and 2.0%
xanthan gum-modified soil in each curing age were signifi-
cantly lower than those of red clay. The compressibility coef-
ficient of 2.5% treatment soil cured for 28 days was slightly
higher than that of red clay. To decrease the compressibility
of red clay, 1.5% xanthan gum content was the threshold,
decreasing by 62.40%, 6.3.56%, 76.50%, and 59.83%, respec-
tively, compared with the compression coefficient of red clay
during each curing age.

3.2. Direct Shear Test

3.2.1. Relationship between Shear Stress and Shear
Displacement. Figure 9 shows the shear stress and shear dis-
placement curves of red clay and xanthan gum-treated soil
after curing for 7 days. The shear stress of both red clay
and the treated soil had not shown obvious peak points.
Under various loads, the stress-displacement curves of red
clay increased first and then became flat. The stress-
displacement curves of the modified soil were similar to that
of red clay under 100 kPa. However, with the continuous

increase in loads (P = 200-400 kPa), the shear displacement
of the treated red clay changed a little at the initial shear
stage, and the stress-displacement showed linear growth
and changed to nonlinear rapid growth with the continuous
shear process. After curing for 7 days, the shear stress of the
0.5% treated soil was significantly greater than that of the red
clay, and the shear stress of the 2.0% treated soil was slightly
greater than that of the 1.5% under lower load (P = 100 kPa).
However, the differences between the shear stress of the 2%
and 1.5% treated soil under higher load were small.
Figure 10 shows the relationship curves between shear stress
and shear displacement of the red clay and xanthan gum-
treated soil curing for 28 days. The variation form of
stress-displacement curves of red clay in the shear process
was similar to other curing ages. With increasing loads
(P = 200-400 kPa), the stress-displacement of the treated
red clay showed a significant linear increase without obvious
peak points.

The shear properties of red clay treated by xanthan gum
were greatly improved, and the stress displacement of the
treated soil was the typical hardening type. There was a pos-
itive correlation between the xanthan gum ratio and
improvement effects. The differences in positive correlation
gradually expanded with the increase of curing ages and
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Figure 10: Shear stress and shear displacement of soil after curing for 28 days.
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vertical loads. Under P = 100 kPa, the stress-displacement
curves of 1.0%-2.0% xanthan gum-treated soil were close
to each other, indicating that the xanthan gum effect and
the ability to resist shear deformation were similar under
low load. Under P = 200-400 kPa, the improvement of 1.5%
xanthan gum ratio on the shear strength of the red clay
was the strongest. When the ratio exceeded 1.5%, the effect
gradually became stable between 1.0% and 1.5%. Table 4
shows the shear strength values.

Figure 11 shows the strength envelope obtained by linear
fitting of the strength of the red clay and xanthan gum-
treated soil under four vertical loads at various curing ages.
The shear strength of the treated soil at four different curing
ages was significantly greater than that of red clay, and the
differences between 2.0% and 1.5% xanthan gum-treated soil
were small at curing for 3 and 7 days. After curing for 14 and
28 days, the shear strength of the 1.5% xanthan gum-treated
soil was greater than 2.0%. The effect of xanthan gum con-
tent on the shear strength of the red clay was 1:5% > 2:0%
> 1:0% > 0:5%. Meanwhile, the increase in curing ages had
significant effects on the shear strength of red clay treated
by xanthan gum. The cohesion and internal friction angle
of the red clay and xanthan gum-treated soil were obtained
by linear fitting of the shear strength of each testing.
Table 5 shows the shear strength parameters.

3.2.2. Effect of Xanthan Gum Content on Shear Strength
Indexes of Red Clay. The strength of soil is essentially the

shear strength of soil [38, 39]. In the direct shear test, the
shear strength of soil can consist of the cohesion on sliding
surface and the internal friction resistance according to
Mohr-Coulomb strength criterion [40]. Based on Mohr-
Coulomb formula, the internal friction angle and cohesion
are two mechanical indexes of soil shear strength (the ulti-
mate resistance to shear failure) [41]. The internal friction
angle depends on the friction resistance, reflecting the fric-
tion properties of soil. Cohesion is the characteristic index
of cohesive soil, including the solidified cohesion formed
by the cementation of soil compounds. Figure 12 shows
the relationship between xanthan gum content and cohe-
sion. The red clay cohesion at four curing ages showed a
gradually improving trend with the increase in the xanthan
gum content. Using the red clay as the control group, 0.5%
xanthan gum-treated soil cohesion increased the least under
each curing age and was similar to that of the red clay at the
early stage of curing. With the increase in curing ages, the
increment in cohesion was 1.26, 10.86, 6.43, and 8.98 kPa,
respectively. The cohesion of the 1.0% xanthan gum-
treated soil increased by 21.22%, 26.22%, 37.65%, and
42.98%, respectively, which had little effect on the cohesion
from curing for 3-7 days. The cohesion of the 1.5% xanthan
gum-treated soil, respectively, increased by 39.53%, 53.34%,
58.83%, and 64.96%. The 2.0% xanthan gum had the most
significant effects on cohesion. This content also had obvious
influences on the improvement of the cohesion at the early
curing stage, which increased by 58.73%, 63.50%, 59.40%,

Table 4: Results of shear strength in direct shear tests.

Test groups Fitting equation R2 τ (kPa)
100 kPa 200 kPa 300 kPa 400 kPa

A-3 y = 0:213x + 83:585 0.954 108.00 119.37 151.36 168.2

B-3 y = 0:275x + 84:850 0.963 116.65 136.53 161.07 200.13

C-3 y = 0:298x + 101:330 0.937 136.28 158.23 180.62 228.13

D-3 y = 0:350x + 116:630 0.989 150.19 186.08 227.19 253.2

E-3 y = 0:300x + 132:680 0.999 161.25 194.82 222.86 251.96

A-7 y = 0:213x + 86:200 0.968 108.69 124.51 155.15 169.49

B-7 y = 0:339x + 97:060 0.996 132.06 162.03 200.98 231.97

C-7 y = 0:367x + 108:795 0.956 153.01 170.51 219.53 258.94

D-7 y = 0:385x + 132:180 0.969 163.84 217.77 250.86 281.09

E-7 y = 0:330x + 140:935 0.981 171.82 212.78 234.47 274.55

A-14 y = 0:201x + 95:480 0.953 118.02 128.30 157.69 173.38

B-14 y = 0:357x + 101:910 0.989 139.48 168.24 213.05 243.38

C-14 y = 0:364x + 131:430 0.939 176.08 190.22 243.99 279.52

D-14 y = 0:412x + 151:655 0.878 178.38 250.39 285.93 303.84

E-14 y = 0:383x + 149:200 0.988 185.28 226.04 270.15 298.20

A-28 y = 0:198x + 100:375 0.986 119.42 138.28 162.50 176.37

B-28 y = 0:411x + 109:355 0.980 145.37 196.1 238.63 268.13

C-28 y = 0:415x + 143:520 0.996 186.38 223.05 271.00 308.77

D-28 y = 0:446x + 165:590 0.924 200.66 278.68 319.84 348.82

E-28 y = 0:375x + 170:435 0.994 206.95 244.46 287.34 317.49
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and 69.79%, respectively. When the xanthan gum content
was low, the biopolymer-red clay matrix was not formed in
the soil and the pores were not be filled effectively. However,
with the increase in the xanthan gum content, the xanthan
gum monomers adsorbed water to form gels, leading to a
more compact soil particle arrangement and limiting the
particle displacement, thereby increasing the cohesive
strength of the red clay.

Figure 13 shows the relationship between the xanthan
gum content and the internal friction angle. The internal
friction angle of red clay was between 11.2° and 12.02° under
the curing time. However, with the increase in the xanthan
gum content, the internal friction angle of red clay first
increased and then decreased. Using the internal friction
angle of red clay as the control group, under each curing
time, the effect of 0.5% ratio on the internal friction angle
was the least, which increased by 3.36°, 6.73°, 8.28°, and
11.14°, respectively. The internal friction angle of 1.0%
treated soil increased by 4.57°, 8.15°, 8.63°, and 11.34°,
respectively. The internal friction angle of 1.5% treatment
soil increased by 7.27°, 9.06°, 11.02°, and 12.83°, respectively.
When the ratio exceeded 1.5%, the increase in the internal

friction angle gradually decreased and was close to the
1.0% effect. The xanthan gum influence on the internal fric-
tion angle of red clay was due to the change in the contact
characteristics on the clay particle surfaces and the change
in work by particle rearrangement. These changes were
caused by the occlusal damage of the soil particles [42].
When the xanthan gum content was too high, the gaps
between particles were filled with gels, and the conjunctiva
surrounding the particles became thicker, reducing the con-
tact points between clay particles and making the particles
more prone to sliding. As a result, the interlinked particles
were more likely to be destroyed and their antifriction ability
was reduced.

3.2.3. Effect of Curing Ages on Shear Strength Parameters of
Modified Soil. Figure 14 shows the relationship between cur-
ing ages and cohesion. The cohesion of red clay changed
slightly with the increase in curing ages, and the cohesion
increment was 16.79 kPa, while the cohesion of xanthan
gum-treated soil rapidly increased at first and then tended
to flatten. Using the red clay cohesion as the control group,
with the increase in curing ages, the cohesion of 0.5%
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modified soil increased by 1.51%, 12.60%, 6.73%, and 8.95%,
respectively. The strengthening effect was limited and had
no obvious effect at the early curing stage. The cohesion of
1.0% xanthan gum-treated soil increased by 21.22%,
26.22%, 37.65%, and 42.98%, respectively, and the improve-
ment effect was obviously enhanced after curing for 14 days.
The cohesion of 1.5% treatment soil increased by 39.53%,
53.34%, 58.84%, and 64.96%, respectively. The cohesion of
2.0% xanthan gum-modified soil increased by 58.73%,
63.50%, 59.41%, and 69.79%, respectively. With the increase

in curing ages, the proper content of xanthan gum can sig-
nificantly improve cohesion. At the early curing stage, the
interaction between xanthan gum and clayey particles had
not been fully exerted. With the increase in curing ages,
xanthan gum can interact better with water solution and clay
particles, and the network structure of xanthan gum mole-
cules can form highly viscous gels on combining with water
[43]. The cementation gradually eliminated the particle gaps,
enhanced the connectivity of clay particles, reduced the flu-
idity of particles, and improved the soil compactness. Addi-
tionally, the larger the xanthan gum content, the longer the
curing ages can make the cementation function play more
fully.

Figure 15 shows the relationship between curing ages
and internal friction angle. The internal friction angle of
red clay decreased with the increase in curing ages, with a

Table 5: Fitting results of shear strength index.

Test groups c (kPa) φ (°) R2

A-3 83.59 12.02 0.954

B-3 84.85 15.38 0.963

C-3 101.33 16.59 0.937

D-3 116.63 19.29 0.989

E-3 132.68 16.70 0.999

A-7 86.20 12.00 0.968

B-7 97.06 18.73 0.996

C-7 108.80 20.15 0.956

D-7 132.18 21.06 0.969

E-7 140.94 18.26 0.981

A-14 95.48 11.37 0.953

B-14 101.91 19.65 0.989

C-14 131.43 20.00 0.939

D-14 151.66 22.39 0.878

E-14 152.2 20.93 0.988

A-28 100.38 11.20 0.986

B-28 109.36 22.34 0.980

C-28 143.52 22.54 0.996

D-28 165.59 24.03 0.924

E-28 170.44 20.56 0.994
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decrease of 7.32%. However, with the increase in curing ages,
the internal friction angle of the treated soil with various
contents first increased and then tended to be flat. At each
curing age, the internal friction angle of the treated soil
was obviously larger than that of red clay, and the 1.5%
treated soil had the largest internal friction angle. With the
increase in curing ages and the contents, the increment in
the internal friction angle gradually decreased. The internal
friction angle of 0.5%, 1.0%, 1.5%, and 2.0% of the treated
soil cured for 28 days only increased by 6.96°, 5.95°, 4.74°,
and 4.11°, respectively, compared with that of soil cured
for 3 days. The reason is that xanthan gum formed cementa-
tions with water and clay particles. With the increase in cur-
ing ages, the cement continued to harden and form a
crystallisation matrix in the soil and continued to extend
and fill the gaps between soil particles, increasing the inter-
nal friction angle [44]. With excess xanthan gum in the soil,
the gels lost water and hardened to form stackable crystal
structures, reduced the connection, and formed local weak
points during stress and deformation, leading to a decrease
in the internal friction angle.

3.2.4. Significant Analysis of Shear Strength Parameters.
Table 6 shows the fitting results of the correlation between
test variables and shear strength parameters. The cohesion
of the treated soil had a significant positive correlation with
the curing age (P < 0:01). The cohesion of red clay was
affected by xanthan gum in varying degrees. The
regression-fitting effect was better with the increase in the
xanthan gum content. The correlation between the cohesion
and the low content (0.5%) of xanthan gum was not signifi-
cant (P > 0:05). When the xanthan gum content continu-
ously increased (M > 0:5%), the correlation between
xanthan gum and cohesion reached a significant level
(P < 0:05). Besides, there was no significant correlation
between the xanthan gum content and the internal friction

angle (P > 0:05) and no correlation between the curing age
and the internal friction angle. The xanthan gum content
and the curing age had significant influences on the cohe-
sion; however, these variables belonging to secondary
influencing factors had no obvious effects on the internal
friction angle. The phenomenon is similar to the previous
results [19] that the improvement of shear strength of red
clay mainly comes from the changes of cohesion without
obviously changing the friction characteristics. It can be con-
cluded that the red clay particles covered with xanthan gum
did not have obvious particle breakage during the deforma-
tion process, which has not improved the roughness of the
contact surface.

3.3. Microscopic Analysis. Figure 16(a) is the 12000x SEM
image of red clay. It was observed that the microscopic
structure of red clay was relatively loose and weak, showing
clear boundaries between each clay aggregate. Besides, no
other obvious substances were found on the soil surfaces.
Figure 16(b) shows the 1500x SEM image of the 1.0%
xanthan gum-treated red clay. Compared with
Figure 16(a), xanthan gum gels not only covered the sur-
rounding clayey particles but also filled the pore spaces,
showing that the boundaries between the unearthed particles
were no longer obvious. The shear strength of the treated
soil increased by 75.07% at the ratio of 1.0% xanthan gum.
Figure 16(c) shows the 3500x SEM image of the 1.5%
xanthan gum-treated red clay. Red clay particles were firmly
cemented and adsorbed by xanthan gum and were stacked
to form the continuous smooth clayey layers [34], improving
the overall structures, presenting the shear strength of 1.5%
xanthan gum-treated red clay increased by 97.78%.
Figure 16(d) is the 1500x SEM image of the 2.0% xanthan
gum-treated red clay. We observed that the boundaries
between clayey aggregates were no longer visible, and a large
amount of xanthan gum biopolymer matrix was stacked on
the soil surfaces. Compared with the 1.5% treated soil, the
shear strength of the 2.0% treated soil decreased slightly,
indicating that the high content of xanthan gum can pro-
duce more viscosity gels, producing thicker glue conjunctiva
between soil particles, thereby reducing the effective contacts
between the clay particles. Moreover, the strength of gel
products was lower than that of the soil particles so that it
was easy to form local vulnerabilities in the stress deforma-
tion, reducing the treated soil strength. The phenomenon
explained how the interaction between soil and long-
chained biopolymer strings changed the soil morphology
to the engineering properties of biotreated soil [45].

4. Conclusions

The influence of mechanical properties of red clay treated by
xanthan gum was studied through the confined compression
and direct shear tests. The mechanism between red clay and
xanthan gum was revealed using the scanning electron
microscope test. The main conclusions are as follows:

(1) The porosity ratio changed greatly with the increase
in xanthan gum content; however, it changed less
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Table 6: Correlation analyses of the influencing factors with shear strength parameters.

Variate Parameter F P Significance Fitting equation R2

3 d curing
c 60.791 0.004 ∗∗∗ y = 25:992x + 77:82 0.937

φ 9.992 0.091 ∗ y = −2:9746x2 + 8:603x + 11:86 0.818

7 d curing
c 31.899 0.001 ∗∗∗ y = 28:92x + 84:12 0.970

φ 42.219 0.023 ∗∗ y = −5:591x2 + 14:153x + 12:27 0.954

14 d curing
c 36.049 0.009 ∗∗∗ y = 32:638x + 93:90 0.898

φ 13.220 0.070 ∗ y = −4:983x2 + 14:338x + 12:01 0.859

28 d curing
c 51.608 0.006 ∗∗∗ y = 39:27x + 98:59 0.927

φ 11.295 0.081 ∗ y = −7:837x2 + 19:856x + 12:08 0.837

0.0% XG
c 22.206 0.042 ∗∗ y = 0:6853x + 82:50 0.876

φ 5.437 0.290 ∗ y = 0:0016x2 − 0:0855x + 12:35 0.747

0.5% XG
c 10.753 0.082 ∗ y = 0:8604x + 87:11 0.765

φ 7.404 0.252 ∗ y = −0:0096x2 + 0:5532x + 14:34 0.810

1.0% XG
c 22.010 0.043 ∗∗ y = 1:7075x + 99:072 0.875

φ 2.521 0.407 ∗ y = −0:0076x2 + 0:4396x + 16:08 0.504

1.5% XG
c 20.032 0.046 ∗∗ y = 1:8678x + 117:23 0.864

φ 45.376 0.104 ∗ y = −0:0071x2 + 0:403x + 18:30 0.967

2.0% XG
c 244.49 0.004 ∗∗∗ y = 1:4817x + 129:80 0.988

φ 53.399 0.096 ∗ y = −0:0154x2 + 0:6491x + 14:75 0.972

Note: ∗∗∗ means very significant; ∗∗ means significant; ∗ means not significant.
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Figure 16: SEM images of (a) red clay, (b) 1.0% treated soil, (c) 1.5% treated soil, and (d) 2.0% treated soil.
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with the increase in curing ages. The anticompres-
sion of red clay increased first and then decreased
with the increase in xanthan gum content. 1.5% ratio
was the threshold (increased by 59.83%-76.05%),
and 1.0%-1.5% ratio can effectively limit compres-
sion deformation. The maximum compression mod-
ulus and minimum compression coefficient of 1.5%
treated soil curing 28 days were 33.14MPa and
0.03MPa-1, respectively

(2) Xanthan gum content and curing ages had signifi-
cant effects on cohesion but not on internal friction
angle. The cohesion of 2.0% treated soil increased
by 69.79% compared with red clay. The improve-
ment in red clay shear properties by xanthan gum
was significant with prolonging the curing ages.
Compared with 3 days of curing, the cohesion and
internal friction angle of 0.5%, 1.0%, 1.5%, and
2.0% treated soil curing for 28 days increased by
28.89%, 41.64%, 41.98%, and 28.46% and 6.96°,
5.95°, 4.74° and 4.11°, respectively

(3) The microstructure changes in red clay were due to
the formation of xanthan gum and water molecules
as gels with adsorption and aggregation effects,
increased the contacting areas, and changed the
arrangement characteristics of soil particles. More-
over, the regionally formed biopolymer-soil matrices
via ionic bondings to improve the mechanics of red
clay
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