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ABSTRACT

One of the main aspects of strengthening weak soils is stabilization. The purpose of soil stabilization is to
improve the strength and density of the soil. One of the modern ways to stabilize weak soils is using
Biopolymer Soil Treatment (BST), which has a great potential for development not only from an
environmental point of view but also from an economic point of view. Mixing the biopolymer with soil
produces a homogeneous mixture that is instantly reinforced by the electrostatic formation of the
biopolymer-soil matrix. The significance of this study is to investigate the effectiveness of integrated
reinforcement. Geosynthetic material was used as reinforcement. The significance of this study is to
investigate the effectiveness of integrated reinforcement in soil stabilization. Geosynthetic material was
used as reinforcement to enhance the strength and stability of the soil. Through a series of laboratory
tests, the study evaluates the improvement in soil strength when combined reinforcement is incorporated.
Results indicate that geosynthetic reinforcement significantly enhances soil properties, including its shear
strength and load distribution capabilities. The friction angle of the soil increased by 7% with biopolymer
reinforcement alone and by 14% with the combination of biopolymer and geosynthetics. Thus, the

geosynthetic material contributes additional reinforcement to the soil.
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1 INTRODUCTION

Today, a relevant issue is the minimization of the
negative impact of engineering activities and the
search for new environmentally sustainable
solutions (Cabalar et al. 2023; Tulebekova et al
2023). Various techniques are employed to
strengthen weak soils, significantly improving their
properties. However, many traditional methods
have harmful environmental effects that may be
irreversible, (Zhussupbekov et al. 2022).

For instance, cement-based soil stabilization,
which involves adding cement to soil, is widely
used for its reliability and effectiveness but
demands high material and energy costs,
Kaloshina et al. (2018). Another method, gypsum
stabilization, is used for clay and shallow soils,
Perm National Research Polytechnic University et
al. (2016). These techniques rely on products from
the cement industry that contribute to CO2
emissions, exacerbating global warming and
negatively affecting biodiversity.

In this context, developing modern
soil-strengthening methods using biopolymer
treatments offers significant potential (Feng et al.
2023). The core concept involves utilizing
biopolymers produced by cultural complexes, with

both quantity and quality controls.

Biopolymers, naturally occurring polymers
produced by living organisms, fall into three main
categories: polynucleotides, polypeptides, and
polysaccharides, Mohini et al. (2022). As
renewable, low-carbon, and sustainable resources
derived from nature, they present an eco-friendly
alternative.

Common biopolymers in use include xanthan,
gellan, guar gum, alginate, and agar gum, Chang et
al. (2020). One study, Sujatha and Saisree (2019)
explored the impact of guar gum on the consistency
limits, compaction characteristics, permeability,
compressive strength, and durability of soil at
various guar gum concentrations.

The results showed significant increases in yield
strength, plasticity limit, and shrinkage by 44%,
80%, and 105%, respectively. A comparative study
of the effectiveness of carrageenan and
xanthan—two widely used biopolymers in
(geotechnical construction—was conducted by,
Fatehi et al. 2024), where kaolinite silt and sand,
treated with different ratios of biopolymers, were
used to evaluate the effects on material strength
and soil particle size. Both carrageenan and
xanthan improved compressive strength regardless
of biopolymer content. Microstructural analysis
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revealed that biopolymer films formed in soil pores,
binding particles through hydrogen bonding,
electrostatic interactions, and hydrophobic bonding
for kaolinite soil.

Additionally, a study, Ojuri et al. (2022)
compared a locally produced biopolymeric soil
stabilizer (cassava peel powder) with an imported
one. Geotechnical tests conducted on clayey soll
from Isan, Nigeria, showed that shear strength
increased with a curing time up to 28 days for both
biopolymers. Microstructural results indicated that
chemical reactions between the biopolymers and
clay particles formed new cementitious products
that bound soil particles and filled pore spaces, with
cassava peel demonstrating better performance
than carboxymethyl cellulose.

In extensive research, Cheng and Geng
(2023) examined the effects of six biopolymers
(xanthan gum, sodium alginate, carrageenan,
locust bean gum, agar gum, and gellan gum) on
clay, considering different hydration conditions,
biopolymer concentrations, curing times, and

wetting-drying cycles. Among these, sodium
alginate-treated clay exhibited the highest
compressive  strength.  Additionally, xanthan

gum-treated clay-maintained strength even after
378 days of curing and three wetting-drying cycles.

In other studies, Anandha Kumar and Sujatha
(2022) explored the effectiveness of soail
modification with biopolymers such as dextran,
beta-glucan, curdlan, polycan, chitosan, starch,
and casein, as well as chemical combinations like
xanthan gum with trivalent chlorine or guar gum,
(Lee et al. 2023; Muguda et al. 2020).

Research notes that each biopolymer requires
a specific mixing method with the substrate, with
four main approaches: dry mixing at room
temperature, wet mixing at room temperature, dry
mixing in hot water, and wet mixing in hot water.
The chosen method significantly influences the
soil's performance and properties, Cheng and
Geng (2023). The type of soil (clay, sandy, or sandy
loam) also impacts how well the biopolymer
penetrates and forms strong bonds with soil
particles, Chang et al. (2020). Therefore, it is
crucial to consider the soil's physical and
mechanical properties when selecting and applying
biopolymers for optimal results.

Despite extensive studies, many aspects of
these issues remain unresolved. In this regard, the
application of a combined soil consolidation
method is of particular interest.

2. METHODS AND MATERIALS

2.1 Experimental Setup and Materials
The experiment used sand with fine friction from
Astana, Kazakhstan. Various analyses, including
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sieve, hydrometer, liquid limit, and plastic limit
tests, were conducted to classify the soil. The liquid
and plastic limit tests were performed to assess the
soil's consistency and plasticity characteristics,
GOST (2004). These analyses provided a thorough
understanding of the soil's texture and behavior,
which is crucial for evaluating its potential for
reinforcement. The physical properties of the soil
are summarized in Table 1. The composition
consists of 60.794% sand, 19.193% silt, and
15.609% clay. The soil's particle size distribution
curve is shown in Fig. 1.

Table 1. Physical characteristics of the soil

Soil characteristic Value
Specific gravity, g/lcm? 2.538
Maximum dry density, g/cm? 2.031
Optimum water content, % 10.194
Sand sized fraction (75um-2mm), % 60.794
Silt sized fraction (5-75um), % 19.193
Clay sized fraction (<5um), % 15.607
Liguid limit, LL, % 23.251
Plastic limit, PL, % 1.190
Plasticity Index, PI, % 22.061
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Fig. 1. Particle size distribution curve

The biopolymer used is xanthan gum, which
consists of sugar chains. Its molecules have a
complex structure, including a main chain of
B-D-glucopyranose and side chains  of
a-D-glucuronic acid and B-D-mannose. This
structure enables the formation of viscous
solutions. For the geosynthetic material, nonwoven
geotextile was selected.

It is a durable fabric made from polypropylene
fibers, bonded through needle-punching and heat
treatment. This manufacturing process ensures the
material's durability, allowing it to withstand various
external conditions and mechanical stresses.
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This geotextile is used to prevent the mixing of
road surface layers, create drainage systems,
reinforce foundations, and stabilize slopes. The
mechanical properties of nonwoven geotextiles are
listed in Table 2, with some of the materials used in
the study shown in Fig. 2.

Table 2. Physical and mechanical characteristics of
nonwoven geotextile

- Nonwoven
Name of indicators geotextile
surface density, g/m? 400
tensile strength, no less, KN/m 13.0
relative elongation at break 55-130
length/width, %
b

Fig. 2. The main materials used in the study: a — sand with
fine friction; b — biopolymer

The modified soil was prepared by combining
sand, xanthan gum, and water (wet mixing), with
the components carefully inspected and weighed
before mixing. The ratio used was 231.48:5:8
grams, respectively. Initially, the biopolymer was
mixed with water and stirred thoroughly until a
homogeneous mixture was achieved. This involved
accurately measuring the biopolymer and water
and then combining them in a mixing container.

The mixture was continuously stirred to ensure
the biopolymer was fully dissolved or dispersed,
resulting in a uniform consistency. After the mixture
became homogeneous, it was allowed to stabilize
for 1 hour. This stabilization period is crucial for
ensuring an even distribution of the biopolymer
throughout the mixture. During this time, the
biopolymer particles interact with the water, fully
integrating and reaching the desired consistency.

Stabilization helps prevent clumping or settling
of the biopolymer particles, which could lead to
uneven application and ineffective soil treatment.
Once stabilization was complete, the mixture was
applied to the soil. The wet method provided better
control over the viscosity and flowability of the
mixture, making the mixing process easier.

2. 2 Direct Shear Test

Direct shear tests on the soil were conducted
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using the Wykeham Farrance 27CWF2060
Digishear (UK) device. This device features a
cylindrical aluminum box capable of withstanding
the stresses encountered during testing. The shear
system includes a moving component that operates
horizontally, generating shear stress in the
specimen. Force and strain sensors are used to
record the shear and strain parameters. The tests
were performed in stages of 25, 50, and 100 kPa,
with a cutting speed of 0.1 mm/min. To determine
the values of the angle of internal friction and
adhesion, three tests were conducted at varying
normal stress levels.

The nonwoven (geotextile used in the
experiment is a high-strength material made from
polypropylene fibers, bonded through
needle-punching and thermal bonding. This
manufacturing process ensures a durable fabric
capable of withstanding diverse environmental
conditions and mechanical stresses.

The material is applied to prevent the
intermixing of adjacent pavement layers, construct
drainage systems, reinforce soil bases, and
stabilize slopes, Yelvi and Abdullah (2020). In the
experiments,  reinforcement  material  was
positioned both horizontally and perpendicular to
the failure plane (Fig. 3).

When placed parallel to the sliding direction,
tests were conducted with one, two, and three
layers. In contrast, a single layer was sufficient
when positioned perpendicular to the sliding
direction for geosynthetic material, (Yelvi and
Abdullah 2020; Al-Qadi et al. 2023).

Fig.3 Placing of reinforcement material

Several technical requirements were followed
when placing the nonwoven geotextile in the
single-plane ground shear tests to ensure accurate
results, process safety, and material efficiency,
(Infante et al. 2021; GOST 32804-2014 2014).
These included preparing a level and compacted
soil surface to prevent distortion of the data. The
geotextile was installed on a clean surface free
from contaminants that could affect the bond
quality and test results. The soil was placed in
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layers, each compacted thoroughly to eliminate
voids and ensure uniformity. After all soil layers
were compacted, the box cover was installed,
GOST 12248.1-2020 (2020).

The cutting speed was set to 0.1 mm/min, and
the shear force was applied gradually in controlled
steps. This method allows for precise recording of
the soil's response to increasing shear stress,
ensuring accurate data collection. Throughout the
shearing process, both horizontal displacement
(shear deformation) and vertical displacement

(change in specimen height) were closely
monitored.
These measurements were critical for

determining the shear strength parameters of the
soil, (Vieira et al. 2015; Hatami and Esmaili 2015).
Shearing continued until the soil specimen failed,
indicated by a peak in the shear stress versus
horizontal displacement curve or by a large
horizontal displacement with no further increase in
shear stress, (Al Hattamleh et al. 2019; Eissa et al.
2023). The failure point represents the maximum
shear stress the soil can endure under the specified
normal load. Data on shear force and both
horizontal and vertical displacements were
continuously recorded during the shearing stage,
and this information was used to plot and calculate
the shear stress versus horizontal displacement
curve (Tulebekova et al. 2024).

3. RESULTS

Shear stress versus horizontal displacement
curves were plotted for all tested specimens (Fig.
4).

95
99 .

85
30 y = 0.66x + 22.833. ¢
o

70 ;
65 . )
: ey =0.56x+ 8
10 y =0:6%+20 P

Shear stress, kPa
-~

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105
Normal stress, kPa

® without reinforcement ® biopolymer ® biopolymer-nonwoven geotextile

Fig. 4. Dependence of shear stress on normal stress

In the graph, horizontal displacement represents
how much the specimen has deformed horizontally
relative to its initial thickness.

To assess the effectiveness of the
reinforcement, the shear strength coefficient of the
reinforced soil (K) was applied, indicating the extent
to which the shear strength of the soil is altered by
reinforcement with biopolymer and biopolymer
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combined with nonwoven geotextile. The
reinforced soil coefficient was determined using the
following equation:

T 7,

K = _reinf — ’ (1)

7y

where Trine — Shear stress of reinforcement soil,

kPa;

To — Shear stress of soil without reinforcement, kPa.
The variations in the K (Eq.1) of the different

specimens at the three shear stresses are shown in

Fig. 5.
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Fig. 5. Reinforced soil shear strength ratio for specimens

The ultimate shear stresses of the reinforced
soil using biopolymer and a combination of
biopolymer and geotextile are greater than those of
the unreinforced soil under various vertical
stresses. The K values for biopolymer-reinforced
soil are approximately 39%, 30%, and 25% under
normal stresses of 50, 75, and 100 kPa,
respectively. The reinforcement effect from xanthan
gum is noticeable. For the combined reinforcement
of soil, the K values are approximately 56%, 44%,
and 40% under the same normal stresses. The
reinforcement provided by nonwoven geotextiles
mainly relies on their tensile strength, which is
crucial in improving soil stability. Fig. 6 illustrates
the changes in the angle of internal friction and
cohesion.
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Fig. 6. Soil shear strength characteristics for different
specimens: a — cohesion; b — friction angle

Cohesion increased for each sample reinforced
with biopolymer and in the biopolymer-geosynthetic
work, increasing by 15 kPa. Additional soll
quasi-cohesion was induced by the non-tan
geotextile. The angle of internal friction for
fractional sand samples increased by 2—4 degrees
when reinforcing materials were applied.

The increase in soil cohesion induced by
biopolymer and nonwoven geotextile can be
attributed to the effectiveness of geotextile in
reducing surface erosion, and the interaction of
xanthan gum with soil.

Cohesion measures the internal molecular
attraction between soil particles, contributing to the
soil's overall shear strength. Analyzing the results
of Fig.8 showed that due to its structure, nonwoven
geotextile creates strong bonds between soll
particles, significantly increasing its cohesion.

Statistical analysis was applied to analyze the
results, which include various key metrics that
provide insights into the data set. The primary focus
was on understanding trends, variances, and
correlations among different variables.

4. CONCLUSION

The combined soil reinforcement method is
effective, offering significant improvements in the
strength properties and stability of soil structures,
making it suitable for various applications. The
main conclusions drawn from this study can be
summarized as follows:

1. The preparation of a homogeneous mixture
of gum and soil ensures a uniform distribution of the
polymer agent. In cases where the mixture is not
uniform, the reinforcing agent may concentrate in
specific areas, leading to uneven reinforcement
and potential weak spots that could compromise
the overall strength and stability of the structure.

2. SEM analysis was conducted to assess the
interaction between the gum and soil particles
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during the quality control of the modified soil. This
analysis provided valuable insights into the
effectiveness of the gum in stabilizing the soil and
the microscopic changes in its structure. SEM
images confirmed the homogeneity of the
consolidated soil, suggesting that no adjustments
to the mixture composition were needed.

3. The placement of nonwoven geotextiles
during ground shear tests followed specific
technical requirements to ensure the accuracy,
safety, and effectiveness of the materials. The
nonwoven geotextile was positioned along the
shear surface to evaluate its effect on
strengthening the bond between soil particles. The
placement of the reinforcing material influenced the
test results.

4. Reinforcement with biopolymers, as well as a
combination of biopolymer and nonwoven
geotextile, had a more significant impact on soil
strength under lower normal stresses (50 kPa) than
under higher vertical stresses. At higher normal
stresses (100 kPa), frictional interactions between
soil particles became more important for
load-bearing capacity than the tensile strength
provided by the reinforcement.

5. Soil cohesion increased from 8 kPa to 20 kPa
with the addition of biopolymer and further to 23
kPa with the combined reinforcement of biopolymer
and geosynthetics.
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