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ABSTRACT

Compared to traditional inorganic binders, biopolymers have several advantages: abundant
sources, high processability, and environmental friendliness, which makes them have promising
applications in soil stabilization. In this work, Xanthan and Chitosan, two widely used biopolymers
in soil stabilization, were selected to study their performance of soil strength improvement. As the
saturation level largely influences the soil strength, we focus on saturated samples to assess the
effective strength. We used consolidated drained triaxial tests to measure the shear strength of two
kinds of sand (coarse and fine sand) untreated or treated by biopolymers. We found that the mixing
process and the stability of the biopolymer in the water can largely influence the sample's
mechanical strength. In the Xanthan case, the wet mixing method with hot water yields the best
results. Meanwhile, there is probably an optimal water content to help Xanthan gels form and
disperse in the sands. In the Chitosan case, the mixing process consumes more water, and the
addition of acetic acid to mix Chitosan with water is also necessary. Differently from the Xanthan
case, the performance of the Chitosan did not differ for the two considered sands despite their
different grain size distributions.
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INTRODUCTION

Due to global climate changes, the infrastructures near mountains or river basins have to meet
more frequent natural disasters such as floors, landslides, and mudflows, which make the risks and
dangers caused by instability and liquefaction of soils become more obvious in civil engineering.
Hence, the development of efficient methods for improving soil strength has attracted large
concern in geochemical and geotechnical fields.
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Soil stabilization is a technique to refine and improve soil mechanical properties that
include mechanical strength, permeability, compressibility, durability, and plasticity. From ancient
times to the present, engineers have found various techniques, which can be generally classified
into mechanical, chemical, and biological categories (Dehghan et al., 2019).

Mechanical methods mainly use static and dynamic mechanical forces to compact the soils,
which have a long history (Verma et al., 2021). This kind of physical process increases the
compactness of the soils but cannot form chemical bonding between the grains. With the
advancement of the industry, chemical stabilization based on inorganic binders, such as cement,
lime, and fly ash, has become widely applied. These binders can effectively adhere to the soil
grains and consequently reinforce the mechanical properties of soils. However, the production of
these binders and their mixing into soils can result in severe environmental pollution and
significant amounts of carbon dioxide emissions (Chang et al., 2015; Huang et al., 2021).
Currently, the development of novel biological methods based on organic bio-sourced polymers
(biopolymers) has attracted a lot of interest. Compared to traditional inorganic binders,
biopolymers can not only adhere to the soil grains and form bonds between them but also have
several advantages: abundant sources, high processability, and environmental friendliness. Thus,
they have promising applications in soil stabilization.

Generally, the biopolymers belong to the polysaccharide family, such as Xanthan gum,
Chitosan, Guar gum, and Alginate. Their performances depend on their original sources,
physicochemical properties, and the mixing process with the soils. Many papers focused their
studies on dry soils. However, real soils in nature are rarely dry and often in contact with water
during their lifetime. Then, applying the conclusions obtained on dry or quasi-dry samples to real
soil stabilization is hard (Chang et al., 2015; Hamza et al., 2022; Lee et al., 2019; Ni et al., 2021).
Although there are also some reported results of the biopolymer treatment of wet soils (Hamza et
al., 2023; Kwon et al., 2023; Soldo et al., 2022), it is still hard to make a comprehensive
comparison since the degree of saturation of the soils is difficult to consider. Thus, the present
study aims to assess the performance of biopolymers-treated saturated soils.

In this study, we will use Xanthan gum (XG) and Chitosan (Ch) as biopolymers because
they are non-toxic and widely used, and moreover, their commercial products can be easily found.
Dynamic vapor sorption (DVS) tests will be carried out to study the water sensibility of XG and
Ch. For soils, we will use sand as the matrix. Two kinds of sand (coarse sand (CS) and fine sand
(FS)) will be studied to discuss the effects of grain size on the reinforcement. Consolidated drained
triaxial tests (CD) will be conducted under controlled saturation conditions to determine the effect
of biopolymer treatments. The objectives of the papers can be summarized as follows:

a. Compare the strength of biopolymer-treated sands under controlled saturated

conditions,

b. Study the roles of the biopolymer in the sands with the consideration of grains size

effect,

c. Find the optimal preparation methods for XG and Ch.
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MATERIALS AND METHODS

Materials

The sands used in this study were extracted from the Arve River in the French Alps. They are

quartz sands. The grain size distributions of the two sands are shown in Figure 1. The details of
the two sands are listed in Table 1.
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Figure 1. Particle distribution of coarse and fine sands

Table 1. The details of coarse and fine sands
Size of the grains  Specific gravity Maximum void  Minimum void
Coarse sand 2.7 0.838 0.608
Fine sand 2.7 0.829 0.549

Xanthan gum and Chitosan were bought from Amazon. Xanthan gum is a natural anionic
polysaccharide developed by Xanthomonas campestris bacteria. Its solubility depends on the
temperature, pH value, and the existence of ions (Chang et al., 2020; Bhat et al., 2022). Chitosan
is a linear polysaccharide produced from the waste crustacean shells, such as shells of crabs and
shrimps. It is soluble in solutions with a pH lower than 6.5 and tends to bind to negatively charged
surfaces (Kavazanjian et al., 2009).

Sample preparation

The preparation of the samples can be divided into two steps: (1) mixing the biopolymer with the
soils and (2) homogenizing and curing. In the mixing step, there are two methods: dry and wet
mixing. For the dry mixing, the biopolymer powder will be directly mixed with the dry soil. Then,
the water will be added to the mixture to let the biopolymer form gels in the soil during the curing
step. For the wet mixing, firstly, the biopolymer will be mixed with water to form viscous polymer
gels; in this process. We use a stainless steel spoon to mix the biopolymer and water manually.
The mixing process normally continues until the mixture becomes uniform and no powder
remains, which typically takes around 15 minutes. To ensure the quality of the produced
biopolymer gels, we performed a visual inspection after mixing. The gel is checked for
homogeneity, ensuring there are no undissolved particles or air bubbles. Then, the gels will be
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mixed with the dry soil (Ren et al., 2024). The choice of the mixing methods in our study depended
on the biopolymer concentration in the soils and its sensibility to water. The details of the
preparation are listed in Table 2.

In the step of curing, the soil-biopolymer mixtures were divided into four parts that were
successively compacted into a mold (35 x 70 mm). To get the initially set density for each sample,
each layer was compacted using a small hammer until it reached the set density. After that,
specimens were cured in the laboratory (25 +2°C) for 7 days. The curing period allowed sufficient
time for the biopolymer gels to connect and stabilize the soil particles. This process is crucial
before saturation to allow the biopolymer-soil matrix to achieve its intended mechanical and
bonding properties.

The biopolymer concentration (mp) is calculated by the ratio of the biopolymer mass to the
dry soil mass, as indicated in Eq.1. The initial water content (mw) is the ratio of water weight to
the dry soil mass, as indicated in Eq.2.

mass of biopolymer (1)
my,=

mass of dry soil

_ weight of water ()

Y mass of dry soil

Table 2. Details of the preparations for the specimens used in the study

Biopolymer Samples Mixing method Conditions
ms = 1%, mw=3%

XG-CS-1 Dry Adding water just after preparation
XG-CS-2 Wet mp = 2%, mw = 15%, hot water
Xanthan — (080 <) ~ o
XG-FS-1 Dry mp = IA), mw = 8%
Adding water just after preparation
mp = 1%, myw = 31%, hot water
XG-FS-2 Wet (80°C)
mp = 1%, my = 15%, acetic acid
Ch-CS-1 Wet (1%)
Ch-CS-2 Wet mp = 4%, my = 25%, acetic acid
0
Chitosan mp = 1%, m (—11/(.?5)"/ acetic acid
- 0, w 0,
Ch-FS-1 Wet (1%)
mp = 2%, mw = 15%, acetic acid
Ch-FS-2 Wet (1%)

Note: water content (m,,) is not a parameter that we studied; it is used to prepare the gels; all the
specimens are dried during curing and then re-saturated during saturation ramp.

Characterizations
Dynamic vapor sorption (DVS) test. The DVS Intrinsic device used in this work is from Surface

Measurement Systems (SMS) company; it is controlled by the DVS-WIN software package
supplied with the instrument, which allows the conduct of sorption and desorption experiments
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under controlled temperature and relative humidity conditions. Each DVS test lasted about 2 weeks
for samples of approximately 70-100 mg. The procedure is as follows:
a. Setting the experimental conditions, such as temperature (25°C) and relative humidity
range (10%-95%)
b. Exposing the biopolymer to controlled step-by-step changes in humidity.
c. Measuring the resulting changes in biopolymer mass to determine its moisture adsorption
properties.

Consolidated drained (CD) triaxial tests. CD tests were carried out under controlled saturation
conditions to better assess the effect of biopolymer treatment on the shear strength parameters,
and the tests followed the standard of AFNOR (2024). The device is shown in Figure 2. The
procedure of the CD tests is as follows:

a. Saturate the sample in two steps: a flow of water through the sample followed by a
saturation ramp with high values of back-pressure (up to 800 kPa).

b. The saturation status by measuring the Skempton parameter, B. If the B is higher than
0.95, we consider the sample to be fully saturated and continue the next step.

c. Consolidate the sample under an effective confining pressure of 100 kPa. The reason why
we choose 100 kPa is because the application is for the dykes. 100 kPa is a reasonable
mean value.

d. Determine the shear strength parameters (maximum deviatoric stress). The shear rate is
about 1.2 x1073 s71,

Figure 2. Te CD test device
RESULTS AND DISCUSSION

Results of DVS tests

Figure 3 shows the DVS isotherm plot of XG and Ch. XG's mass change is much larger than Ch's
as the target relative humidity (RH) changes, especially for relative humidity larger than 60%. The

higher sorption and desorption in XG curves in the high RH range infer that XG is much more
sensitive to water than Ch.
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Figure 3. DVS isotherm plot
Results of CD tests
The stress-strain curves of the sands treated with Xanthan and Chitosan are presented in Figures 4
and 5. We set the untreated specimens as a reference. An improvement factor, F, was defined in

Eq.3 to represent the performance of the biopolymer treatment.

F= Omax _treated (3)

Omax _untreated

where omax 1s the maximum deviator stress of the sample in the curves of Figures 4 and 5; the index
“treated” means the sand treated by biopolymer, and the index “untreated” means the soils without
treatment. We list the F values and final water content of the XG-treated and Ch-treated sands in
Table 2. All the final water contents of the treated samples are around 26% ~28%.

In the case of Xanthan gum, the performance of coarse sands is not good, as shown by the
small values of F listed in Table 3, but for the fine sand, the F values are higher, especially for XG-
FS-2, with F as high as 2.10. The improvement of F in the XG-FS-2 is associated with three
possible reasons highly related to the preparation parameters listed in Table 1 and Xanthan
sensitivity to water: (i) the size of the sand grain will influence the Xanthan treatment. Xanthan
can adhere better to fine sands than coarse sands. This feature is independent of Xanthan content
(m» %) and water content (mw %) during the mixing process. (ii) 80 °C hot water can help to better
mix Xanthan with the soil. (iii) the initial water content (mw %) used in the mixture also influences
the F value. Since in the mixture, Xanthan will form highly viscous polymer gels that can be
homogeneously dispersed in the fine sand if the water content is suitable. However, we cannot use
too much water to prepare Xanthan/fine sand samples since Xanthan will be totally mixed with
water, and we will fail to have gels, which the DVS results can confirm. Meanwhile, Ni et al.
(2021) also reported that too much water would weaken the mechanical strength of sands due to
excessive voids left in the XG-soil matrix when the soil dries. Therefore, we did not test the XG-
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treated sample with too much water in this study. Our test results show that the 30% water content
should be optimal for the fine sands.

In the case of Chitosan, the water content (mw %) used in the preparation is generally higher
than in the Xanthan case because Chitosan is more stable in the water than Xanthan, as indicated
by the DVS test. Moreover, the viscosity of the sand/Chitosan mixture is higher than that of the
sand/XG. Thus, we need to use more water to prepare the Chitosan-treated samples. Meanwhile,
as listed in Table 1, acetic acid should also be introduced in the mixture to help Chitosan dispersion
in the sands. Moreover, unlike the Xanthan case, the improvement by Chitosan is less dependent
on the sand grain distribution; for example, the F value of Ch-CS-2 is just a bit higher than that of
Ch-FS-2, which is quite different from XG-CS-2 and XG-FS-2. A possible reason is that the higher
water stability of Chitosan allows for adding more water during the mixing, which can help
disperse the gels in the sand particles. Hence, the grain size effect is less in the Chitosan case.

Table 3. The overall improvement results of XG-treated specimens and Ch-treated

specimens
Size of
the Specimen m»% mw% mi% F | Specimen m»% mw% ma% F
grains

Coarse | XG-CS-1 1 3 28.3% 1.11 | Ch-CS-1 1 15  27.6% 1.15
sand | XG-CS-2 2 15  25.8% 1.01 | Ch-CS-2 4 25  253% 1.27
1 1

2

Fine XG-FS-1 8 26.4% 1.31| Ch-FS-1 15 27.1% 1.31
sand XG-FS-2 1 31 27.1% 2.10 | Ch-FS-2 15  28.7% 1.37

Note: mysv is the final water content.

CONCLUSIONS

In this work, we discussed the mechanical strength of two saturated sands treated by two
biopolymers: Xanthan gum and Chitosan. We find that the mixing process and the stability of the
biopolymer in the water can largely influence the sample's mechanical strength. In the Xanthan
case, the wet mixing method with hot water (80°C) yields the best results. Meanwhile, there is
probably an optimal water content to help Xanthan gels form and disperse in the sands. In the
Chitosan case, the mixing process consumes more water, and acetic acid is necessary to help
Chitosan mix with water. Differently from the Xanthan case, the performance of the Chitosan did
not differ for the two considered sands despite their different grain size distributions.

In the future, we will further optimize the process of biopolymer treatment, such as introducing a
cross-linking mechanism in the mixture. Moreover, we will also explore other soils, such as loam,
silt, or clay, to compare the performances of the biopolymers in other aspects of soil nature.
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Figure 4. Stress-strain curves of XG-treated (a) coarse sand and (b) fine sand
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Figure 5. Stress-strain curves of Ch-treated (a) coarse sand and (b) fine sand
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