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Abstract. Recently, microbial biopolymers have been widely used in geotechnical
engineering as an alternative environmentally friendly material for soil stabilization
and ground improvement. Biopolymers enhance the mechanical properties (e.g.,
strength and interparticle adhesion) of soils by forming biofilm coats and bridges
(coarse soil) or by bonding clay particles via electro-static interactions. Anionic
xanthan gum biopolymer is one of the most common biopolymer materials used
nowadays. Previous studies have shown xanthan gum to interact with positive
charges in pore fluids or clay particle edges. Thus, the behavior of xanthan gum in
soil is altered by pore fluid chemistry and variations in the types of soil minerals
present. However, the micro-scale interactions between xanthan gum, soil, and
aqueous ions in pore fluids have not been clearly identified yet. This study focuses
on the interaction between xanthan gum and fine soils with pore fluid chemistry
variation. Electrical sensitivity (SE) was measured through a series of laboratory fall
cone tests of xanthan gum-treated kaolinite with three different pore fluid conditions
(i.e., deionized water, 2M NaCl brine, and kerosene). Interaction between xanthan
gum and clay particles affects index properties and electrical conductivity of soils.
The liquid limit of xanthan gum-treated soils in deionized water conditions peaked
at 0.5% of xanthan-gum-to-clay mass ratios. Xanthan gum tends to decrease the
sensitivity of clay minerals to pore fluid chemistry when up to 2% of xanthan-gumto-soil mass ratios are used.
Keywords. Xanthan gum, Clay, Electrical sensitivity.

1. Introduction
Biological soil remediation techniques have been studied for the purpose of alleviating
the environmental problems (e.g., CO 2 emission, water contamination, vegetation
reduction) caused by conventional geotechnical construction materials, such as ordinary
Portland cement (OPC). Methods such as microbial-induced calcite precipitation (MICP)
have been actively used to strengthen soil through the biological activity of microorganisms directly deployed into soil for the formation of calcite precipitates that act as
soil binders over time [1]. Meanwhile, in addition to biological approaches, the use of
other biological means has been investigated; more specifically, the use of
biopolymers [2].
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Biopolymers are polysaccharides produced by organisms (e.g., microbes) of various
forms and properties [3, 4]. Biopolymers have been studied in many industrial
applications, such as food production, agriculture, cosmetics, medical treatment, and
pharmaceuticals [3- 6].
For geotechnical engineering purposes, biopolymers can enhance the strength and
stability of soil aggregates [7-10], control hydraulic conductivity [11, 12], and decrease
the decomposition rate of plant residue [13].
However, biopolymer applications for soil treatment require being cautious about
various issues because of their rheology and strength dependency on soil water content
and the chemical characteristic of pore fluids. The strengthening behavior of biopolymertreated soils is governed by their soil water content [14] and clay [15]. A previous study
has shown that the direct ionic bonding between biopolymers and clay particles induces
a remarkable strengthening in biopolymer-treated clayey soils [16].
Because biopolymers can interact with clay particles through ionic bonding, they
alter the pore fluid characteristics (e.g., double-layer behavior, consistency, and electrical
conductivity). Generally, there exist distinct academic arguments on the liquid limit of
organic soils. The presence of organic matter apparently increases the liquid limit of soils
owing to water absorption [17]. However, biopolymers are expected to yield unique pore
fluid characteristic because of their direct interaction with clay particles. The most
common biopolymer material regarded and used in academic studies nowadays is
xanthan gum. Thus, the pore fluid characteristics of xanthan-gum treated soils are
evaluated and discussed in this study in terms of electrical sensitivity.

2. Materials and Procedure
2.1. Materials: Soils (from pure clay to clayey sand) and xanthan gum
Silica sand and kaolinite were chosen to represent different soil types in this study.
Jumunjin sand (standard sand in Korea), which is classified as SP (poorly graded sand),
was used. The basic properties of jumunjin sand are: D50 = 420 μm; Cu = 1.4; Cc = 0.76.
Kaolinite is 1:1 layered clay made of gibbsite and brucite. It is composed of
negatively charged face surfaces and has positive charge on the edge surfaces. Kaolinite
(CH; clay with high plasticity) exhibits a double layer, which results in high-consistency
limits. Moreover, owing to the chemical valence along its surface, the liquidity index of
clay is affected by its pore fluid chemistry [18]. Kaolinite (D50 = 3 μm; SSA = 22.1
m2/g; LL = 70%; PL = 31%) from Bintang, Indonesia was used for this study.
The sand and clay were oven-dried at 100 °C for 24 h to remove pre-existing pore
fluids. The sand and clay were mixed at mass ratios of 0:100 (pure clay), 50:50 (sandy
clay), and 80:20 (clayey sand) to represent different soils with different clay contents.
Dry xanthan gum (XG) powder was mixed with the prepared soils (0–2% of the clay
mass). XG is an anionic biopolymer produced by the Xanthomonas compestris bacterium.
XG interacts with clay particles and forms a structured matrix between them, and it has
been shown to increase the strength of clay [16]. Research-grade XG (CAS: 11138-662) was purchased from Sigma Aldrich.
XG-treated dry soils were mixed with three chemically distinctive pore fluids,
namely deionized water (DI), 2-M NaCl brine, and kerosene.
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2.2. Experimental program: Index properties and electrical sensitivity
The plastic limit (PL) and the liquid limit (LL) of the XG-treated soils with three
distinctive pore fluids were measured to assess their electrical sensitivity values.
Thread-rolling tests were conducted to measure the PLs of the XG-treated soils [19].
Fall cone tests were conducted to determine the LLs of the XG-treated soils instead of
using the “Casagrande cup” method to increase the reliability of the results [20-22]. A
cone with a weight of 80 g and an angle of 30° was used to penetrate soil specimens for
5 s and with varying water contents. The LLs were determined after the water content
had penetrated 20 mm into the soil. At least four repeated PL–LL tests were conducted
to obtain reliable results.
To analyze the response of soils and XG for different pore fluids, the LL ratios were
plotted using the method suggested by Jang and Santamarina [23]. First, the LLs obtained
with kerosene (LLK) and brine (LLB) were corrected to reflect the different fluid
properties, specific gravity, and ionic concentrations. Then, the LLs measured for
deionized water (LLDI) and kerosene were divided by LLB. If the divided values were
lower than 1.0, the reciprocal ratios were used. Those values were plotted on the
LLDI/LLB versus LLK/LLB quadrants.
The distance of each point from the origin (1, 1) indicates the electrical sensitivity
of the soil sample, with point (1, 1) being the point at which there are no effects of the
pore fluid chemistry on the LLs. The detailed procedures used were referred from
previous studies [23, 24]

3. Results and Observations
3.1. Cone penetration
The fall cone test results are summarized in Figure 1. Figures. 1 a, b, and c show the
effects of XG content on soil penetration with various pore fluids for pure clays, whereas
Figures. 1 d, e, and f are for 50%-clay soils and Figures. 1 g, h, and i show the results for
20%-clay soils.
Figure 1 indicates that soils with a higher sand proportion result in higher penetration
depth for the same water content, which is to be expected because of the reduction of
plasticity. The LLDIs of XG-treated soils were higher than that of untreated soils, which
indicates that XG aids in the formation of a double layer of soils. The LL DI values peaked
at 0.5%, 0.25%, and 0.1% for the 100%-, 50%-, and 20%-kaolinite soils, respectively.
As for 2-M NaCl brine (Figures. 1 b, e, and h), the penetration curves increased with XG
content, regardless of clay content, whereas no alterations in the penetration curves were
observed with XG in kerosene (Figures. 1 c, f, i). This phenomenon was mainly due to
the absence of XG interactions with non-polar kerosene molecules.
3.2. Classification of XG-treated soils based on the USCS
The LLDIs and plasticity index (PI) of the XG-treated soils were plotted on a plasticity
chart, which is shown in Figure 2. The 100%-kaolinite soil without XG was classified as
CH, whereas soils with a higher proportion of sand were classified as ML. The XG
treatment enhanced the index properties of the soils, and there exists an optimum XG
content for each (0.5%, 0.25%, and 0.1% for the 100%-, 50%-, and 20%-kaolinite soils,
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respectively). Especially for sand-mixed soils, the XG treatment changed their
classification from ML to CL. However, classification based on the USCS plasticity
charts has limitations to show the response of the XG biopolymer to variations in pore
fluids.

Figure 1. Penetration depth versus water content.

Figure 2. Classification based on the USCS.
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3.3. Electrical sensitivity (SE)
To analyze the response of XG to pore fluid chemistry, the LL DI, LLB, and LLK values
of the soils were plotted in Fig 3. As shown in the figure, the XG treatment relocates
soils from the upper right (high LL DI and LLK) toward the lower left (higher LL B).
The distance of each point from the origin (1, 1) is defined as the S E of the soil,
where the origin (1, 1) indicates soil conditions with no effect due to pore fluid chemistry.
Thus, the presence of XG reduces the S E of fine soils with low XG contents, whereas S E
increases for higher XG contents. In other words, the sensitivity of clay materials to
variations in the pore-fluid environment can be reduced using XG up to a critical amount
and, after going over this critical amount, the sensitivity of XG itself increases the S E of
the clays. The critical points were 0.5% for the 20%-kaolinite soil, 1% for 50%-clay soil,
and over 5% for pure clay, which are 4–5 times higher than the amount of XG for the
maximum LLDI. Therefore, respective XG treatments of up to 0.5%, 0.25%, and 0.1%
for 100%-, 50%-, and 20%-kaolinite soils can possibly be defined as the optimal XG
content to enhance the LL of soils and also reduce the sensitivity of clays to pore fluid
chemistry.
3.4. Estimation of the variation of electrical sensitivity caused by changes in XG and
clay contents
The variations of SE to clay and XG contents are displayed in Fig 4. Owing to the surface
charge of kaolinite, clay is more sensitive to pore fluid chemistry than sand. Thus, soils
with higher clay content had higher S E values. The SE values increased from intermediate
to high electrical sensitivity as the clay contents increased.
The XG treatment also affected the S E values. XG forms electrical bonds with clay
particles [25], which aggregate and reduce the surface area, thus reducing the S E of soils.
The minimum SE was generally found for approximately 0.5% XG for 20% clay, 1% XG
for 50% clay, and over 2% XG for 100% clay. XG-induced particle bonding lowers the
SE of kaolinite similar to that of sand or silt [23].
Owing to the charge characteristics of XG, XG itself is also sensitive to pore fluid
chemistry. Thus, adding additional XG after reaching the minimum S E value results in
XG interacting with pore fluids rather than clay minerals, resulting in an increase in S E.
The XG treatment varied the SE values from low to high electrical sensitivity.

Figure 3. LL ratios of XG-treated kaolinite-based soils.
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Figure 4. Effects of clay and XG content on SE.

4. Analysis: Interaction of XG with clay particles
Clay forms a diffuse double layer by absorbing pore fluids, as shown in Figure 5 a. Salt
ions adsorb on clay surfaces and cause the aggregation of soil particles, as shown in
Figure 5 b, which is the reason for LL DI being higher than LLB. The XG treatment
changes the response of clay minerals to pore fluids. XG interacts with both pore fluids
and clay materials. At small quantities of XG, XG tends to mainly interact with clay
minerals rather than with pore fluids. XG–clay interactions tend to reduce the S E of clay
minerals (Figure 4).

Figure 5. Schematic diagram for XG interactions.
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When XG content is below 0.5%, XG interacts with clay particles; however such
amounts of XG are not sufficient to bridge kaolinite particles, as shown in Figure 5 c.
Thus, the adsorbed XG enlarges the double-layer spaces. However, as the amount of XG
becomes enough to form bridges between particles (0.5–1% of clay weight), XG causes
the aggregation of clay particles and reduces surface area, as shown in Figure 5 d.
Therefore, LLDI decreases for up to 1% of XG. XG mainly interacts with clay particles
when added up to 2% of the clay’s weight, and it has a slight effect on the surface area
of soils. When over 2% of XG is added to clay, XG tends to mainly interact with pore
fluids, which increases the SE and LL of soils.
The increases in LL with XG are especially noticeable in 2-M NaCl brine. Because
salt ions interact and neutralize kaolinite particles, XG mainly interacts with pore fluids,
as shown in Figure 5 e, and increases LL B. However, XG does not show this effect in
non-polar pore-fluids owing to the lack of XG activation, as shown in Figure 5 f.

5. Conclusions
The liquid limits of xanthan-treated soils were measured for different types of pore fluid
chemistry. The results indicate that the rheology of xanthan gum shows remarkable
differences depending on pore fluid chemistry. The liquid limit of xanthan gum-treated
soils in deionized water conditions peaked at 0.5% of xanthan-gum-to-clay mass ratios,
whereas xanthan gum continuously increased the liquid limit of 2-M NaCl brine.
However, xanthan gum had no effect on the liquid limit of non-polar pore fluids. To
reflect the response of xanthan-gum treated soils to pore fluid chemistry, the electrical
sensitivity of soils was obtained. Xanthan gum tends to decrease the sensitivity of clay
minerals to pore fluid chemistry when up to 2% of xanthan-gum-to-clay mass ratios are
used, which indicates that after xanthan-gum treatment with these amounts, xanthan gum
mainly interacts with clay particles. Our analysis on the response of clay to pore fluid
chemistry suggests that xanthan-gum treatments with a xanthan-gum-to-clay mass ratio
of up to 0.5% is the optimal amount of xanthan, which increases the liquid limit of the
soils and also reduces the sensitivity of clays to pore fluid chemistry.
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