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Abstract.

This paper presents a study on the undrained shear strength (s,) of various sands treated with a biopolymer by

employing an extensive series of laboratory fall-cone penetration values covered a range of about 15 mm to 25 mm. In the tests,
two sizes (0.15 mm-0.30 mm, and 1.0 mm-2.0 mm) and shapes (rounded, angular) of sand grains, Xanthan gum (XG), and
distilled water were used. The XG biopolymer in 0.0%, 1.0%, 2.0%, and 3.0% by dry weight were mixed separately with four
different sands, and water. The tests results obtained at the same water content revealed an increase in the su values at different
levels with an increase in the XG content. Treating the sands with the XG biopolymer addition was concluded to have a greater
efficacy on finer and more angular grains than coarser and more rounded grains in the samples. Overall, the present study
indicates that different amount of the XG biopolymer has an important potential to be utilized for increasing the s, values of

samples with various size/shape of sand grains and water content.
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1. Introduction

Soil  stabilization techniques improve various
geotechnical engineering properties including strength,
compressibility, permeability, and plasticity by means of
electrical, biological, chemical, and mechanical ways. Soil
stabilization still remains as one of the most considerable
challenges in geotechnical engineering, particularly due to
the developments of new materials, although the basic
principles of soil stabilization namely; drainage,
reinforcement, densification, and cementation, have not
changed for about last 5000 years (Mitchell 1981, Terashi
and Juran 2000, Schaefer et al. 2012). Soil stabilization by
means of chemical materials (traditional and non-
traditional materials) seems to be one of the most
commonly utilized techniques. Cement, a traditional
chemical material, was first introduced as a stabilizer in
early 1900s in Florida, USA. It has been the most widely
used chemical stabilizer in different geotechnical
engineering applications since then, because of its easily
availability, simple application, and low cost.

Numerous investigations reporting improvement in
strength, compressibility, permeability and plasticity of
problematic soils have been studied on various soil-cement
mixtures (Rafalko er al. 2007, Saadeldin and Siddiqua
2013, Shrestha and Al-Tabbaa 2012, Pan et al. 2019).
Traditional materials including cement basically depend on
pozzolanic chemical reactions and exchanging cations in
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order to make a stabilization in a soil (Abu-Farsakh et al.
2015). Actually, main environmental problems associated
with cement manufacture are consumption of natural
materials and energy use as well as emissions to
atmosphere. Hence, such environmental issues have
recently increased the interests on studies in non-traditional
materials including biopolymer, acids, enzymes, biochar,
and tree resins (Blanck et al. 2014, Li et al. 2016, Pardo et
al. 2018, Thomas et al. 2019).

The biopolymers have drawn increasing worldwide
attention as an example of non-traditional material for soil
stabilization, because of their environmentally friendly and
sustainable characteristics, and availability at reasonable
prices. Various geotechnical characteristics including
Atterberg’s limits, compressibility, permeability,
compaction, shear strength, and shear wave velocity of soils
treated with different biopolymer types have been already
studied by numerous researchers (Bouazza et al. 2009,
Chang and Cho 2014, Ayeldeen et al. 2016, Chang et al.
2016, Latifi et al. 2016, Lee et al. 2017, Cabalar et al. 2017,
Cabalar ef al. 2018, Fatehi et al. 2018, Dehghan et al. 2019,
Kumara and Sujatha 2020, Chang et al. 2020). For instance,
Chang et al. (2016) used Gellan gum type biopolymer to
study the geotechnical properties of a sand. The testing
results pointed substantial increase in cohesion (c), internal
friction angle (@), and unconfined compression strength
(qu) values of the sand with the biopolymer additions.
Cabalar et al. (2018) carried out an intensive series of
laboratory tests including unconfined compressive strength,
vane shear, permeability, oedometer, fall-cone, compaction,
swelling, and shrinkage tests in different curing times of
clay treated with the XG biopolymer at different ratios. The
testing results showed that strength of the clay samples
increased with both the amount of biopolymer addition and
the curing time. They also indicated that permeability of the
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samples with the XG biopolymer was lower, although the
compression index and swelling percent values were higher
than the samples without any treatment in the clay tested.
Furthermore, Kwon et al. (2019) have recently studied the
geotechnical engineering behavior of a XG treated soft
marine soil by considering a series of Atterberg’s limits,
shear strength at a constant water content, compressive
strength in a dry condition, laboratory consolidation, and
sedimentation tests. They realized that the XG treatment
significantly affects the Atterberg’s limits, and shear
strength values because of an enhanced interparticle
bonding between soil grains induced by a viscous hydrogel
formation. They observed that the XG additions delay the
consolidation procedure and increase the soil’s
compressibility. They have further stated that e- polysine
biopolymer provides a great potential for coagulating soil
grains in a suspension state as it forms bonding between the
soil grains. They eventually identified the XG biopolymer
as a soil strengthening material, whilst e-polylysine
biopolymer as a soil-coagulating material.

The fact is that bonding of the soil grains in soil-water-
biopolymer mixtures increased shear strength of the mixture
with time (Brinker et al. 1992, Garcia-Ochoa et al. 2000,
Grillet et al.  2012). Such a time dependent phenomena
suggests that short-term behaviors of the soil-water-
biopolymer mixtures are more likely to engage in risks
resulting in serious problems. Hence, for short-term
behavioral analyses in soils, the su value appears as one of
the most significant design criteria. The laboratory fall cone
testing apparatus designed initially in the early 20th century
for determining liquid limits of fine-grained soils has been
lately utilized for the coarse-grained soils to have advantage
of the ease of the testing apparatus on finding the su values
(Likos and Jaafar 2014). Despite minor changes in the
physical assembly and testing instruments, the
fundamentals continue as before (Hansbo 1957, Wroth and
Wood 1978, Wood 1985, Leroueil and Le Bihan 1996, Feng
2000, Stone and Kyambadde 2007, Cabalar and Mustafa
2015, O’Kelly 2016, Park et al. 2018 Cabalar and Demir
2019). Penetration depth in a specimen is employed to find
out the su value by Eq. (1).

s, =k g M
where k=cone angle parameter (0.85), m=mass of cone (80
g), and g=gravitational acceleration (9.82 m/s?), d=fall-cone
penetration depth (mm).

The laboratory fall cone has also been accepted as a
versatile apparatus for specifying plastic limits, liquid
limits, and plastic strength limits of various soil types by
many researchers (Feng 2000, Feng 2001, Haigh et al.
2013, Cabalar and Mustafa 2015, Zhang et al. 2018).
Cabalar and Demir (2019) have recently studied the
behaviour of unsaturated sand-clay mixtures using a British
fall cone testing apparatus. They suggested that penetration
depth of the cone mainly depends on water content, size and
shape of the sand grains, and the clay content in the
mixtures. They have also realized three different responses
with penetration depth, which (a) is relatively large for dry
mixtures, (b) decreases with increasing water content, and
(c) increases with increasing water. Their primary

observations have released the significance of transition
fines content, and the intergranular void ratio in such
mixtures. Likos and Jafar (2014) had conducted fall cone
tests on clean sands with different shapes and sizes, and had
shown importance of such physical properties on their
engineering responses. Actually, there have been numerous
studies that show the close relationship between size/shape
characteristics of individual soil grains and the overall
response of the soil matrix (Terzaghi 1925, Wadell 1932,
Olson and Mesri 1970, Lade and Yamamuro 1999,
Cavarretta et al. 2010, Cabalar ef al. 2013, Abbireddy and
Clayton 2015, Suh et al. 2017). However, influences of size
and shape characteristics of soil grains on the mechanical
responses of the soil matrix still remain one of the most
challenging area to be investigated because of the
development and evaluation of new instrumentations in
laboratory techniques (Gong et al. 2019, Zhou et al. 2019,
Toyota and Takada 2019, Cabalar ef al. 2021). On the other
hand, size and shape characteristics estimates have been
fairly well documented and orderly manner (ASTM D6913
2017, Muszynski and Vitton 2012, Abbireddy and Clayton
2015).

In view of the above, this paper presents what is
considered to be the first study ever done to see the impact
of (i) size/shape features of individual grains, (i) XG
content, and (iii) amount of water in specimens on the su by
exploiting fall-cone tests on various shape/size sand-water-
biopolymer mixtures to quantify accurately the interaction
between each component. Aim of the present study was to
find out decent su values of various sands treated with a
biopolymer by means of the laboratory fall-cone penetration
values. Eventually, the study identifies the results on sands
with different sizes and shapes mixed with water and the
XG biopolymer at varied contents ranging from 0% to 3%
of soil mass. Some correlations have been found between
the su values, size/shape of sand grains, amount of
biopolymer, and water content. It is believed that
correlations developed among the su values, size/shape of
individual sand grains, amount of biopolymer, and water
content would be very useful for further use by researchers.

2. Experimental study
2.1 Materials

Crushed Stone Sand (CSS), Narli Sand (NS), the XG,
and distilled water were used to prepare the specimens
tested in the laboratory fall cone tests. Natural sand samples
with  rounded shape have been quarried from
Narli/Kahramanmaras region, Turkey. The CSS samples
with angular shapes were obtained by crushing the massive
rocks in the same region. Fig. 1 shows clearly the shapes of
CSS an NS grains. Specific gravity (Gs) of both grains were
found to be very close to each other (2.65 for NS, and 2.68
for CSS). Two gradations of the CSS and NS samples
between 0.15 and 0.30 mm, and 1.00 and 2.00 mm were
sieved to maintain uniformity during the tests (Fig. 2).
Roundness (R) for the CSS and NS grains was observed as
0.16 and 0.43, while sphericity (S) was found to be 0.55 for
CSS and 0.67 for NS grains by means of Muszynski and
Vitton (2012).
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Fig. 2 Grain size distribution of clean sands used during
the experimental study

The XG, produced by Xanthomonas campestris
bacterium, was the biopolymer used in the present
investigation (Fig. 1). When the XG is mixed with water, it

produces a stable viscous solution with high viscosity
pseudo plasticity and high shear stability, which leads its
ability to be an engineering binder (Garcia-Ochoa et al.
2000, Rosalam and England 2006, Chang et al. 2015).

2.2 Testing apparatus and specimen preparation

A British type fall-cone testing machine with a 30° cone
and with a weight of 80 g was employed in the laboratory
works (BS 1377). The machine has a specimen cup with 55
mm diameter, and 40 mm in height. Specimens at various
XG contents were arranged by blending dry sand and the
XG biopolymer. Then, the specimens were mixed with pre-
determined amount of water in a plastic bag in order to
allow a complete water diffusion. The prepared specimen
was placed into the cup in four layers by means of a spatula.
The initial relative density of all specimens was found to be
medium dense, with most of them in the region of 39-43%.
The amount of penetration was recorded at the end of each
5 seconds. Three to four repetitions were performed in order
to provide a reasonable repeatability for the tests. Finally,
amount of water in the mixtures was found after completing
the testing series (ASTM D2216-19 2019).

3. Results and discussions

Testing different soil-water-biopolymer specimens by
means of fall-cone apparatus have revealed the effects of
size/shape of sand grains, XG content, and the w on
penetration of the cone, and accordingly, the su values of
the specimens tested. Extensive laboratory testing on the
specimens with clean sand grains shows the dependence
between d, sy, and size/shape characteristics of the grains
(Fig. 3). The NS grains between 1.0 mm and 2.0 mm have
the smallest w values changing from about 13% to 21% in
order to provide d values covered a range of approximately
15 mm to 25 mm. The s, values of this sand type fell
between 1.2 kPa and 2.9 kPa, with a strength of about 1.8
kPa at 20 mm penetration. The penetration of 20 mm is
particularly important because it serves to define water
content corresponding the liquid limit (BS1377), and
liquefaction susceptibility (Andrews and Martin 2000,
Boulanger and Idriss 2006) of a soil matrix, whilst a 2 mm
penetration provides the water content at plastic limit (Wasti
and Bezirci 1986, Feng 2001, Feng 2004, Sivakumar 2009).
The CSS grains between 0.15 mm and 0.30 mm have the w
varying from 30% to 37% over a range of about 11 mm to
26 mm penetration depth. The corresponding s, values were
found to be between 1.02 kPa and 5.13 kPa, with a 1.92 kPa
at 20 mm penetration. As it can be seen from the plots in
Fig. 3 that, regardless of sand type, the s, values at 20 mm
penetration were of course found to be around 1.79 kPa,
since same cone was employed for all tests, although the
corresponding w values ranged from 19% to 35% (19% for
1.0-2.0 mm NS grains, 24% for the 0.15-0.30 mm NS
grains, 28% for the 1.0-2.0 mm CSS grains, and 35% for
the 0.15 mm-0.30 mm CSS grains). Samples with angular
shape and finer size grains resulted in more water content
than those with rounded shape and coarser size grains tested
at the 20 mm depth of penetration. It resulted in an overall
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Fig. 3 Fall-cone penetration and the s, values of clean
sands
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Fig. 4 Fall-cone penetration and the s, values of 1.0-2.0
mm NS with various XG contents
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Fig. 5 Fall-cone penetration and the s, values of 0.15-
0.30 mm NS with various XG contents

increase of w values at 20 mm depth by decreasing size
and/or increasing angularity of grains. Increasing finer and
angular grains in a soil matrix should be expected
contributing to resistance of soil liquefaction. This result
demonstrates the importance to focus on size/shape
outcomes of the testing results.
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Fig. 6 Fall-cone penetration and the s, values of 1.0-2.0
mm CSS with various XG contents
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Fig. 7 Fall-cone penetration and the s, values of 0.15-
0.30 mm CSS with various XG contents
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Fig. 8 Water contents at 20 mm fall-cone penetration

The XG, an environmentally friendly biopolymer for
improving soils, was used as a binder in the specimens
tested during the laboratory works. A basic mixture of
specimen has been made using the weight proportions of
1%, 2%, and 3% the XG. The effects of XG on the response
of each soil matrix were presented through the Figs. 4-7. A
systematic comparison of the testing results revealed
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Fig. 9 SEM pictures of the (a) NS (1.0-2.0 mm) with 1% XG (b) CSS (0.15-0.30 mm) with 1% XG (c) NS (1.0-2.0 mm)

with 2% XG and (d) CSS (0.15-0.30 mm) with 2% XG

substantial increment in water content of about 10% for a
20 mm cone penetration by mixing 3% XG addition to the
NS grains, and an increment in water content of about 35%
by mixing 3% XG addition to the CSS grains, regardless of
the grain size. This behavior may attribute to a higher water
retention of the XG biopolymer than that of the sand used
(Chang and Cho 2016, Cabalar et al. 2018). Change in XG
content in angular sands was observed to be more effective
on the testing results than that in rounded sand. Hence, XG
addition in to specimens with NS grains should be expected
less effective on liquefaction resistance of the samples. As
noted from the slopes of best fitting lines in these figures,
the samples with finer grain sizes are more susceptible to
changes in water content than those with coarse grains. Fig.
8 shows the changes in water contents measured at 20 mm
fall-cone penetration for different sands with various XG
contents.

The water content corresponding 20 mm penetration
showed distinctive differences by grain size and shape. The
water contents in the specimens with 0.15-0.30 mm CSS
were always found to be well above than the other samples
at any XG content. However, the water contents in the
specimens with 1.0-2.0 mm NS have always had a place at
the bottom for any XG content. Considering around
1.79kPa of s, values for all the specimens tested, XG
addition was found to be more effective on specimens with
finer and more angular grains (Fig. 8). It is likely because of
water content in the samples with larger voids caused by
finer and more angular grains. These findings were found to
be well consistent with previous studies in the literature

presented by Sridharan and Nagaraj (1999), and Likos and
Jaafar (2014). Sridharan and Nagaraj (1999) showed the
relation between s, and water adsorption capacity, while
Likos and Jaafar (2014) studied grain size and shape effects
on the s,. Furthermore, by following the pioneering study of
Seed et al. (1983), an attention was drawn by Andrews and
Martin (2000) for indicating an analogy between various
water contents and shear strength of a soil. A comparative
study on the s, values by using fall cone and triaxial tests
reveals an evidence of strong dependency among these
testing results. The triaxial testing results obtained by
following the procedures described in detail by Cabalar and
Clayton (2010), and Cabalar et al. (2017) have given out
about 25% higher s, values than the fall cone testing results
have. Koumoto and Houlsby (2001), Jonsson and Sellin
(2012), O’Kelly (2014), and Farias and Llano-Serna (2016)
have reported similar findings in their studies. Fig. 9
presents the scanning electron microscope (SEM) pictures
of biopolymer treated sand in order to observe the
precipitation of the XG on the sand grains. The pictures
indicate solid bonds between the sand grains as well as
those coating the surface of each grain. Accordingly, it has
been realized that the behaviour of the soil was significantly
affected by the biopolymer addition.

4. Conclusions

This paper presents an extensive series of laboratory
fall-cone tests carried out on specimens composed of
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different size/shape of sand grains and the XG biopolymer
at different quantities. Two different types of sand samples
(Crushed Stone Sand, and Narli Sand) with distinct grain
shape characteristics (rounded, and angular) and gradations
(0.15-0.30 mm, and 1.0-2.0 mm) were used during the
experimental studies. Testing results were analyzed to
assess both the influence of grain size/shape characteristics
and the amount of the XG by varying water contents in the
specimens. The results presented in this paper have pointed
out three new facets of behaviour:

e The su values of clean sand specimens at specific
water contents (w) increase with grain angularity for the
sand grains with similar size, and decrease with grain size
for grains with similar shape.

* Addition of the XG biopolymer to clean sand increases
the su values of specimens at different levels depending on
the size and shape of sand grains. The XG biopolymer was
found to be more effective on the specimens composed of
more fine/angular sand grains than the coarser/rounded
grains.

e The XG biopolymer precipitations observed in the
SEM pictures verify that the reason of change in soil
behaviour was due to the presence of biopolymer in the soil
matrix.

» This suggests that it is possible to increase the s,
values of sands by treating the XG biopolymer. However,
behaviour of the specimens observed/reported in the present
investigation is applicable only to the sands used in the
work. Further study is required to evaluate the influences of
the XG on soils with different physical and mineralogical
characteristic.
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