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Abstract: Natural biopolymers offer a sustainable alternative for improving soil behavior due to
their inert nature, small dosage requirement, and applicability under ambient temperatures. This
research evaluates the efficacy of natural biopolymers for ameliorating an expansive soil by using
a 0.5% dosage of cationic chitosan, charge-neutral guar gum, and anionic xanthan gum during
compaction. The results of laboratory investigations indicate that the flow through and volume
change properties of the expansive soil were affected variably. The dual porosity, characterized by
low air entry due to inter-aggregate pores (AEV; of 4 kPa) and high air entry due to the clay matrix
(AEV; of 200 kPa) of the soil, was healed using chitosan and guar gum (AEV of 200 kPa) but was
enhanced by the xanthan gum (AEV; of 100 kPa and AEV; of 200 kPa). The s-shaped swell-shrink
path of the soil comprised structural (e from 1.23 to 1.11), normal (e from 1.11 to 0.6), and residual
stages (e ranged from 0.6-0.43). This shape was converted into a j-shaped path through amendment
using chitosan and guar gum, showing no structural volume change, with e from about 1.25 to 0.5,
but was reverted to a more pronounced form by xanthan gum, with e from 1.5 to 1.32, 1.32 to 0.49,
and 0.49 to 0.34 in the three stages, respectively. The consolidation behavior of the soil was largely
unaffected by the addition of biopolymers such that the saturated hydraulic conductivity decreased
from 10~2 m/s to 1012 m/s over a void ratio decrease from 1.1 to 0.6. Ata seating stress of 5 kPa,
the swelling potential (7.8%) of the soil slightly decreased to 6.9% due to the addition of chitosan but
increased to 9.4% and 12.2% with guar gum and xanthan gum, respectively. The use of chitosan and
guar gum will allow the compaction of the investigated expansive soil on the dry side of optimum.
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1. Introduction

Natural biopolymers (derived from plants, animals, and microorganisms) constitute a
new and sustainable class of materials for ameliorating the geotechnical behavior of expan-
sive soils [1]. These long-chained organic additives are characterized by high hydrophilicity,
gelation ability, and a variable charge type and density [2-4]. As such, they can readily
interact with the negative charges on the large specific surface areas of expansive clay
minerals. Typically, biopolymers require small dosages of up to 2% that can be applied at
ambient field temperatures [5] and are generally inert in nature [6]. The major drawback of
using these admixtures is their potential biodegradation arising from exposure to wet—dry
and freeze-thaw cycles, thereby causing durability issues [7]. More importantly, the lack of
standardized terminology and manufacturers’ reluctance to disclose proprietary product
information constitute significant hurdles to developing a clear understanding of how
these materials interact with active clay particles in the presence of water [8]. Given that
published data are relatively scarce, there is a need to investigate the efficacy of these
cost-effective, environmentally friendly, and socially acceptable materials for improving
volumetric changes due to water ingress and removal in compacted expansive soils.
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The most common biopolymers used for the stabilization of expansive soils are chi-
tosan (cationic), guar gum (charge-neutral), and xanthan gum (anionic). Generally, these
polysaccharides (monosaccharide units bound together by glycosidic bonds) possess molec-
ular weights in the range of 10* mg/mol to 10’ mg/mol [9]. Chitosan is derived from
chitin (poly(f3-[1,4]-N-acetyl-d-glucosamine)), which is present in the cell walls of fungi
and the exoskeletons of insects and crustaceans [9]. This cationic biopolymer is obtained by
removing the acetyl group in chitin using a concentrated alkali such as NaOH or KOH at an
elevated temperature between 90 °C and 120 °C [10,11]. In contrast, guar gum is extracted
from the endosperm of the cluster bean (Cyamopsis tetragonolobus) [12,13]. This charge-
neutral biopolymer (purified endosperm) comprises a galactose group (C¢H120¢) attached
to a central mannose group (CgHi20g) [13,14]. Finally, xanthan gum is formed through the
fermentation of plant-based glucose using the Xanthomonas campestris bacterium. This
anionic biopolymer has the molecular formula of C35H49059 and comprises D-uronic acid,
D-mannose, pyruvylated mannose, 6-O-acetyl D-mannose, and 1, 4-linked glucan [15,16].

Table 1 summarizes the generic properties of the three biopolymers. The three types of
biopolymers cover the entire range of charges and interact with expansive soils mostly by
electrostatic attractions through which the biopolymer chains are adsorbed [2]. Depending
on the biopolymer charge, adsorption takes place in three different modes: (i) directly
due to the positive amine group (—NH>) of cationic chitosan, (ii) indirectly because of
the dipolar attraction of the hydroxyl group (OH™) of neutrally charged guar gum [3,17],
and (iii) indirectly owing to the counter-ions in the solution involving the carboxyl group
(COOH-) of anionic xanthan gum. The efficacy of these interactions depends on several
factors such as the biopolymer dosage and molecular weight, the charge density and
specific surface area of the clay, and the type and number of ions in the pore fluid [3,18].
Nonetheless, adsorption occurs by means of one of two primary mechanisms: bridging,
in which the convoluted loops, trains, and tails of the biopolymer chains loosely attach
to adjacent clay surfaces, and charge patching, where available sections of biopolymer
chains attach to partially exposed sites on the clay particle surfaces [2,19]. Furthermore,
a hydrogel (a system of cross-linked biopolymer chains containing a portion of the pore
water) is formed that partially fills the void spaces between the newly developed particle
assemblages [20,21]. These conceptual mechanisms are operative when the admixture is
added to expansive clays and the soil layer is prepared for compaction. Post-compaction,
the flow through and volume changes depend on the soil [1,22,23].

Table 1. Summary of generic properties of biopolymers.

Biopolymer Charge Appearance Viscosity (cps) Other
Chitosan Cationic Off-white to beige zjmd faint brown to light brown 200-800 Deacetylation > 75%
powder and/or chips
. . . Loss on drying < 13%
Guar gum Neutral White to faint to yellow, beige or brown powder =~ - Total ash < 1%
Xanthan gum  Anionic Faint yellow to yellow to beige powder 800-1200 -

Recent experiences with the use of biopolymers indicate an improvement in the flow
through and volume change properties of compacted soils. For example, Manzanal et al. [24]
reported an increase in the air entry value (AEV) from 300 kPa to 600 kPa for a high-
plasticity silt from Comodoro, Argentina, when 0.5% (dry mass basis) of anionic calcium
lignosulfonate was used. Likewise, the water content has been reported to increase by 5%
for a loamy soil from Maragheh, Iran [25], and by 100% for a sandy clay from Jumunjin,
Korea [26], for 1% cationic chitosan and 0.75-1% anionic xanthan gum, respectively. The
saturated hydraulic conductivity (k;) was observed to decrease for a poorly graded sand
from Songkhla, Thailand, by almost three orders of magnitude (from 6.9 x 10> m/s to
2.3 x 1078 m/s) when 22.5% of anionic para rubber was used [27]. However, k; is also
reported to increase for highly plastic clay from Hong Kong by one order of magnitude
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(from 1.2 x 1072 m/s to 1.3 x 1078 m/s) for 20% anionic biochar [28]. In a similar way,
the compression index (C.) and the swell index (C;) have shown changes for lean clays
(Shanghai, China, and Warangal, India) by £0.06 and £0.04 when amended with 0.5-4%
charge-neutral guar gum as well as anionic xanthan gum and a 1-4% mixture of anionic
carrageenan and charge-neutral casein, respectively [29-31]. These improvements are
material-specific and as such should be extended to the local expansive soil that severely
affects the construction and maintenance of civil infrastructure in the region.

The main objective of this paper was to develop a basic geotechnical understanding of
the flow through and volume change behavior of compacted expansive soils amended with
natural biopolymers. Clay with known engineering properties was compacted, and three
distinct biopolymers (cationic chitosan, charge-neutral guar gum, and anionic xanthan gum)
were added at the optimum conditions. The water retention curve (WRC) and the swell-
shrink curve (SSC) were developed to characterize the unsaturated soil properties, whereas
the consolidation curve and the hydraulic conductivity were determined to understand the
saturated soil behavior.

2. Research Methodology

The soil was obtained from 47 test pits in Regina, Saskatchewan, Canada. The samples
were retrieved from 0.15 m to 2.0 m depths, sealed in plastic, collectively placed in 20 L plastic
buckets, and transported to the Saskatchewan Advanced Geotechnical Engineering (SAGE)
laboratory at the University of Regina in accordance with ASTM D4220/D4220M-14. The soil
was air-dried, chunks were broken down, and coarse particles and grass roots were removed.
A representative soil composition was obtained by mixing all the samples, pulverizing
them using a grinder, and discarding material coarser than 4.75 mm. A comprehensive
laboratory investigation program was enacted to determine the geotechnical properties of
the expansive soil amended with biopolymers. Table 2 provides a summary of the test type
and number of samples.

Table 2. Summary of laboratory investigation program showing number of samples used for various
tests and materials.

Test Type Un-Amended Chitosan-Amended Guar Gum-Amended  Xanthan Gum-Amnded
Specific Gravity 3 — = e

Sieve and Hydrometer 1 - e e

Consistency Limits e S o

Compaction Curve 6 — = e

Compacted Sample * 2 2 2 2

Saturation Time l6 e e e

Water Retention 12 10 12 10

Swell-Shrink 12 10 12 10

Consolidation 1 1 1 1

* Used to extract sub-samples for subsequent laboratory testing.

The index properties were determined for the expansive soil using the following ASTM
standard methods: (i) grain size distribution by D422-63(2007)e2 and D7928-21e1; (ii) specific
gravity (G;) by D854-14; and (iii) liquid limit (wy ), plastic limit (wp), and plasticity index (Ip) by
D4318-17el. The shrinkage limit (ws) was determined using the plasticity chart following the
method described in [32]. The soil was classified per D2487-17e1.

The compaction curve for the expansive soil was developed according to Method A in
D698-12e2. The air-dried soil was mixed with predetermined amounts of distilled water,
and the mixture was sealed in double plastic bags to equilibrate over 24 h. Thereafter, the
mix was placed in a steel mold (101 mm diameter and 154 mm height) and compacted in
three equivalent layers using 25 blows/layer. The water content (w) was determined using
D2216-19, and the dry unit weight (;) was determined from the mass and volume of the
compacted sample using phase relationships.
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The biopolymers were provided by MilliporeSigma Canada Limited. Proprietary data
on the biopolymer composition are not available. Nonetheless, the selected biopolymers
cover the entire range of charges to affect the flow through and volume change behavior
of the investigated expansive soil. A biopolymer dosage of 0.5% (dry mass basis) was
selected to improve both the flow through and volume change in the expansive soil while
developing a workable material [24,33-35]. The dry mixing method described in [15] was
used, where the powdered biopolymer was gently mixed with the air-dried soil. Next,
distilled water (equivalent to the optimum water content) was added; a 1% acetic acid
solution was used for chitosan to ensure a thorough dissolution of this biopolymer. Lumps
that formed due to the high viscosity and hydrophilicity of the biopolymers were broken
down by gently pressing against them using a spatula. The biopolymer-amended soil
samples were sealed in plastic bags, allowed to equilibrate over 24 h, and compacted as
described before.

For use in subsequent testing, the time required to saturate the clay was determined.
Two sets of identical sub-samples were obtained from the optimally compacted sample:
smaller samples (35 mm diameter and 13 mm thick) for the WRC and larger samples
(63 mm diameter and 20 mm thick) for consolidation. Each set of samples was confined
in metal rings to prevent lateral deformation, allowed to saturate with distilled water
in both single and double drainage modes, and sealed in plastic containers to minimize
evaporation. One sample from each set was obtained from the containers at fixed time
intervals of 6, 24, 48, and 72 h. Excess water was removed, and the sample was divided
into two sub-specimens for the determination of w (as before) and void ratio (¢). The
latter property was determined by coating the specimen of a known mass with molten wax
(Gs =0.90) and submerging it in a beaker filled with distilled water to determine the volume.
The sample volume (obtained from the displaced water volume) was corrected to account
for the wax volume underestimation arising from possible air entrapment at the soil-wax
interface [36]. The degree of saturation (S) was determined from phase relationships and
plotted with respect to time.

The WRC was determined as per ASTM D6836-16 using a pressure porous plate and
a porous membrane to apply suction () values of up to 400 kPa and up to 2000 kPa,
respectively. Identical sub-samples (35 mm diameter and 13 mm thick) were obtained from
the optimally compacted sample. Ten to twelve sub-samples were placed on corresponding
plates/membranes and allowed to saturate in double drainage conditions using distilled
and de-aired water. Full saturation was achieved in three days. The selected suction
increments were applied and frequently monitored to ensure a consistent value. This was
achieved by observing the water level in a graduated burette that was duly connected to the
extractor chamber. The test was terminated when consecutive readings showed a negligible
difference over 24 h; w, e, and S were determined as before. For high suction values
(¥ > 2000 kPa), a dew point potentiometer (WP4-T) was employed. A 10 g sub-sample was
cut from the compacted sample and placed in a sampling cup, which was then carefully
positioned in the potentiometer chamber. The device displayed a suction reading on the
output screen when the vapor pressure in the soil equilibrated with the vapor pressure in
the surrounding air. The equilibration time increased with suction and generally varied
from a few minutes to about one hour. Again, the water content was determined as before.

The SSC was determined using two different methods. For a high water content
(w > wp), the ASTM D4943-18 standard was used wherein the sub-samples retrieved from
the pressure extractors were divided into two specimens, and w and e were determined as
described before. For a low water content (w < wp), a Vernier caliper and a sensitive balance
were used to determine e. In this case, a sub-sample (35 mm diameter and 13 mm) was
cored from the compacted sample and allowed to air-dry. The decrease in the mass and
volume of the sub-sample was recorded at specific time intervals and used to determine w
and e, respectively.

The volume change properties were investigated in two distinct steps. A sub-sample
(63 mm diameter and 20 mm thick) was retrieved from the compacted sample, as mentioned
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before, and inundated with water at a seating stress of 5 kPa. Initially, the swelling potential
was measured following ASTM D4546-14el until successive data points over one week
were observed to be insignificant. Thereafter, the sample was incrementally loaded under
consolidation according to Method B in ASTM D2435/D2435M-11. A digital camera was
set up to register the deformations using a dial gauge at defined time intervals. The
entire test data were analyzed to determine the consolidation parameters (coefficient of
volume compressibility (m,) and coefficient of consolidation (c,)) which, in turn, were
used to determine the saturated hydraulic conductivity (ks) in accordance with the method
described by [37].

3. Results and Discussion

Table 3 gives the geotechnical index properties for the investigated soil such that the
data were similar to previous studies on this glacio-lacustrine clay deposit [38-41]. The G;
of 2.71 indicated the possible presence of clay minerals. Likewise, the grain size distribution
curve (Figure 1) shows that the amount of material finer than 0.075 mm and 0.002 mm was
90% and 65%, respectively. The measured liquid limit (w; = 71%), plastic limit (wp = 27%),
and estimated shrinkage limit (ws = 14.5%) indicated a high water adsorption capacity.
Overall, the investigated clay was classified as CH (highly plastic clay) as per the Unified
Soil Classification System (USCS).

Table 3. Summary of geotechnical index properties of the investigated expansive soil.

Soil Property Mean Value Range of Values
Specific gravity, Gs 2.71 2.70-2.72
Material finer than 4.75 mm (%) 00 -
Material finer than 0.075 mm (%) %
Material finer than 0.002 mm (%) 65 e
Liquid limit, wy, (%) 71 70-72
Plastic limit, wp (%) 27 26-28
Shrinkage limit, wg (%) 14.5 14-15
USCS symbol ¢k
100
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Figure 1. Grain size distribution of the investigated expansive soil.

Figure 2 gives the compaction curve for the investigated expansive clay with theoretical
S lines based on G, = 2.71. The maximum dry unit weight (7y5x = 14.9 kKN/ m3) and the
optimum water content (wgpt = 25.5%) were found to be similar to previous studies using
the standard Proctor test: 14.2 kN/m3 and 26% [40] and 14.8 and 28.5% [42]. As expected,
74 increased dry of optimum due to pore air expulsion and particle re-arrangement and
decreased wet of optimum due to pore water infilling and particle swelling [43,44].
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Figure 2. Compaction curve of the investigated expansive soil.

Generally, the fabric of compacted expansive soils on the dry side of optimum com-
prises a bimodal pore size distribution. The inter-aggregate macropores between the clay
clods have a mean radius of 4 um, and the intra-aggregate micropores within the clay
clods have radii of about 0.3 pm. In contrast, the microstructure of compacted expansive
soils on the wet side of optimum consists of a unimodal pore size distribution with only
0.5 pm radii intra-aggregate micropores within the clods [45—47]. Along the compaction
curve, an increasing water content results in clay swelling, thereby increasing the soil
compressibility under subsequent loading [40]. The immovable water films around the
clay particles decrease the available flow paths for water movement and as such decrease
ks [48]. At the maximum 7y, compressibility reaches a minimum value because further
reduction in void ratio is difficult to achieve during consolidation [49]. The ks value is
also at a minimum and is attributable to the maximum tortuosity, which is the ratio of the
convoluted flow paths to the straight path [50].

Figure 3 gives the change in S versus time for two sample sizes and two drainage
modes for the optimally compacted (w = 25.5%, ¥ 4max = 14.9 kKN /m?) sample corresponding
toan S = 88.5%. All the samples showed an initial sharp increase due to the water migration
through both the inter-aggregate and intra-aggregate pores, followed by a relative flat
increase due to the water movement within the intra-aggregate pores only [44,47]. The
time to saturation was found to be 72 h. The double drainage mode resulted in a relatively
faster saturation because the flow path was reduced to half the sample height. For the
same reason, the smaller samples (13 mm thick) saturated quicker than the larger samples
(20 mm thick).

100 — =
< _
5 96
=
© J
_
% 92 - Single drainage
» o “ —O- Smaller sample
‘5 - - -0~ Larger sample
O 88 Double drainage
o —©— Smaller sample
8 . -5~ Larger sample
84 T I L] I L] I T

0 20 40 60 80
Elapsed time (hours)

Figure 3. Saturation versus time curves for the optimally compacted expansive soil.

Figure 4 gives the w-based WRC for the investigated clay amended with biopolymers.
The test data are used to develop best-fit curves based on observation and experience.
The initial water content was assigned an arbitrary low suction value of 1 kPa. Similar
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to previous work on local expansive clay, the unamended sample (Figure 4a) showed a
bimodal path with a low AEV; (4 kPa) corresponding to capillary water drainage through
the inter-aggregate pores and a high AEV; (200 kPa) attributed to the flow through the
intra-aggregate pores in the soil matrix [40].

|+Un-amended -e- Chitosan -e- Guar gum -s- Xanthan gum |

60

(@)

content (%)
5

Gravimetric water
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Soil suction (kPa)

Figure 4. Water retention curves for the optimally compacted expansive soil: (a) unamended and
amended with (b) chitosan; (c) guar gum; (d) xanthan gum.

The chitosan-amended soil (Figure 4b) and the guar-gum-amended soil (Figure 4c)
showed unimodal paths with an AEV =200 kPa. For these admixtures, the formation of
a hydrogel resulted in developing a homogenous clay matrix with a uniform pore size
distribution available for water migration [51]. The xanthan-gum-amended soil (Figure 4d)
showed a bimodal path with an AEV; of 10 kPa and a similar AEV, (200 kPa). For this
biopolymer, an AEV; of more than double the unamended soil suggests partial healing of
the inter-aggregate pores due to the possible insufficiency of the cations for bridging at the
applied dosage. The consistent values of matrix air entry (200 kPa) and residual suction
(70 x 10% kPa) for all the samples indicate that biopolymers affect water retention primarily
at low values of soil suction.

Figure 5 and Table 4 give the SSC for the investigated expansive clay, with the theo-
retical degree of saturation lines developed using phase relationships and Gs = 2.71. The
test data are used to develop best-fit curves based on observation of the test results and



Geotechnics 2024, 4

experience with this expansive clay. The unamended soil (Figure 5a) showed a typical
s-shaped SSC [52]. Starting from the initially saturated state, the curve exhibited (i) struc-
tural shrinkage (e from 1.23 to 1.11), with a relatively flat slope due to the water removal from
the inter-aggregate pores; (ii) normal shrinkage (e from 1.11 to 0.6), with a predominantly
steep slope due to water removal from the intra-aggregate pores; and (iii) residual shrinkage,
(e from 0.6 to 0.43) with an essentially flat slope due to water leaving the particle surface in

the clay matrix.

|-e-Un-amended -6~ Chitosan -e- Guar gum -e- Xanthan gum

1.5

1.2

Void ratio

(a)

Void ratio

Void ratio

Void ratio

0 10 20 30
Water content (%)

Figure 5. Swell-shrink curves for the optimally compacted expansive soil: (a) unamended and

40

50

60

amended with (b) chitosan; (c) guar gum; (d) xanthan gum.

Table 4. Summary of shrinkage stages along the swell-shrink path.

Structural Stage Normal Stage Residual Stage
Sample
e Range Ae e Range Ae e Range Ae
Unamended 1.23-1.11 0.12 1.11-0.60 0.51 0.60-0.43 0.17
Chitosan —_— — 1.31-0.52 0.63 0.52-0.39 0.13
Guar gum — — 1.20-0.50 0.55 0.50-0.42 0.08
Xagr:rian 1.50-1.32 0.18 1.32-0.49 0.83 0.49-0.34 0.15

The chitosan-amended soil (Figure 5b) and the guar-gum-amended soil (Figure 5c)
showed a homogenous clay matrix with a uniform pore size distribution following j-shaped
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paths exhibiting only normal (e from 1.31 to 0.52 and from 1.2 to 0.5, respectively) and
residual shrinkage stages (¢ from 0.52 to 0.39 and from 0.5 to 0.42, respectively). The
removal of structural shrinkage is attributed to healing of inter-aggregate pores and the
development of a homogenous clay matrix. Clearly, these amended soils behave similar to
those compacted on the wet side of optimum. The xanthan-gum-amended soil (Figure 5d)
followed a distinct s-shaped path comprising all shrinkage stages (e from 1.5 to 1.32, 1.32 to
0.49, and 0.49 to 0.34, respectively) due to the partial healing of the larger pores. Moreover,
the more pronounced s-path, when compared with the unamended soil, is attributed to
the ability of this biopolymer to hold up to 2000% water mass with respect to its own
mass [21,53]. For all the samples, most of the volume decrease occurred during normal
shrinkage, which corresponded to a degree of saturation of 85 & 5%. Finally, the normal
shrinkage for all the samples was bisected by the plastic limit (27%) of the unamended soil.

Figure 6 gives the swell-consolidation test results for the optimally compacted expan-
sive clay. The unamended soil (Figure 6a) showed a vertical void ratio increase due to the
particle swelling owing to water inundation, followed by a gradual void ratio decrease
due to pore water expulsion under load and then by a low void ratio increase due to the
rebound upon load removal. The C, (0.313) and C; (0.095) were similar to those in previous
studies [40,54].

I-e- Un-amended -e- Chitosan -e- Guar gum -6- Xanthan gum |
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Figure 6. Swell-consolidation test results for the optimally compacted expansive soil: (a) un-amended
and amended with (b) chitosan; (c) guar gum; (d) xanthan gum.
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All of the biopolymer-amended samples followed the same trend as the unamended
soil and showed closely matching values for C. (0.31 & 0.02) and C; (0.08 £ 0.01). These
ranges are similar to those observed by [29-31,55] and indicate that the effect of the biopoly-
mer amendment on the consolidation parameters of the investigated expansive soil is
negligible. This is because loading cancels the effect of the void ratio increase irrespective
of the singular or dual porosity of the soil.

Figure 7 gives the swelling potential (SP) versus time at a 5 kPa seating stress for
the investigated clay. The unamended soil exhibited a typical s-shaped swelling path
comprising three swelling stages [56,57]: an initial relatively flat slope owing to water
percolation through the originally unsaturated soil (2-8 h); (ii) a primary distinctly steep
slope associated with an established wetting front (2-4 days); and (iii) a secondary fairly
mild slope due to the near-saturation condition of the sample (2 weeks). The SP values for
the unamended soil measured 7.8%.

-e- Un-amended -e- Chitosan -e- Guar gum -e- Xanthan gum |

-
E-Y

- =
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100 10° 10 10°
Elapsed time (minutes)

Figure 7. Swelling potential versus time under 5 kPa seating pressure.

All of the biopolymer-amended samples also showed s-shaped swelling potential
paths. The SP values slightly decreased to 6.9% for the chitosan-amended soil and in-
creased to 9.4% and 12.2% for the guar-gum-amended soil and xanthan-gum-amended
soil, respectively. These results are in line with reported testing data such a swell pressure
decrease from 53 kPa to 37 kPa due to a 0.12% chitosan addition and an increase to 58 kPa
due to 1.5% guar gum amendment for a high-plasticity clay from Gujarat, India [33]. In
contrast, an SP increase from 5% (using 0.5% xanthan gum) to 20% (using 2% xanthan gum)
was observed for a similar high-plasticity clay from Indonesia [55]. These observations
should be attributed to increased water adsorption because of the high hydrophilicity of the
biopolymers and soil microstructural changes owing to variable biopolymer compositions
with differences in charge type, charge density, and molecular weight [21,58]. The authors
are currently investigating the detailed physicochemical interactions and fabric evolution
for each biopolymer.

Figure 8 gives the change in saturated hydraulic conductivity (ks) with respect to
changes in the void ratio during consolidation under an applied stress ranging from
10 kPa to 2560 kPa. The combined data for all the samples (unamended soil and biopolymer-
amended samples) were found to mostly fall within one standard deviation from the best
fit (R = 0.8). The ks was found to decrease by three orders of magnitude (7 x 10~ m/s to
1.6 x 10712 m/s) over a void ratio decrease from 1.1 to 0.6. This decrease in ks is similar
to a reduction of more than two orders of magnitude from ~107? m/sto ~10~ m/s, as
reported by [55]. This general trend is attributed to a gradual pore size reduction during
consolidation [59], with variations in the data associated with microstructural evolution
due to the various biopolymers. The k; data for the chitosan-amended soil and guar-gum-
amended soil are lower than for the unamended sample. This is similar to the behavior of a
soil compacted on the wet side of optimum. The relatively higher values in the void ratio
for the xanthan-gum-amended soil are attributed to the high SP of this sample (Figure 7).
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Figure 8. Variation in saturated hydraulic conductivity with void ratio during consolidation for the
investigated expansive soil and the biopolymer-amended soils.

Figure 9 shows the variation in the consolidation parameters for the investigated
expansive soil. The coefficient of consolidation (c,) was calculated using the square root of
time method expressed in the following equation [60]:

_ H3 Too

Cy
f9o

)
where Hy, is one half of the average height of the specimen (double drainage); Ty is the
time factor corresponding to a degree of consolidation of 90% (0.848); and tq is the time
corresponding to a 90% degree of consolidation. Likewise, the coefficient of the volume
compressibility (m,) was calculated from the slope of the compression curve under an
instantaneous consolidation pressure [37]. Hanna et al. [61] extended the time rate of
dissipation to a constant rate of loading to express the degree of consolidation using a
time factor and found a 10% difference in the consolidation parameters obtained using the
previous method.
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Figure 9. Variation in consolidation parameters for the investigated expansive soil and the biopolymer-
amended soils.
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As expected, both ¢, and m, in Figure 9 for the unamended soil and the biopolymer-
amended samples decreased with applied stress and increased with the void ratio and
hydraulic conductivity. Generally, the data fitted well (R? ranging from 0.97 to 0.55) with
the trend lines such that the scatter cannot be attributed to variations in the biopolymers.
The relatively low correlation coefficient (R? = 0.55) of the c,~e relationship is attributed
to the errors associated with the graphical determination of c,. Muntohar [62] concluded
for applied consolidation stresses higher than 5 kPa, the square root of time method gives
accurate ¢, values consistent with other common methods such as Feng and Lee [63],
Robinson and Allam [64], and Mesri et al. [65].

4. Summary and Conclusions

The main contribution of this research was to understand the flow through and volume
change behavior of compacted expansive soils amended with natural biopolymers. The
efficacy of natural biopolymers for ameliorating the known geotechnical behavior of a
regional expansive soil was investigated. The soil was amended using a 0.5% dosage of
cationic chitosan, charge-neutral guar gum, and anionic xanthan gum during compaction.
The flow through and volume change properties of the investigated expansive soil were
affected as follows:

e  The dual porosity (characterized by low air entry due to inter-aggregate pores and
high air entry due to the clay matrix) of the soil was healed using chitosan and guar
gum but was enhanced by xanthan gum.

e The s-shaped swell-shrink path (comprising structural, normal, and residual stages)
of the soil was converted into a j-shaped path (no structural volume change) using
chitosan and guar gum but was reverted back to a more pronounced form using
xanthan gum.

e The consolidation behavior of the soil was largely unaffected by the addition of
biopolymers such that the saturated hydraulic conductivity decreased from 10~° m/s
to 1072 m/s under a void ratio decrease from 1.1 to 0.6.

e  Ata seating stress of 5 kPa, the swelling potential (7.8%) of the soil slightly decreased
to 6.9% through the addition of chitosan but was found to increase to 9.4% and 12.2%
for guar gum and xanthan gum, respectively.

The findings of this research indicate that the use of chitosan and guar gum will allow for
the compaction of the investigated expansive soil on the dry side of optimum. This will reduce
the susceptibility of the expansive clay to swelling and shrinkage by converting the soil from
dual-porosity soil into uniform-porosity soil. The added benefit of using these biopolymers
will be a decrease in hydraulic conductivity (albeit a minor increase in volume compressibility)
and reduced water requirements during compaction on the dry side of optimum.

The observed flow through and volume change behavior of the investigated expan-
sive clay in response to amendment is governed by biopolymer—clay-water interactions.
The geotechnical understanding developed in this study provides a baseline and can be
extended to other types of expansive clays with known engineering properties. Several
factors affecting the physiochemical mechanisms and adsorption rates of biopolymers in
active clay particle surfaces should be investigated. Specifically, micro-fabric visualization
of particle associations such as bridging and patching can provide a fundamental-level
understanding that can be applied more widely.
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