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Abstract

This article presents a comprehensive study on the geotechnical behavior of problematic expansive subgrade stabilized
by guar gum (GG) biopolymer. In this regard, many geotechnical tests were conducted (such as consistency limits, Proc-
tor compaction, unconfined compressive strength (UCS), California bearing ratio (CBR), and resilient modulus tests) on
expansive soil treated with varying GG contents (i.e., from 0 to 5%) and aging periods (0-60 days). The results show that
GG treatment increases soil consistency and optimum moisture content, whereas the maximum dry density decreases. The
stress—strain behavior, UCS values, and CBR tend to increase with the increase in GG content and aging period, highlighting
that GG induced better load-carrying capacity against the imposed loading while retaining the ductile behavior. At 60 days
of aging the UCS value at 1.5% GG was found to be increased by 342%, elastic modulus by 309%, energy absorption capac-
ity by 250%, and soaked CBR by 176%, transforming the soil into a better-quality subgrade for pavement construction. The
stabilization mechanism showed that the inclusion of GG results in the formation of hydrogels which induce a covering
effect, that not only clogs the pore spaces but also binds the soil particles in the soil matrix upon hardening, thus reducing
the swelling potential and greatly enhance the soil’s strength parameters. Besides, the GG biopolymer exhibits resistance
to degradation and exhibits slight improvement considering the long-term aging effects of up to 365 days. Overall, the GG
treatment provides a green sustainable approach to mitigate the adverse expansive subgrade problems.
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Graphical abstract of expansive clay strengthening using guar gum biopolymer treatment
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Introduction

Several strategies to improve the geotechnical properties
of soils have emerged throughout time such as compaction,
incorporation of natural and synthetic materials (Ali et al.
2020; Hamza et al. 2022a, b), dewatering, or incorporation
of chemical and physical techniques (Khan et al. 2017; Ijaz
et al. 2020a, b). The selection of the optimum approach
is influenced by several factors such as the soil type, the
nature of the project, the cost, the material accessibility, and
other considerations. Among different available techniques,
ground-improvement strategies by employing different
chemical admixtures have gained considerable attention con-
sidering the economical perspective (Aziz et al. 2015; [jaz
et al. 2022a,b). Besides, the applications of such stabilizing
techniques have their concerns on the soil environment. For
instance, ground improvement using traditional stabilizers
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such as lime or cement results in the creation of a high pH
environment that could induce significant detrimental effects
on fauna and flora. Moreover, such stabilizers induce a brit-
tle mode of failure which is least desirable in engineering
practice. In addition, the manufacture of such cementing
admixtures has a significantly high environmental impact in
terms of carbon footprints (Chang et al. 2016; Salman et al.
2021). Thus, there is a need for a sustainable alternative
soil stabilization approach that is both effective and efficient
from an economical and environmental perspective. In this
regard, the incorporation of polymers from biological origin
has gained significant attention owing to its attributes and
significantly less environmental impact.

Biopolymers are naturally available polymeric molecules
extracted from nature. Biopolymers are biodegradable,
harmless, and exhibit tensile-strengthening behavior. Owing
to their minimal environmental impact, non-toxic nature,
and absence of secondary contamination, biopolymers are
acknowledged as an effective alternative to traditional sta-
bilizers (Hamza et al. 2022c¢). The identity of biopolymers
is determined by the glucose and polymerization molecu-
lar composition (Chang et al. 2016). The three main types
of biopolymers are polynucleotides, polypeptides, and
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polysaccharides, while polysaccharides are more popular
among them due to their abundant availability in nature.
Different biopolymers like xanthan gum (XG), chitosan,
alginate, guar gum (GG), polyhydroxy butyrate, beta-glu-
can, polyglutamic acid, gellan gum, etc., have been used in
various geotechnical applications, for example, biopolymer
grouts, contamination barriers, biological encapsulation,
compressive coatings, mining tailings stabilization, etc.
(Chang et al. 2016). Despite several applications, the use
of biopolymers as a ground stabilizer to stabilize different
problematic soils is still limited and requires comprehensive
studies to pave the way for field implication.

Studies reported that biopolymers have inherent proper-
ties such as resistance to shear degradation, high viscosity,
pseudo-plasticity, and stability across a broader range of
pH and temperature that make them potential candidates as
ground stabilizers. For instance, biopolymers such as beta-
1,3/1,6 glucan and XG reported significant amelioration in
resilience to soil erosion (Chang and Cho 2014; Reddy et al.
2018). Also, XG was found to improve the shear strength
and compressibility parameters of kaolinite clay and ben-
tonite owing to the formation of the hydrogels that filled
the pore spaces (Latifi et al. 2017). Moreover, biopolymers
treatment has also been reported to stabilize surficial soils
by increasing effective cohesion, which improves stability
against shallow slope failures (Puppala and Pedarla 2017).
Other studies reported that XG and GG were found to be

quite effective in stabilizing mine tailings by enhancing
moisture retention, minimizing dust, and improving surface
strength beyond the water-soaking threshold, whereas due
to the higher viscosity GG than XG, GG is more effective
in improving the undrained shear strength of mine tailing
(Chen et al. 2013). Considering the effectiveness of GG,
this study is mainly focused on GG as a problematic soil
stabilizer (i.e., expansive soil).

GG is a preferred biopolymer for thickening and binding
in food preparation. It generates extremely strong chemi-
cal bonds, enabling colloidal thixotropic dispersion, and
is highly viscous. As a result, strong cohesive gels can be
formed (El-Daw GEA 1994). It is composed of a 1:2 ratio
of water-soluble D-galactose and D-mannose polysaccha-
rides. Galactomannan is a non-ionic neutral polysaccha-
ride (Mahmoud 2000). However, GG application in the
field of geotechnical engineering is either from a different
dimension with limited focus as a ground stabilizer, espe-
cially in treating problematic expansive soils. For instance,
GG is quite effective in treating soil slurry that can be used
to reinforce trench excavation walls and prevent dam con-
structions from collapsing their sides (Puppala and Pedarla
2017). Also, Sujatha and Saisree (2019) reported that GG
is quite effective in the treatment of non-expansive clays
and reported improvement in consolidation and strength
parameters. Similarly, Sujatha and Saisree (2019) reported
that GG induces significant improvement in the treatment

Table 1 Recent study findings on the use of biopolymers to improve soil engineering characteristics

Reported by Soil type Biopolymer

Optimal dosage Test results

Present study Expansive fat clay Guar gum

1.5% Enhancement in unconfined
shear strengths, elastic
modulus, and CBR bearing

strength

Onabh et al. (2022) Lean clay Guar gum, Lime 0.3% Guar gum+3% Lime Enhancement in UCS and
CBR

Wang et al. (2021) Red clay Xanthan gum 1.5% Strength enhancement, and
improvement in cohesion
and internal friction angle

Kumar and Sujatha (2021) Silty clay Xanthan gum 1% Strength enhancement,
considerable reduction in
hydraulic conductivity

Soldo et al. (2020) Sand with Silt Guar gum, Xanthan gum 2% Xanthan gum and 1% Strength enhancement

Guar gum

Chang and Cho (2019) Sand-clay mixtures Gellan gum 1% Increase in the shear strength
parameters

Sujatha and Saisree (2019) Highly compressible silt—  Guar gum 2% Enhancement in unconfined

clay

Muguda et al. (2017) Sharp sand with kaolin and

gravel

Ayeldeen et al. (2017) Collapsible soil

Guar gum, Xanthan gum —

Guar gum, Xanthan gum 2%

shear strength and anti-
deformation properties
Improvement in mechanical
properties of soil
Reduction in collapsible
potential and an increase in
shear strength
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of silty clays considering the compressive strength and
deformation characteristics. It is pertinent to mention here
that most studies on GG have been reported on different
types of soils i.e., sand, silt, silty clays, etc., whereas very
few studies focused on expansive fat clays. Such expansive
clays are comprised of montmorillonite clay minerals that
exhibit volumetric change behavior upon slight variation
in moisture content and reported billion of dollars of dam-
ages to the engineering structure all over the world (Hamza
et al. 2022d). Given the potential attributes and scarcity
of literature on GG as a ground stabilizer, especially for
expansive soil subgrades, demands comprehensive stud-
ies. Such studies are deemed necessary to provide a bet-
ter understanding of the extent of amelioration observed
in the GG-based soil treatment from different geological
conditions. Table 1 shows recent findings on the use of
biopolymers to improve soil engineering characteristics.
Considering the above discussion, this research compre-
hensively investigates the efficacy of GG to improve the engi-
neering properties of problematic expansive soil subgrade by
utilizing its gelling and bonding properties. In this regard,
the expansive soil has been treated with different percent-
ages of GG, and its effect on key geotechnical properties i.e.,
consistency limits, compaction characteristics, unconfined
compressive strength, CBR, resilient modulus (My), and
long-term degradation behavior was evaluated. This study
will provide promising applications of GG as a sustainable
and green option for expansive soil sub-grade improvement.

Material procurement and characterization
Materials

The soil used in this research was collected from 2 to 3.5 m
below the ground level from Dera Ghazi Khan, Punjab, Paki-
stan (Fig. 1). Figure 2 presents the gradation curve that shows
that the soil comprised 68% clay, 24% silt, and 8% sand con-
tents. Table 2 shows the physical properties of expansive soil
procured from the field. The soil exhibits a high liquid limit
(LL) of 54.1% has a plasticity index (PI) of 31.7% and is clas-
sified as high plastic clay (CH) according to the Unified Soil
Classification System (USCS). X-ray diffractogram (XRD)
shows the presence of clay minerals i.e., montmorillonite and
illite majorly responsible for the swell-shrinkage behavior,
whereas other non-clay minerals are quartz (Q), and albite are
shown in Fig. 3.

Guar gum (GG) biopolymer, also known as Cyamopsis
tetragonolobus, is a natural biopolymer derived from the
endosperm polysaccharide of the guar seed, which belongs to
the Leguminosae family and is classified as a seed gum. GG is
naturally hydro-colloidal and non-ionic (Mudgil et al. 2014).
GG exhibits good stability over the wide range of pH from 4
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to 10.5 (Gupta et al. 2009) and has good water solubility as
compared to other biopolymers (Ayeldeen et al. 2016). It is
comprised of polymers D-galactose and D-mannose in a 1:2
ratio (Chudzikowski 1971). GG when fully hydrated, gener-
ates viscous, colloidal dispersions that are thixotropic (El-Daw
GEA 1994). GG contains borate ions, which function as cross-
linking agents, resulting in the formation of thick and cohesive
gels. The GG biopolymer used in this study is procured from
Acros Organics, Pakistan. The extraction procedure of GG
powder and its molecular structure are presented in Fig. 4,
wWhereas Table 3 presents the physio-chemical properties of
the GG used in this study.

Scanning Electron Microscopy (SEM) and Energy-Dis-
persive X-ray Analysis (EDX) analyses of untreated soil and
GG powder are presented in Fig. 5. The SEM micrographs of
untreated soil showed inter and intra assemblage pore spaces
as shown in Fig. 5a. The micrographs exhibit grain-to-grain
contact along with some connectors, whereas Fig. 5b shows
the SEM micrograph of pure GG exhibiting continuous sur-
face with fiber matrices. The EDX of untreated soil shows the
abundant presence of oxygen (O), silicon (Si), and aluminum
(Al) elements, while the carbon (C) and oxygen (O) elements
are present in great amounts in EDX of pure GG. The elemen-
tal composition analysis of the studied materials presented in
Fig. 6 also validates the attached EDX graphs.

Specimen preparation and testing program

To perform different laboratory experiments dry mixing
technique was adopted in this study. As wet mixing might
lead to poor workability and mixing issues if the water con-
tent exceeds the solubility point. Therefore, the GG biopol-
ymer was mixed with untreated soil at 0, 0.5, 1, 1.5, 2, and
5% as per the dry weight of the soil. For water equilibra-
tion purposes, the prepared mixtures were placed in sealed
plastic bags for 24 h (Ijaz et al. 2022c). The untreated and
treated soil samples were then subjected to soil consistency,
compaction, UCS, CBR, My, and chemical and microstruc-
tural tests. The brief procedure and standard adopted to
perform these tests are described as under:

Soil consistency

The soil consistency test was performed as per ASTM
D4318-17el. To determine the liquid limit (LL), a brass
cup is raised to a certain height and then let fall into a firm
rubber base using a manually turned cam. The metal cup is
filled with a piece of the soil sample, which is then separated
using a grooving tool. The LL is the moisture level at which
the groove closes for 1/2 inch after 25 drops of the cup.
And, the plastic limit is measured by physically rolling out
a tiny ball of damp plastic soil into a 1/8-inch thread after
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Fig. 1 a Topographical map of soil sampling site, b actual field view of the site, ¢ soil showing desiccation cracks due to wet-dry environment,
and d pulverized soil sample stored in a plastic bag
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Fig.2 Grain size distribution of natural soil sample

continuously remolding it. The thread begins to fall apart
before being completely rolled out at the moisture content
known as the plastic limit. The associated moisture content
at LL and PL was determined using the oven-dried method.

Compaction test

Proctor compaction tests were performed on untreated and
GG-treated soil following ASTM standards (ASTM D698-
12, ASTM D1557-12el), to determine the maximum dry
density (MDD) and optimum moisture content (OMC) for
each soil sample. This test consists of compacting soil speci-
mens at a given water content in a 4-inch-diameter mold
with different compaction energy (standard and modified).
Firstly, the soil was air-dried and then separated into 4 to 6
samples, then the water content of each sample was adjusted

Fig.3 X-ray diffractogram of natural soil sample

by adding water increments of 3 to 5 percent. The soil was
then homogenously mixed with the desired percentage of
GG and water. The prepared soil samples were then closed
in polyethylene bags in the laboratory for 24 h at room tem-
perature (27 +2 °C) for water equilibration. The soil was
then placed and compacted in the compaction mold in three
layers subjected to 25 blows on each layer using standard
and modified compaction energy. In the end, the water con-
tent and dry density of the untreated and treated soil with
different percentages of GG were determined.

Unconfined compressive strength
Unconfined compression tests were performed according

to ASTM D2166M-16. The untreated and treated soil sam-
ples for the UCS test were prepared in a cylindrical mold

Table 2 Physical properties of

. Property Units Value/description ASTM standards

natural soil
Color - Grayish black -
Specific gravity - 271 ASTM D854-14 (2014)
Natural moisture content % 5.2 -
Particle-size analysis ASTM D422-63¢2 (2007)
Clay content % 68 -
Silt content % 24 -
Sand content % 8 -
Atterberg limits ASTM D4318-17el (2017)
Liquid limit % 54.1 -
Plastic limit % 22.4 -
Plasticity index % 31.7 -
Compaction properties ASTM D1557-12el (2012)
Max dry unit weight kN/m? 19.2 -
Optimum moisture content % 12.3 -

@ Springer

USCS Classification

High plastic clay (CH)

ASTM D2487-17 (2017)
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Fig.4 a Extraction procedure (Subramani et al. 2021), and b the molecular structure of guar gum (Mudgil et al. 2014)

Table 3 Physio-chemical tests of the guar gum

Gum type Form  Particle size pH value Molecular E number
weight (g/

mol)

Guar gum Powder 200 mesh 6.5 536 E-412

76 mm in height and 38 mm in diameter. The soil samples
were compacted at their respective MDDs and OMCs, and
the prepared mixtures were then naturally air-dried for
the requisite age duration (0-60 days). After the required
aging time, the specimen was placed on the base plate of
the digital strain-controlled compression machine to obtain
the stress—strain behavior of soil samples at a loading rate
of 0.8 mm/min.

California bearing ratio (CBR)

CBR test was conducted on Digital Tinius Olsen CBR
Test Machine based on ASTM D1883-16. In the CBR test-
ing, all soil specimens were compacted into a CBR mold
having dimensions (inner diameter of 152.4 mm, height
of 177.8 mm) by using a modified compaction effort. A
surcharge weight of 4.54 kg was placed on the top of the
compacted soil specimen in the CBR mold to simulate the

pavement and base course confining loads. In the case of
the soaked CBR test, the mold with surcharge weights was
fully immersed in water for 4 days of the soaking period, so
that water can completely infiltrate into the soil specimen.
Swelling gage was also attached during the soaking period to
mark the swelling behavior of untreated and treated soil dur-
ing inundation. CBR test was performed on all soil mixtures
with a constant loading rate of 1.27 mm/min.

Scanning electron microscope and energy dispersive X-ray
analysis (EDX) test

Nova NanoSEM 450 field-emission scanning electron micro-
scope (FE-SEM) was used commonly for examining the
microscopic structure of soil fabric in detail. In this study,
SEM tests were conducted on soil-GG mixtures to examine
the formation of hydrogels inside the soil pore spaces along
with Energy-Dispersive X-ray Analysis (EDX) analyses to
determine the elemental composition in samples. For this
to be done, the prepared specimens were first subjected to a
drying process for each test. Then, each dried soil specimen
was positioned on an aluminum stub covered with two-sided
carbon tape and coated by gold (Au) sputtering for 110 s
at 25 milliamperes under a high vacuum, until it was fully
covered and ready for SEM analysis. Energy-Dispersive
X-Ray Analysis (EDX) technique is used that incorporates

@ Springer
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Fig.5 SEM and EDAX analysis N . W specunt
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cation a natural soil, b guar gum

W specirum 14

70 X-rays to determine the elemental composition of materi-
0 - - @Soil  WGG als. EDX analysis produces spectra with peaks matching the
elements that make up the real composition of the material
50 being observed.
< 401
E BET-specific surface area test
S 30 A1
< 20 4 The N,-BET technique, developed by (Brunauer et al.
1938), is used for estimating the surface area of untreated
107 and treated soil. The BET (Brunauer, Emmett, and Teller)
0 e : H o . theory is used to evaluate the specific surface area in terms
- clolsSi Al MglFe| K CalMa of (m%g) based on gas adsorption data.
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aGG| a2 | 35 0 0 0 0 0 0 0 The test specifications, specimen details, and their asso-

ciated standards of various macro and micro tests are sum-

Fig.6 Elemental composition of test materials marized in Table 4.

Table 4 Test specifications

Geotechnical Tests Test parameters in SI units Sample details Standards
Consistency limits test PL (%), LL (%), and PI (%) Soil-water paste ASTM D4318-17el
Proctor compaction test OMC (%) and MDD (kN/m?®)  0.102 m (dia.)x0.1161 m (ht.) ASTM D698-12, ASTM D1557-12¢l
Viscosity test u(cps) Soil-water paste Shimizu et al. (2018)
Unconfined compressive strength test UCS (kPa) 0.0381 m (dia.) X0.0762 m (ht.) ASTM D2166M-16
with elastic modulus measurement
Es, (kPa) Chang et al. (2015)
California Bearing Ratio test CBR (%) 0.152 m (dia.)x0.1778 m (ht.) ~ ASTM D1883-16
XRD analysis Mineralogical composition Pulverized form Advance Bruker D8 diffractometer
FTIR spectroscopy test Infrared absorption spectra Pulverized form IRTracer-100FTIR spectrometer
EDAX analysis Elemental composition Pulverized form Nova NanoSEM 450
SEM test Microstructure arrangement 1%x107% (m?)
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Fig.7 Variation of Atterberg limits with GG content

Results and discussion
Soil consistency limits of GG-treated soil

Soil consistency limit tests were carried out on soil samples
mixed with GG in varying proportions between 0 and 5%
to check its effect on the liquid limit (LL) and plasticity
index (PI). Overall, an increasing trend was observed with
the incorporation of GG. Figure 7 shows that at 5% GG, LL,
and PI values increased by 33% and 29%, respectively. Simi-
lar increasing trends in LL and PI with biopolymer addition
have also been reported in the literature (Sujatha and Saisree
2019). Meanwhile, the plastic limit also shows an increase
of 38% with an increase in GG concentration from O to 5%,
because the threads of the monomeric molecules make the
soil stiffer. The increase in consistency limits is mainly
due to the hydrophilic nature of GG which initially tends
to hydrate. As GG is anionic and comprised of different

2000

1600 -

1200 -

800 A

Viscosity, u (cps)

400 4

0 0.5 1 1.5 2 5
GG content (%)

Fig.8 Variation of viscosity with GG content

hydroxyl ions (OH™). Thus, in s0il-GG amalgam the hydro-
gen atom acts as a link between the two electronegative
atoms, resulting in the development of a hydrogen bond.
The oxygen atoms on silicate surfaces and edge hydroxyls
can form hydrogen bonds with organic matter's hydroxyl,
carboxyl, and amino groups. As a result of absorbing more
water, the soil-GG amalgam developed a hydrogen bonding
network, resulting in higher LL and PL values.

Viscosity parameters of GG-treated soil

Figure 8 shows the fluctuation in viscosity (u) of untreated
and treated soil with varying GG content percentages. The
determination of viscosity was determined with the help of
a procedure developed by Shimizu et al. (2018), and the
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Fig. 9 a Compaction curves of untreated and GG-treated soil for SP
and MP test, and b regression analysis for OMC and MDD
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results show that the pore fluid viscosity gets increased
from 45 to 2567 cps (gel-form) with increased GG con-
tents from 0.5 to 5%, respectively. This increase in viscosity
with GG addition leads to the change in the plastic behav-
ior as already shown in Fig. 7, and the hydrophilic nature
of biopolymer also contributes to this plasticity change in
treated soil (Nugent et al. 2009).

Compaction characteristics of GG-treated soil

The effect of GG addition on the maximum dry densities
(MDD) and optimum moisture content (OMC) of untreated
soil was investigated by conducting standard and modified
proctor tests. For comparison purposes, the compaction
curves of untreated soil and GG-treated soil are presented

in Fig. 9a, and the respective linear regression models are
given in Fig. 9b. Overall, due to relatively high compac-
tion energy, the values of MDDs are greater and OMCs are
lesser in modified proctor (MP) tests than that of the stand-
ard proctor (SP) tests along with relatively steep shapes of
the compaction curves in modified proctor tests. With the
increase in GG contents from O to 5%, a decrease of 11.5%
and 15.7% in MDD has been observed for MP and SP tests,
respectively. Likewise, a corresponding increase in OMC
values in the case of MP and SP tests was found to be by
50.3% and 28.3%, respectively. The soil particles tend to
separate in a highly viscous solution that coats the particles
causing a reduction in the dry unit weight at higher percent-
ages of GG addition, whereas the OMC increased with the
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increase in GG dosage owing to the hydrophilic nature of
GG (Vydehi and Moghal 2022).

Unconfined compressive strength (UCS) tests
on GG-treated soil

UCS tests were performed on untreated and treated soil
with different GG contents considering the aging peri-
ods of 1, 4, 7, 14, 28, and 60 days to assess the effects of
GG on stress—strain behavior, UCS value, elastic modulus
(Esp), and energy absorption capacity (E,) of the soil. The
untreated and treated soil samples with GG were prepared
at their respective MDDs and OMCs using standard com-
paction effort. In general, the GG addition has a positive
effect in improving the unconfined compressive strength
of the soil. Figure 10 shows the stress—strain relationships
for GG-treated soil samples at different aging periods. The
aging period exhibits a noticeable effect on the increase in
compressive strength in the case of GG-treated soil. The
UCS value of untreated soil was found to be 99.5 kPa at
3.4% failure strain. With GG treatment, the peak axial stress
tends to increase, for instance at 1.5% GG content the peak
axial stress was found to be 154 kPa exhibiting failure at
a larger strain of 4.5% at 1 day of curing. Further, with an
increased aging period the peak axial stress value tends to
increase, and this trend was observed in all treated soil sam-
ples. Meanwhile, despite increase in axial peak stresses with
the aging period, it was also observed that the failure strain
tends to be smaller compared to the failure strain during the
initial aging period. For instance, at 60 days of curing the
treated soil with 1.5%, GG content exhibited the peak axial
stress of 468 kPa at the axial strain of 3.9%. This shows that
even at the higher aging period the failure strain of treated
soil is quite comparable with untreated soil intact the duc-
tile behavior. Such ductile behavior is always desirable in
engineering practice unlike the traditional admixtures (such
as lime or cement) which exhibit significant brittle behav-
ior. Figure 11 presents the different stages of UCS sample
preparation for the different aging periods and test execution.

Meanwhile, it is also important to note the engineer-
ing behavior of soil treated with 1.5% GG changed from
medium-quality subgrade to hard quality, as its UCS value
(441 kPa) is greater than the minimum value of 360 kPa
for a hard-quality subgrade (Das and Sobhan 2013). The
quantitative effects of GG content and aging period on UCS
and elastic modulus (Es,) of the soil have been illustrated
in Fig. 12a and b. Both the UCS and Ej increased with the
addition of GG and prolonged aging. The optimum dosage
of GG is found to be 1.5% for all aging periods. The increase
in UCS values can be attributed to the formation of hydro-
gels in the pores of soil fabric, which hardened with time and
make the soil fabric stiffer with prolonged aging (Sujatha
and Saisree 2019). Several investigators (Biju and Arnepalli

2020; Anandha Kumar and Sujatha 2021b; Bozyigit et al.
2021) have also reported similar results on the enhancement
of UCS of GG-treated for various kinds of soils from differ-
ent geological origins.

Similar to UCS values, the Ej is also increasing with the
increase in both GG content and the aging time. The elastic
modulus of the treated sample at 1-day aging is 6 MPa which
increased to 24 MPa when aged for 60 days. According to
Young’s modulus criteria for hard soils (E5;>20 MPa)
proposed by Obrzud (2010), the consistency of soil treated
with 1.5% GG alters from soft to hard. The correlations of
increase in UCS and Es, values of GG-treated soils with
aging along with their interrelationships have been presented
in Fig. 12c. Linear and power regression analyses between
Esyand UCS of GG-treated soil are presented in Eqs. 1 and
2. About 97% of the data points of these models fall within

E —
8 =65 to 45.
Linear model : Es5, = 53.9 % UCS, (R*> = 0.98) (1)

Power model : E5, = 102.8 « UCS™®, (R* = 0.92) (2)

Meanwhle, energy absorption capacity (E,) also shows
increasing trends with increased GG content and aging time.
E, of 1.5% GG-soil mix increased from 16.2 to 25.2 kJ/m’
when subjected to an aging period from 1 to 60 days. Linear
and exponential correlations have been developed and pre-
sented in detail in Fig. 13.

Based on the UCS test results, regression analysis was
performed to develop prediction models for the respective
increase in UCS, Ej,, and E, of treated soil at aging peri-
ods shown in Fig. 14. In this model, 92% of data points
fall within the 90% upper-lower prediction ranges, so it is
an acceptably good prediction model. The list of important
regression models developed is summarized in Table 5.

Long-term durability assessment

In essence, the GG biopolymer is organic, so its efficacy
considering long-term aging considering the degradation
factor is crucial. In this regard, a long-term effect on strength
was carried out considering the aging period of 60, 100,
and 365 days as presented in Fig. 15. The results show that
the stability of stabilized soil did not degrade with time but
improved slightly. The UCS and Es, appeared to increase
slightly; this rise may also be ascribed to possible long-
term variations of hardening/aging. Chang et al. (2015) also
observed similar trends of long-term durability. The respec-
tive SEM micrographs are also presented to further clarify
the transformation of the treated soil matrix with the aging
process, as shown in Fig. 16.
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Shear planes
after UCS test

samples at different GG contents, e sample placed in UCS machine,

Fig. 11 Stages of sample preparation for UCS testing a soil mixed
and f appearance of shear planes in the soil after testing

with powdered GG biopolymer, b hand mixing of the soil-GG mix-
ture, ¢ prepared soil sample coming out of UCS mold, d prepared

@ Springer



Geotechnical properties of problematic expansive subgrade stabilized with guar gum biopolymer

1711

Fig. 12 Variation of a UCS and 600 600
b Es, with aging time, and ¢ 01 day 4 days (a)
relative increase in UCS and Ex, 500 4® 7days  B14 days ~ 500 -
with GG 28 days W60 days Q AUCS = -14.5*GG? + 113.4*GG + 134
z 400 N 2
= Zh IS I =
=300 A N AN & £
& @
§ 8 i 2
=200 1 F) A g
s :
O =
\
0 B h T T : T
87 days 014 days 500 -
30000 1528 days m60 days & AEg, = -11.8*GG? + 78*GG + 183.2
= 400 - (R*=0.76)
5 o
€ 20000 {1 5 300
7 i | 2
= i 2 S 200
10000 1 £1f H} n 2
W EE = 100
0 - 11 I 203 O
0.5 2
GG content (%)
32000
(© -7
E./UCS= 65 .t
24000 - R
Power model ) ..
Es, = 102.8*UCS"# o B ..
= (R2=10.92) o . ‘
2 16000 - \ e ‘ E,/UCS=45
=f B Z
Y £
8000 - B : Linear model
& Eq, = 53.9%UCS
L (R? = 0.98)
O T T T T T
0 100 200 300 400 500 600
UCS (kPa)

Effects of GG on california bearing ratio (CBR)

Figure 17a presents the efficacy of GG inclusion to stabi-
lize expansive soil subgrade. A significant improvement
in CBR values can be observed with the addition of GG
along with prolonged aging. With 1.5% GG contents as an
optimum dosage and 7 days of aging, a respective increase
in unsoaked and soaked CBR values by 2.7 and 2.1 times
has been observed as compared to the natural soil. This
effect further intensified with a 3.8 and 2.7 times increase

in unsoaked and soaked CBR values, respectively at 28 days
of aging. These results are in line with the findings of other
investigators (Biju and Arnepalli 2020; Anandha Kumar and
Sujatha 2021b). Unsoaked CBR values are much greater
than the soaked values since an additional resistance is
offered by the surface frictional forces to the plunger pen-
etration which diminishes in a soaked condition (Petersen
et al. 2003). Hence, according to the general specifications
of the National Highway Authority (NHA), Pakistan (NHA
1998), the soils treated with 1.5% GG fulfills the minimum
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Fig. 14 Validity of regression models generated for UCS, Es,, and E,
of GG-treated soil

Table 5 List of important regression models developed

requirements of 8% CBR. Resilient modulus (My) plays a
significant role in the design of flexible pavements subject-
ing to a rapidly applied imposed load (Wang and Baaj 2021).
The My can be measured in the laboratory by performing
the cyclic triaxial shear test as described in the AASHTO
standard (T307-99 2000). The My value of treated soil with
1.5 percent GG ranges from 57 to 99 MPa, which is expected
to offer adequate support to the applied load (Schaefer et al.
2008). The increase in CBR and My value considering the
aging period is attributed to the hydrogel formation which
tends to adhere to the soil particles resulting in the formation
of bigger soil particles and hydrogel tends to become stiffer
considering the long-term aging effect which ultimately pro-
vides better load and better resistance against the imposed
load.

Meanwhile, the swelling potential of the expansive sub-
grade is also measured with the help of a soaked CBR test.
From the test results, the soil classification shifts from high
expansion to low expansion group after the GG treatment.
The swell potential of untreated soil was 7.5%, but it consid-
erably reduced to 1.1% with the addition of 1.5% GG at an
aging period of 28 days, as in Fig. 17b. The obtained value
of 1.1% swell for treated soil is well below the permissible
limit (<2%) (Day 2006). All the stages of sample prepara-
tion for CBR testing are presented in Fig. 18.

Soil-GG interaction mechanism

The strength improvement at different GG content and
aging periods imply that the biopolymer has not decom-
posed and continues to reinforce the soil matrix via aggre-
gation, hydrogen bonding, and the formation of cross-
link elements. Figure 19 presents the SEM micrographs
explaining the interaction mechanism of GG-treated soil
samples along with EDX analysis at an aging period of
28 days. It is evident from the micrograph illustration that
with the increase in GG content, the soil exhibits more

Properties Regression models

Consistency limits test
Proctor compaction test

Shear strength properties

Plasticity index (PI), and liquid limit (LL)
Guar gum content (GG), and percent increase in compaction proper-

ties (Max dry density, AMDD and Optimum moisture content,
AOMC)

Unconfined compressive strength (UCS), elastic modulus (Es,), and
energy absorption capacity (E,)

Guar gum content (GG), and percent increase in unconfined com-
pressive strength (AUCS), elastic modulus (AEj), energy absorp-
tion capacity (AE,), and aging time (d)

R? value
PI (%)=0.51*LL+3.48 0.96
AMDD,p (%) =0.7*GG*—5.9*GG 0.98
AOMCyp (%) =— 1.9¥GG?+15.1*GG 0.9
AOMCyp (%) =— 2.5¥GG*+22.8*GG  0.96
0.95
Es, (kPa)=53.9¥UCS 0.98
E;, (kPa)=102.8*UCS"® 0.92
E, (kJ/m®)=5.63*GG +9.33 0.99
E, (KJ/m®)=12.9¢022"CC¢ 0.99
AUCS (%)=76+3045.6*GG+3.8*d  0.83
AEs (%)=76.3+1584%*GG+3.7%d  0.84
AE, (%)=43.9+4859%GG +2.4%d 0.81

MP modified proctor, SP standard proctor
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Fig. 15 Long-term performance of 1.5% GG-reinforced soil with pro-
longed aging

coating with biopolymer gel. For instance, at 0.5% GG
content the SEM micrographs exhibit some biopolymer
gel coating along with some inter and intra-assemblage
pore spaces (Fig. 19a), whereas with an increase in GG
content, the biopolymer molecules were able to fill the

Fig. 16 SEM micrographs of
1.5% GG-soil mix after a 60, b
100, and ¢ 365 aging days
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¢ Ancreased soil-GG aggregation

voids between the individual soil grains i.e., at 1.5% con-
tent and above, resulting in enhanced strength with dense
flocculation, (Fig. 19b—e). The development of hydrogels
and cross-link elements in the soil’s microstructure is
responsible for the enhanced shear and bearing strengths.
The attached EDX profiling also corroborates the presence
of such hydrogels in the soil-GG mix.

It has been found that soil-biopolymer specimens sub-
jected to natural air-dried aging conditions are dehydrated
more swiftly and result in the formation of hardened
biopolymer gel (Wang et al. 2015). This dried biopolymer
gel created a thin layer that strongly linked the individual
soil grains. After 28 aging days, the soil particles were
tightly bound together to form a dense flocculated struc-
ture, and the pore spaces were filled by the new hydro-
gel formations. The visible surface of the clay particles
appears to have significantly transformed at this point of
the aging process. The detailed mechanism of s0il-GG and
water interaction and its schematic illustration are pre-
sented in Figs. 20 and 21.

Aggregation
of particles

Closed
aggregation

200 nm
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Fig. 17 a Comparison of unsoaked and soaked CBR strength with
aging, and b variation of swelling potential with aging

BET surface area analysis

Figure 22 depicts the results of BET testing on untreated
and GG-stabilized soil with prolonged aging for up to
60 days. The increase in the aging period resulted in a
substantial reduction in the BET surface area of the sta-
bilized soil samples. The enhanced aggregation of soil
particles results in the formation of larger soil aggregates
held together by the hydro-gelling, which in addition fills
the voids and resultantly a decrease in the total surface
area was observed which further verifies the SEM micro-
graphs presented in Fig. 15. The results showed that GG-
stabilized soil samples show a substantial drop in BET
surface area ranging from 38 of untreated soil to 20 m?/g
(28 days aging of 1.5% GG-treated soil), whereas fur-
ther a slight decremental trend was observed from 20 to
15 m%/g of 1.5% GG-treated soil with the enhanced aging
period (60 days aging). The considerable decrement in
the surface area proposed that the GG treatment reduced
the outside surface area by filling the pore spaces in sta-
bilized soil with a hydro-gelling effect (Latifi et al. 2015).
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The observed behavior is in line with SEM micrographs
results, associated with the physical interaction of GG with
soil resulting in the formation of hydrogel which cements
the soil particles, fill the voids, and results in the formation
of a dense-flocculated structure.

Fourier-transform infrared spectroscopy (FTIR)
of soil

Figure 23 displays that there is a backward shift of the
absorption band from 3422 of untreated soil to 3414 cm™!
at 1.5% GG-treated soil, and a respective slight forward shift
from 1640 to 1649 cm™'. The reinforced soil is also com-
prised of all other absorption bands. The FTIR data show
that there is a difference in the observed spectra before
and after stabilization with GG treatment. This is due to
the development of new molecular links between the soil
and biopolymer, which results in increased UCS and CBR
strength (Smitha et al. 2021). A similar trend was also
observed by Smitha et al. (2021) on using a similar gel-type
agar biopolymer.

Field implications of guar gum biopolymer
in geotechnical engineering

Based on its potential attributes, the GG treatment of prob-
lematic expansive soils can be employed in different geo-
technical-related field applications especially considering
the ground improvement. Different important areas could be
the possible field of interest for the implication of GG such
as the stabilization of expansive soil embankments, expan-
sive soil subgrade improvement, expansive soil slope stabil-
ity, retaining wall backfill stabilized material, swell potential
reducer, erosion control, etc. Besides, as a green non-tradi-
tional stabilizer, GG can also be employed for the improve-
ment of various other types of soils (Reddy et al. 2018; Biju
and Arnepalli 2020; Onah et al. 2022). Various advantages
can be linked to the GG-treated soil such as high resistance
to biodegradation, availability, and ecological benefits. GG
is very cost-competitive when compared to other traditional
admixtures, unlike different chemical stabilization proce-
dures, the construction operation of GG-reinforced soil is
unaffected by climate conditions (Kumar and Sujatha 2021).
Hence, eco-friendly GG biopolymer may lead to the more
prevalent usage of GG-reinforced soil and more economical
construction in the geotechnical engineering field.

Conclusions

This study comprehensively examined the efficacy of GG for
the treatment of problematic expansive soil. A large num-
ber of geotechnical tests were conducted to evaluate the soil
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Fig. 18 Stages of sample preparation for CBR testing a hand-mixing
of soil and guar gum powder, b sample pouring in CBR mold for
compaction, ¢ layer-by-layer compaction of soil-GG mix in CBR
mold by modified Proctor hammer, d trimming and leveling of the

consistency, compaction, and CBR behavior considering its
long-term behavior. Besides, a detailed study was carried
out to understand the underlying stabilization mechanism
considering the specialized tests i.e., SEM, EDX, BET, and
FTIR. Based on the test outcomes the following conclusions
can be drawn from this study:

ii.

ii.

The GG inclusion in expansive soil results in an
increase in Atterberg’s limits (LL and PL) owing to
the high absorption of water molecules by biopolymer
monomers.

GG treatment induces a reduction in MDD with an
increase in OMC for both standard and modified com-
paction effort, owing to the low specific gravity and
high absorption capacity of GG biopolymer whereas
the modified compaction test results in high MDD
associated with the implication of the higher com-
paction energy compared to the standard compaction
effort.

GG treatment induces significant improvement in
the UCS values along with the aging period. At 1.5%

mix by spatula, e prepared mold placed in the machine for CBR test-
ing, f tested CBR sample, and g dial gages placed on top of mold
soaked in water for swell measurement after 4 days

iv.

GG-addition the UCS value significantly improved
(i.e., 441 kPa) and Es5, (24 MPa) at the aging period
of 60 days, transforming the soft quality into the hard
quality subgrade. The improved mechanical behav-
ior is attributed to the development and stiffening of
the hydrogels due to GG addition which led to the
crosslinking of soil grains and provides better resist-
ance to the imposed loading. Further, GG was found
to be stable against degradation considering the long-
term effect and exhibit further slight improvement at
the aging period of 365 days.

The subgrade strength in terms of CBR value was
found to be significantly improved with GG inclu-
sion exhibiting an increase of 284% for unsoaked
and 176% for soaked CBR of natural soil at 28 aging
days. Thus, the stabilized soil fulfills the minimum
requirements of 8% CBR as per the design specifica-
tions of the National Highway Authority of Pakistan.
Besides, the My value of the treated soil with 1.5% GG
ranges from 57 to 99 MPa, which ultimately provides
adequate support to the applied external load.
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Fig. 19 SEM and EDX analysis
of soil treated with GG a 0.5%,
b 1%,¢1.5%,d 2%, and e 5% at
28 days of aging

v.  SEM micrographs coupled with EDAX profiling cor-
roborated the formation of hydrogels and crosslinking
elements in the soil matrix, which fills the voids and
reduces the specific surface area along with the cur-
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ing period. Such behavior is mainly responsible for
the enhancement of the UCS and CBR behavior of
the stabilized soil. Moreover, the FTIR data showed
a difference in the observed spectra before and after
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