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Evaluation of Injection capabilities of a biopolymer-based grout material
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Abstract.  Injection grouting is one of the most common ground improvement practice to increase the strength and reduce the
hydraulic conductivity of soils. Owing to the environmental concerns of conventional grout materials, such as cement-based or
silicate-based materials, bio-inspired biogeotechnical approaches are considered to be new sustainable and environmentally
friendly ground improvement methods. Biopolymers, which are excretory products from living organisms, have been shown to
significantly reduce the hydraulic conductivity via pore-clogging and increase the strength of soils. To study the practical
application of biopolymers for seepage and ground water control, in this study, we explored the injection capabilities of
biopolymer-based grout materials in both linear aperture and particulate media (i.e., sand and glassbeads) considering different
injection pressures, biopolymer concentrations, and flow channel geometries. The hydraulic conductivity control of a
biopolymer-based grout material was evaluated after injection into sandy soil under confined boundary conditions. The results
showed that the performance of xanthan gum injection was mainly affected by the injection pressure and pore geometry (e.g.,
porosity) inside the soil. Additionally, with an increase in the xanthan gum concentration, the injection efficiency diminished
while the hydraulic conductivity reduction efficiency enhanced significantly. The results of this study provide the potential
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capabilities of injection grouting to be performed with biopolymer-based materials for field application.
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1. Introduction

In ground improvement practice, injection grouting is
generally performed by injecting chemical compounds (e.g.,
cement, lime, bentonite, and waterglass-based chemicals)
into the ground or water-retaining structures (e.g., levee,
dam, and embankment) with a sufficient pressure gradient
to strengthen the soil and reduce its hydraulic conductivity
(Eklund and Stille 2008).

Previous studies on grout materials have mainly focused
on the grouting performance and engineering capabilities of
grouted granular soil using cement-based or clay slurry-
based grout materials (Akbulut and Saglamer 2002,
Santagata and Santagata 2003). The groutability of soils is
commonly defined as the ability of a grout material to
permeate through the soil media. As most existing grout
materials are particle dispersed fluids (e.g., cement-based or
clay slurries), groutability is assessed based on the relative
grain size ratio between the soil and grout material (i.e.,
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Di5,50iildss,grour) (Burwell 1958, Bell 1993). In addition, the
apparent viscosity and rheological properties become
important considerations for clay-based slurry grout (e.g.,
bentonite) (Yoon and El Mohtar 2014).

However, common grouting materials (e.g., cement and
lime) have been shown to cause large greenhouse gas
emissions and to have a strong chemical impact on the
environment (Benhelal et al. 2013). Therefore, biological
materials and methods are actively being introduced to
geotechnical engineering as environmentally friendly
alternatives (Whiffin et al. 2007, DeJong et al. 2010, Jeon
et al. 2017, Chang et al. 2019, Kim et al. 2019).

Among these environmentally friendly methods,
biopolymer-based soil treatment (BPST) has been shown to
significantly enhance the geotechnical properties of soil
(Chang et al. 2016, Choi et al. 2020). Furthermore, BPST
methods have been shown to induce strengthening (Chang
and Cho 2012, Chang et al 2015, Chang et al. 2015,
Qureshi et al. 2017, Ham et al. 2018, Lee et al. 2019, Kwon
et al. 2020, Soldo et al. 2020), permeability reduction
(Bouazza et al. 2009, Chang et al. 2016, Noh et al. 2016),
and plant growth promotion (Larson et al. 2010, Chang et
al. 2015, Tran et al. 2019) in laboratory-scale assessments
and field application trials (Ko and Kang 2018, Chang et al.
2020).

Considering the beneficial effect of the BPST on the
hydraulic conductivity reduction in soils, it has high
potential for seepage and infiltration control. However,
further studies are required for the implementation of the
BPST method. In particular, it is essential to understand the
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viscosity reduces with shear rate increase as shown in Fig 1
(Zhong et al. 2013, Lee et al. 2021), while the reduced
viscosity recovers when the applied strain is removed
(Sworn 2021). Such properties have allowed the utilization
of XG hydrogels in various medical applications as
injectable biomaterial in vivo (Liu and Yao 2015).

To verify the injection effectiveness of XG hydrogel as a
new geotechnical grouting material, two types of laboratory
injection tests were carried out in this study: 1) linear
injection into a constraint uniform aperture and 2) injection
into a particulate media. In the linear injection tests, XG
hydrogel was injected into a quantified aperture under
different injection pressures and biopolymer concentrations.
The injection test in a particulate media (i.e., sand and
glassbeads) were evaluated in lab-scale experimental tests
in which a simplified injection grout was performed in
confined granulated particles. Additionally, the hydraulic
conductivity was measured after that XG hydrogel fully
injected into the particulate media. The injection efficiency
and hydraulic conductivity reduction capabilities of the
BPST soils analyzed in this study provide fundamental

insights into the potential of biopolymer-based grouting.

2. Materials and methods

2.1 Materials

2.1.1 Biopolymers: Xanthan gum (XG)

Xanthan gum (Sigma—Aldrich®, CAS number 11138-
66-2) was used as the main biopolymer. XG is a
polysaccharide biopolymer widely used as a food additive.
It has pseudo plastic characteristics and can greatly increase
the viscosity of a fluid (Casas et al. 2000, Garcia-Ochoa et
al. 2000). Because an increasing biopolymer concentration
results in an increasing fluid viscosity, the effects of
injection will be highly dependent on the biopolymer

Mean particle size [mm]
Fig 2 Particle size distribution of Jumunjin sand and

glassbeads

concentration. In this study, XG hydrogel is prepared for
1.25%, 2.5%, and 5.0% concentration (i.e. ratio of XG
powder weight to water weight, Mxc/Mw).

2.1.2 Particulate material: sand and glassbeads

Jumunjin sand and glassbeads with three different sizes
were used as representative particulate materials (Fig. 2).
Jumunjin sand, which has a USCS classification as a poorly
graded sand (SP), has a mean particle size (Dso) of 0.47
mm, coefficient of uniformity (C,) of 1.12, and coefficient
of curvature (C.) of 0.98. Its maximum and minimum void
ratio (emsr and emin, respectively) are 0.95 and 0.64,
respectively.

Glassbeads with three different sizes were prepared to
consider the effects of the pore dimension on the
injectability of XG hydrogel. Glassbeads were purchased
from B&K MEDIA Co, Ltd., in South Korea. In this study,
spherical glassbeads with D5 of 0.74, 1.59, and 2.65 mm
were used and denoted as GBI1, GB2, and GB3,
respectively. The properties of Jumunjin sand and
glassbeads are summarized in Table 1.

2.2 Experimental programs

2.2.1 Xanthan gum (XG) hydrogel preparation

To prepare a XG-based injection solution, XG powder
was uniformly dissolved in distilled water at room
temperature (21°C) using a magnetic stirrer until a uniform
hydrogel was achieved. The XG mass to water mass ratio
(Mxc/Mw) was set to 0.5%, 1.0%, and 2.0% for the parallel
plate injection test and to 1.25%, 2.5%, and 5.0% for the

particulate media injection test.
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Fig. 4 Schematic of injection into particulate media and permeability evaluation setup

2.2.2 Parallel plate (Linear flow) grout injection test

The parallel plate grout injection apparatus is designed
to evaluate the flow passage and spread performance of a
grout material injected into an uniform aperture geometry
which represents micro cracks of geomaterials (e.g., jointed
rock) (Jin et al. 2016). This equipment is used to measure
the flow rate with the discharge volume of the injection
material being transported in one direction through
quantified apertures.

The experimental setup consists of a pressure supply
system (i.e., air compressor), grout material container,
parallel plate including pressure meters, and data
acquisition system (Fig. 3(a)). Two (i.e., top and bottom)
rectangular stainless-steel plates with a thickness of 15 mm,

width of 110 mm, and length of 1000 mm were aligned
parallelly with different spacings as 0.25, 0.5, and 0.75 mm.
A polyester industrial film with a heat shrinkage below 1%
and an elastic coefficient of 4.4 GPa was installed with
various thicknesses to regulate the width of apertures
between the top and bottom plates (Fig. 3(b)). Grout
materials were prepared in a grout container; the cap of the
chamber has a pressure controller to maintain the applied
air pressure in the chamber. Three pressure meters were
installed on the top plate in order to monitor the injection
process of the grout material.

The grout material flowed in one-dimension through an
aperture with a width of 30 mm, and the passage time, final
flow rate, and steady state pressure applied at each
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Table 2 Detailed condition of grout injection test into
particulate media

Injection process and
Constant head
permeability test

Case # 1 2 3 4 5 6 7
Material GB3 GB2 GBI Sand Sand Sand Sand

Dso [mm] 265 159 074 047 047 047 047
Dry density (pa)
[g/em’]
Void ratio (¢)  0.61  0.61 0.60 0.77 0.76 0.75 0.77
Porosity (n) 038 039 037 043 042 043 043

Relative density
(D) [%]
Injection

pressure [kPa]

Mxo/Mw [%] 2.5 2.5 2.5 2.5 1.25 2.5 5.0

Experiment Injection process

152 153 153 149 150 151 150

100 100 100 100 300 300 300

monitoring point can be measured over time. Xanthan
solution with an Mxg/Mw of 0.5%, 1.0%, and 2.0% was
injected into apertures under three different injection
pressures (200, 400, and 600 kPa).

2.2.3 Grout injection test into particulate media and
hydraulic conductivity evaluation

The setup for the injection process was designed to
simulate XG hydrogel injection into a particulate media in a
cylinder form with diameter and height of 100 and 200 mm,
respectively. A truncated cone-shaped injection needle with
a volume of 5.1 cm? was inserted at the bottom of the
specimen. Firstly, XG solution and particulate media were
prepared in the XG hydrogel chamber and specimen cell,
respectively. The particulate media (i.e., dry sand or
glassbeads) was filled inside the cell and compacted via
tamping three continuous layers to represent a consistent
initial density condition. Then the medium in the cell was
saturated by deionized water with the outlet valve at the cell
bottom part being closed. The confining cap was placed on
the top and excess water in the saturated cell was drained
through the valve on the cap.

After the preparation of the specimen, a vertical
confining stress was applied on the drained specimen by a
pneumatic loader (GCTS FRM-010C) with a pressure of
400 kPa to prevent the volume expansion of particles during
injection. Then, constant pneumatic pressure (i.e., 100, 300
kPa) was applied into the XG hydrogel chamber through the
cap valve to inject XG hydrogel into the specimen cell via
the injection needle. During the injection process, the
weight decrease of the XG hydrogel chamber was measured
to quantify the amount of hydrogel injected, and the
injected volume was estimated using an empirically
estimated density (0.53 cm® per unit gram) of the XG
hydrogel in the pore spaces of the soil. Then, this value was
used to estimate when XG hydrogel injection was
completed, after which the wvalve connected to the
biopolymer chamber was closed.

Following the injection, a water inflow with a constant
hydraulic head was supplied through the top cap valve of
the specimen to measure the hydraulic conductivity of the
grouted sample according to ASTM 2434-19 (ASTM 2019).

Since XG hydrogel generally remains stable under wet
(moisture-maintained) condition without strain (e.g.,
hydrogel flow), the effect post-injection curing time is
expected to be less significant, thus, the curing time was not
considered as major factor in this study.

The injection process was carried out in seven different
attempts as listed in Table 2. In cases 1-4, the glassbead and
sand specimens were subjected to XG injection at 100 kPa,
and the effects of the pore size on the injectability of the
XG solution were considered. On the other hand, both the
injection process and the hydraulic conductivity tests were
performed on the sand specimens (cases 5-7) in order to
examine the impact of the XG hydrogel concentration on
the injection capabilities and hydraulic conductivity of the
soil.

2.2.4 Environmental scanning electron microscopy
analysis of xanthan gum (XG)

Environmental scanning electron microscope (ESEM) is
able to observe materials in a dynamic in-situ environment
unlike conventional SEM analysis. In particular, micro
analysis becomes possible with various humid conditions
by adjusting the vapor pressure in the chamber. In this
study, pure xanthan gum powder was observed by ESEM
(Thermo Fisher Scientific, Quattro S) under different
humidity conditions to identify the behavior of XG
hydrogel in pore structure. As increasing the vapor pressure
from 51 kPa to 730 kPa, the expansion behavior of dried
XG powder under humidity increment was observed.

3. Results and analysis

3.1 Injection performance of XG hydrogel in linear
flow

Fig. 5 shows the flow rate of XG hydrogel assessed by
the parallel plate injection test. As expected, a higher XG
concentration leads to a lower one-dimensional flow rate.
Despite the overall behavior of the flow rate shows a linear
response to the increase in the injection pressure, the
injection pressure becomes more predominant when the XG
concentration decreases. From these linear trends, the
minimum required injection pressure based on the XG
concentration and pore spacing were estimated, and the
results are summarized in Table 3. At the smallest aperture
size of 0.25 mm, the estimated minimum required pressure
was obtained to be approximately 158-218 kPa depending
on the Mxg/Mw.

In the case of the parallel plate linear flow test, the
behavior of the fluid flow through the plates was found to
be in accordance with that in the laminar flow conditions.
To estimate the theoretical fluid flow rate of the XG
solution, the viscosity values at different XG concentrations
were determined using the Poiseuille equation as

8muLQ
42
where 4p is pressure gradient (Pa), u is viscosity (Pa-s), L is

flow length (m), Q is flow rate (m%s), and 4 is cross-
sectional area (m?).

Ap = (1)
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Table 3 Flow rate of xanthan gum hydrogel obtained via parallel plate grout injection test

Aperture size [mm]

Ny 0.25 0.50 0.75
’E‘J/o] v Applied Minimum Applied Minimum Applied Minimum
PP Flow rate required PP Flow rate required PP Flow rate required
pressure [em®/min] pressure pressure [em?/min] pressure pressure [cm?/min] pressure
[kPa] [kPa] [kPa] [kPa] [kPa] [kPa]
200 13.9 200 72.3 200 899.6
0.5 400 76.4 158.5 400 524.1 155.1 400 2214.7 47.2
600 142.4 600 871.5 600 3704.5
200 32 200 23.5 200 162.5
1.0 400 46.4 177.2 400 257.9 174.1 400 720.1 82.6
600 81.9 600 462.7 600 1571.5
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hydrogels under injection pressure and aperture size

The viscosity values obtained are shown in Fig. 6(a).
From the figure, it can be seen that the theoretic flow rate of

experimental fluid flow rate. The theoretical flow rate is
obtained based on the viscosity of XG hydrogels at rest (i.e.
low strain rate), while XG is shear-thinning material which
viscosity decreases with strain rate increase. Thus, the
higher injection flow rate assessed in lab-tests can be
postulated as an attribution of the shear-thinning of XG.

In addition, higher injection pressure also seems to have
an impact on XG solution viscosity reduction and following
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Table 4 Injection performance by particle size

Cases 1 2 3 4
Injection rate
for initial 10 s [cm?/min] 307 312 42 18
Injection rate

for initial 60 s [cm¥/min] | 138 33 13

Final injection rate [cm*/min] 38 10 1.2 0.01
Total injection time [s] 65 340 3600 32400
600 —

— Injection pressure = 100kPa

2 Maximum injected volume (V) = 265 cm?
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Fig. 7 Injection of XG hydrogel (Mxc/Mw = 2.5%) into
different particulate media at 100 kPa. (a) Mass of
injected XG solution and (b) Injection rate variation

flow rate increase. The degree of viscosity reduction can be
observed from the experimental flow results (Fig. 6(b)).

The results show that at injection pressures above 400
kPa, the effective viscosity of the solution converges to
approximately 5% of the static viscosity. These results
indicate that higher pressure gradients will increase the
penetration efficiency in which XG can be injected into a
medium.

3.2 Injection performance of xanthan gum (XG) in
particulate-porous media

Fig. 7 and Table 4 present the results of the XG injection
into glassbeads and sand at an injection pressure of 100 kPa
(cases 1-4). The time required to inject the XG hydrogel
throughout the GB3, GB2, and GBIl specimens
(approximately 500 g and 265 cm?®) was 65, 340, and 3600

Table 5 Estimated pore diameter of particulate material used
in this study

Simple Closed-
cubic? Orthorhombic! Tetrahedral” acked?
(n=  (=040) (n=026) 81 = 04)

0.48) e

0.33Ds—

0.73Dsy  0.53Ds 041Ds o) D:‘O’

Cases Material Dsy Porosity Estimated pore dlame.ter by spherical
[mm] (n) glassbead packing [mm]

1 GB3 265 038 194 1.41 1.10  0.27-0.88
2 GB2 159 039 1.16 0.84 0.66  0.16-0.53
3 GBIl 074 037 054 0.39 031  0.07-0.25
4 SAND 047 043 034 0.25 0.19  0.05-0.16

Y Gupta and Larson et al. (1979)
2 Dremin et al. (1995)
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= 3
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(b)
Fig. 8 Injection of different concentrations of XG

hydrogel into sand at 300 kPa: (a) mass of injected XG
solution and (b) injection rate variation

o

seconds, respectively. As expected, the XG hydrogel
injection rate was shown to increase with an increase in the
diameter of the glassbead (Fig. 7). However, in the case of
sand, the injected volume of XG hydrogel tended to level
off as injection progressed. It was noted that an injection
pressure of 100 kPa was insufficient for XG injection into
the entire sand specimen.

This result indicates that it is insufficient to inject
viscous XG hydrogel with an injection pressure of 100 kPa.
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Under similar porosity conditions, a smaller media particle
size lead to a smaller equivalent pore diameter through
which the fluid passes and a larger exposed surface area of
particles (Santamarina et al. 2001). Additionally, the
increase in the viscosity of the hydrogel could be prevented
by the dragging force acting on the particle surface; this
effect is estimated to be amplified as the XG hydrogel
passes through the smaller pores.

Although it is difficult to quantitatively determine the
exact pore diameter of the particulate media prepared in this
study, Gupta and Larson (1979) theoretically estimated the
representative pore diameter in three packing states of

spherical glassbeads to be 0.73Dso, 0.53Dso, and 0.41Ds for
simple cubic, orthorhombic, and tetrahedral packing,
respectively. Moreover, Lee et al. (1995) suggested that the
average pore diameter of glassbeads in a closed-pack
(n=0.4) state is within the range of 1/3 to 1/10 of Ds,. Table
5 presents the pore diameter of the specimens prepared in
this study estimated based on these previous studies.

Fig. 8 shows the results of the injection process of XG
hydrogel into sand with a 300 kPa pressure (cases 5-7), and
Table 6 lists the injection rates at the initial and final stages.
It can be seen that when Mxc/Mw is 2.5%, the injection rate
in the initial 10 s at 300 kPa (case 5) was three times greater
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Table 6 Injection performance and hydraulic conductivity
control by Mxc/Mw

Case 5 6 7
Injection rate
for initial 10 s [cm?/min] 106 67 35
Injection rate
for initial 60 s [cm¥/min] 76 4 2
Final injection rate [cm*/min] 25 13 6
Total Injection time [s] 360 620 1770
k [cm/s] 2.8x10° 3.1x107 1.0x 107
Kk, V [-] 1.4x 102 1.5x 1073 52x10*

! Hydraulic conductivity of clean sand (k,)= 2.0 x 10 cm/s

than that at 100 kPa (case 4). Meanwhile, as the Mxc/Mw
increased from 1.25% to 5%, the total time spent for the
specimen to be fully injected increased from 360 to 1,770
seconds

In cases 5-7, constant head permeability tests were
performed to verify the performance of the injected XG
grout on the hydraulic conductivity. Fig. 9 shows the
hydraulic conductivity reduction of sand with an increase in
the concentration of the injected XG hydrogel. Results
show that the hydraulic conductivity decreases
exponentially with the injection of XG from 2.0 x 10 cm/s
(untreated condition) to 1.03 x 107 cm/s (Mxa/Mw = 5%
XG grout). This reduction is expected to be associated with
the water holding capacity and pore-filling properties of the
XG biopolymer hydrogel. The XG that is injected in to the
pore spaces of the sand particles forms a viscous fluid by
absorbing the surrounding free water to create a highly
viscous hydrogel. Higher concentrations of XG will reduce
the available free water within the sand pores thereby
further reducing the hydraulic conductivity of the soil. Fig.
10 shows the normalized permeability reduction of XG
grout injected sand (this study) plotted with data from
previous studies (Chang et al. 2016, Cabalar et al. 2017,
Tran 2019). The bioclogging efficiencies from other studies
have shown converging trends towards a lower bound,
which indicates that higher concentrations of XG
biopolymer have diminishing returns in reducing the
hydraulic conductivity of the soil. Thus the hydraulic
conductivity is expected to converge towards certain value
as Mxc/Myw increases above 5%.

3.4 XG swelling observations with ESEM

Fig. 11 presents ESEM images of XG in the dried state
(relative humidity = 7.5%) and wet state (relative humidity
=100%). Because XG is hydrophilic, owing to the presence
of —OH and —COOH groups in its molecular structure, the
water molecules are readily hydrated, resulting in the
swelling of XG molecules. As a result, as the relative
humidity in the ESEM chamber increases, the XG powder
absorbs surrounding water molecules and shows remarkable
volume expansion. This indicates that the expansion in the
hydrated condition along with the high viscosity result in a
pore clogging effect within the soil pores, thereby reducing
the hydraulic conductivity.

4. Discussions

4.1 Injection capability and pore clogging effect of XG
hydrogel related to shear thinning properties of XG

The XG solution does not contain particles that can
affect the injectability of the grout material, so the injection
capabilities are mainly dominated by the rheologic viscosity
of the solution. The linear injection tests indicated that
although higher concentrations of XG resulted in higher
viscosities and lower flow rate, the injection of the XG
solution becomes easier with higher injection pressures
owing to the shear thinning properties of XG.

Furthermore, because the viscosity of XG decreases at
higher injection pressures, higher hydraulic gradients within
the soil may also lead to a reduction in the XG viscosity and
thereby an increase in the hydraulic conductivity. This
increase in the hydraulic conductivity may reduce the
efficiency of XG as a hydraulic control barrier. Further
studies should be conducted to verify this behavior.

4.2 Potential and challenges for bio-based hydrogel
grouting in geotechnical engineering

One of the major potential challenges with the use of
biopolymers for grouting is the economic feasibility.
Biopolymers are significantly more expensive than
conventional permeable grout materials, such as cement. In
particular, the price of one metric ton of XG is
approximately USD 2,000 (price taken from Alibaba.com)
while one metric ton of cement costed USD 123 in the USA
in 2019 (USGS 2020).

Although the material price of biopolymers is higher
than that of conventional grouting materials (e.g., cement),
significantly lower concentrations of biopolymers are
required in geotechnical engineering applications (i.e., 0.5-
5% concentrations by mass), while Portland cement is
typically applied with 10% or higher contents (i.e., cement
to soil ratio in mass) when treating sandy soil. Moreover,
because biopolymers such as XG exploit their viscous
properties to inhibit the movement of water within the soil
mass, their effect can be considered nearly immediate
unlike materials such as cement, in which continued
pumping may be required until setting. For instance, the
hydraulic conductivity of 25% Portland cement treated
medium sand (Dsp = 0.7 mm) after 28 days-curing has
shown similar performance with 1.25% (Mxc/Mw) XG
hydrogel-injected sand in this study (Kumar 2010). With
such considerations, the use of biopolymer for grouting
application may prove to be a more cost-effective solution.

Additionally, the global capital market of biopolymers is
growing and, with an annual growth rate of 17%, is
expected to reach USD 10 billion by 2021 (Xia et al. 2020).
With such an emerging market, it is expected that the
production capabilities of biopolymers will continually
improve and that their market price will drop.

Another major challenge with the use of biopolymers is
the material durability. As an organic polymer, biopolymers
may be extremely susceptible to degradation. Therefore, the
effects of long-term exposure to internal pore pressures,
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time, weather, organisms, and temperature will need to be
investigated in future studies.

5. Conclusions

In this study, the injection performance of XG hydrogel
in soil for grouting purposes was examined. Linear injection
tests verified that the injection capabilities were highly
dependent on the XG concentration and the applied
injection pressures. It was found that with higher
biopolymer concentrations, the viscosity of the XG solution
increases, thereby reducing the injection performance of the
grout material. However, it was also observed that, owing to
the shear thinning properties of XG at higher injection
pressures, the effective viscosity within the injection pipes
was reduced by up to 5% of the static viscosity at injection
pressures above 400 kPa. These results indicate that the
injectability of the XG solution can be controlled by
maintaining a proper ratio between the XG concentration
and the injection pressure.

In the case of XG injection into a particulate media, it
was observed that the pore size affected the maximum
groutable volume. The XG solution was still groutable with
the smaller pore spaces, but the overall efficiency was
reduced because the highly viscous XG solution created
larger dragging forces between the particle surfaces and XG
solution.

With regards to the effectiveness of XG injection as a
grout material for hydraulic conductivity reduction, it was
observed that the injection method achieved similar levels
of hydraulic conductivity reduction as those seen in
previous studies. Along with the fact that XG injection
shows immediate reductions in the hydraulic conductivity,
the prospect of using such biopolymers for various grouting
purposes looks very promising.
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