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Abstract. Application of biopolymers to improve the mechanical properties of soils has been extensively reported. However, a
comprehensive understanding of various engineering applications is necessary to enhance their effectiveness. While numerous
experimental studies have investigated the use of biopolymers as injection materials, a detailed understanding of their injection
behavior in soil through numerical analyses is lacking. This study aimed to address this gap by employing pore network
modeling techniques to analyze the injection characteristics of biopolymer solutions in soil. A pore network was constructed
from computed tomography images of Ottawa 20-30 sand. Fluid flow simulations incorporated power-law parameters and
governing equations to account for the viscosity characteristics of biopolymers. Agar gum was selected as the biopolymer for
analysis, and its injection characteristics were evaluated in terms of concentration and pore-size distribution. Results indicate that
the viscosity properties of biopolymer solutions significantly influence the injection characteristics, particularly concerning
concentration and injection pressure. Furthermore, notable trends in injection characteristics were observed based on pore size
and distribution. Importantly, in contrast to previous studies, meaningful correlations were established between the viscosity of
the injected fluid, injection pressure, and injection distance. Thus, this study introduces a novel methodology for integrating pore
network construction and fluid flow characteristics into biopolymer injections, with potential applications in optimizing field
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injections such as permeation grouting.
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1. Introduction

Chemical soil stabilization methods involve
strengthening soil through chemical reactions. Materials
such as cement, asphalt, lime, and polymers are used in
these techniques (Butt et al. 2016, Firoozi et al. 2017, Lazo
et al. 2024). However, traditional stabilizers, such as
cement and asphalt, exhibit significant environmental
effects that are directly associated with greenhouse gas
emissions. For instance, studies have indicated that cement
production accounts for approximately 8% of CO,
emissions (Chang and Cho 2019). Moreover, the use of
cement results in environmental issues such as soil
alkalinization. Therefore, the civil engineering industry
must develop sustainable and environment-friendly ground
reinforcement materials (Mekonnen et al. 2022,
Pushpakumara and Mendis 2022, Gidebo ef al. 2023, Zivari
et al. 2023).
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Biopolymers, which are derived from renewable
resources, offer sustainable and environment-friendly
alternatives to conventional stabilizers. Moreover, owing to
their  biodegradability, environmental impacts are
minimized after utilization (Fatehi et al. 2021). Soil
treatment using biopolymers involves the formation of
biopolymer gels and networks within the pores, which
ensures the superior mechanical performance of the soil
through interparticle cross-linking (Bouazza et al. 2009,
Chang and Cho 2019). The use of biopolymers for soil
treatment has been shown to enhance soil strength and
permeability and promote vegetation (Soldo et al. 2020,
Toufigh and Ghassemi 2020).

Research on actual field-based biopolymer applications
for reducing the cyclic loading on road pavements, ensuring
slope stability, and utilizing biopolymers as ground-
injection materials has been reported (Arab et al. 2019, Seo
et al. 2021, Lee et al. 2021). Among these works, studies
related to the use of biopolymer solutions for ground
injection have analyzed the required injection pressures,
enhancement of injection performance owing to shear-
thinning behavior, and high-temperature injection
techniques utilizing sol-gel transition (Lee ef al. 2021, Ryou
and Jung 2022, 2023). Particularly, the utilization of
biopolymers for improving soil permeability suggests their
potential as ground-injection materials.
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The current research on the injection characteristics of
biopolymers indicate that biopolymers enhance the
mechanical performance of treated soils. However,
challenges persist in the quantitative analysis while
considering the non-Newtonian fluid properties of
biopolymers, analysis of injection characteristics based on
varying soil conditions, and numerical analytical approaches
for analyzing biopolymer injection characteristics.

To address these gaps, we conducted pore network
modeling by considering the viscosity characteristics of
agar gum solution. A pore network model was constructed
using computed tomography (CT) images of Ottawa 20-30
sand. The injection characteristics of the agar gum solution
were analyzed with respect to concentration and soil
conditions. Furthermore, the correlation between the
viscosity properties of the injected fluid and injection
characteristics is discussed.

2. Literature review

This section reviews experimental studies on the
injection characteristics of biopolymers within the soil,
analytical studies on the injection characteristics of other
injection materials, and pore network modeling.

2.1 Injection characteristics of biopolymer solutions
into porous media

Lee et al. (2021) evaluated the injection performance of
xanthan gum biopolymer using apertures and glass beads.
The injection experiments considered various injection
pressures, biopolymer concentrations, and flow channel
shapes. The results revealed a significant dependence of the
injection efficiency of the xanthan gum biopolymer on the
injection pressure and geometric properties of the pore
structure; moreover, a decrease in the injection efficiency
was observed with increasing biopolymer concentration.
Ryou and Jung (2022) used a micromodel to evaluate the
injection performances of sodium alginate and guar gum
biopolymers. The viscosities of the biopolymer solutions
were measured, and the penetration characteristics were
analyzed using micromodel injection experiments. The
findings indicated shear-thinning behavior in all biopolymer
solutions, with the guar gum solution exhibiting a higher
injection volume than the sodium alginate solution, which is
attributable to the material properties of the individual
biopolymers. Ryou and Jung (2023) conducted micromodel
injection experiments under high-temperature conditions to
analyze the injection characteristics of a thermo-gelation
biopolymer solution. The physical properties of agar and
gellan gum, such as viscosity, interfacial tension, and
contact angle, were evaluated, and their impacts on fluid
flow through porous media were analyzed. The results
showed that the thermo-gelation biopolymer has a higher
viscosity and contact angle than water, resulting in a lower
capillary pressure. Moreover, variations in the viscosity,
contact angle, and interfacial tension led to an increase in
the injection volume with increasing concentration,
demonstrating a stable displacement injection pattern.
Conversely, the required injection pressure increased with

increasing viscosity, owing to the increased concentration.
These results highlight the inverse relationship between
injection volume and pressure based on the material
properties of biopolymer solutions along with the advantage
of low-viscosity characteristics during high-temperature
injection and potential for effective ground reinforcement
through sol-gel transition. The injection efficiency of
biopolymers within the soil depends on the injection
pressure and geometric properties of the pore structure. The
shear-thinning properties of biopolymers can induce a
decrease in viscosity, highlighting their potential for
enhancing the injection performance. However, quantitative
analysis of these characteristics in biopolymer injections
remains insufficient.

2.2 Numerical approach to assess penetration
distance of conventional grout materials

Fu et al. (2019) proposed a mathematical model for
injection grouting and conducted an analysis considering
the self-gravity effect of the grout. The model, based on the
generalized Darcy's law and spherical diffusion theory, was
developed for the following three types of grouts:
Newtonian and non-Newtonian fluids (Bingham and power-
law fluids). A model predicting the penetration and
diffusion behavior of the grout was also developed and
validated through experiments. The experimental results
indicated that the grout diffusion radius increases with
decreasing injection pressure. Particularly, the power-law
grout showed minimal influence on the diffusion radius
when considering the grout gravity, whereas the Bingham
and Newtonian grouts demonstrated more distinct effects of
gravity. Coskun and Tokdemir (2020) presented a numerical
model for injection grouting, targeting fully saturated soil.
They simulated the simultaneous flow of grout and existing
water based on immiscible multiphase fluid flow theory.
The research findings indicated the effectiveness of the
proposed mathematical model-based numerical simulations
under saturated soil conditions. Wang ef al. (2022) utilized a
cylindrical diffusion model with a curved tube geometry to
consider the geometric characteristics for modeling
injection grouting. The results showed that the diffusion
model incorporating curved tubes can more accurately
predict the injection behavior of grout than the existing
models. Variables such as grouting pressure, viscosity, and
permeability coefficient were identified as the key factors
influencing the injection characteristics of the grout.

Traditional injection materials exhibit dominant effects
on the injection characteristics within the soil, such as
grouting pressure, viscosity, and permeability coefficient.
However, the numerical analysis of the injection
characteristics of novel materials such as biopolymers
remains insufficient.

2.3 Pore network approach to analyze fluid flow in
porous media

Sochi (2010) analyzed the flows of Newtonian and non-
Newtonian fluids in porous media, including shear-thinning,
shear-thickening, and Bingham plastic fluids. The analysis
revealed that non-Newtonian fluids exhibit time-



Pore network approach to evaluate the injection characteristics of biopolymer solution into soil 53

independent behavior, where the strain depends on the
instantaneous stress, whereas time-dependent fluids express
the strain as a function of the stress magnitude and duration.
Moreover, viscoelastic fluids exhibit partial elastic recovery
and dependence on both time and strain. They provided
theoretical formulations of these characteristics, suggesting
the effective utilization of continuum, capillary bundle, and
pore network models to describe their flow behavior. Jithin
et al. (2018) analyzed the influence of geometric variables
on determining the scaling factors necessary for modeling
the apparent viscosity of non-Newtonian fluids in porous
media based on pore network structures. They simulated
flows using the lattice Boltzmann method with idealized
porous media structures in circular or square arrays. The
apparent viscosity of non-Newtonian fluids was determined
based on the computed shear rate within the pores. The
analysis showed a strong correlation between the scaling
factor and tortuosity, permeability, and porosity of the
pores. Li et al. (2024) performed pore network modeling to
estimate the soil-water characteristic curve. Unlike
previous models, they estimated the curve based on the
initial moisture content, stress hysteresis, temperature, and
salinity. The pore characteristics were determined through
idealization. The results showed the accuracy of the
predictions through a comparison with the soil-water
characteristic curves obtained from preceding experiments
under different factors. They indicated the need for
validation through experimental and modeling comparisons
using the same sample as a limitation.

Various theoretical approaches have been used to
interpret the flows of Newtonian and non-Newtonian fluids
(Chen et al. 2022). The utilization of continuum, capillary
bundle, and pore network models is feasible for analyzing
the fluid flow within pores. Among these, pore network
modeling offers the advantage of a relatively clear
consideration of the geometric characteristics of the pores.
An analysis of the injection characteristics using pore
network modeling indicated their dependence on factors
such as porosity, permeability, and tortuosity of the sample.
However, research on the injection characteristics of
biopolymers has been insufficient.

3. Pore network modelling

Pore network modeling can be effectively utilized for
analyzing fluid flow within pores (Xiong ef al. 2016). To
achieve effective pore network modeling, an understanding
of the complex geometric characteristics of the pores and
modeling process is required. Therefore, in this section,
pore extraction and fluid flow simulations are described.

3.1 Pore extraction

Ottawa sand is primarily acquired from Ottawa, Illinois,
and naturally exhibits a round shape. In this study, pore
network modeling was performed using original images of
Ottawa sand, as described by Fei ef al. in their study (Fei et
al. 2021). The Ottawa sand used in this study refers to
samples passing through a #20 sieve (850 um) and retained
on a #30 sieve (600 um). These samples are representative

Soil particle Pore
N

2D image

4.55mm

Fig. 1 Computed tomography (CT) images of Ottawa 20-30
sand (raw images were obtained from the paper
published by Fei et al. (2021)

Table 1 Physical properties of Ottawa 20-30 sand

Height Length Pl.Xel D50 Particle size Porosity
Sample [mm] [mm] size [mm] range [%]
[mm] [mm] 0
Ottawa 55 455 0013 073 060-085 4127
sand

of the sands that are commonly used in geotechnical
research and are characterized by smooth particle surfaces
(Fei et al. 2021). Furthermore, the uniformity of Ottawa
sand can provide consistency in experiments and
simulations. For these reasons, the CT images of Ottawa
sand were used in this study. The regions of interest in the
original images were composed of rectangular shapes with
horizontal and vertical dimensions of 4.5 mm, with a pixel
size of 13 pm. The 2D and 3D of the original images are
shown in Fig. 1. The physical properties of Ottawa sand are
summarized in Table 1.

Original sample images may be subject to errors owing
to various factors, including contrast brightness, distortion,
differences in sensor component quality, and environmental
conditions during image acquisition (Kim et al. 2022, Lee
et al. 2024). Therefore, the original images were processed
through multiple image processing stages to accurately
extract the pores from these images. This process involves
contrast adjustment, segmentation, and binarization. In the
first stage, contrast adjustment was performed by generating
a standard histogram based on grayscale values and then
adjusting the histogram of individual images to match this
standard (Capek et al. 2006). Subsequently, segmentation
was performed on the contrast-adjusted images. This
process involved skeletonization and contour separation to
clearly differentiate between the solid regions and pores of
the sample. The segmented images were then subjected to
binarization to distinctly separate the pores and solid
regions.

Considering the potential for errors in the image
processing, the porosity values of the samples before and
after image processing were compared. Through this
comparison, a threshold with an error of no greater than
0.5% was determined. Subsequently, to extract the pore
network, the central axis and maximum inscribed sphere
algorithms were applied. The algorithm used in this study
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employed a two-step search method to determine the
nearest solid particle rather than growing the sphere layer
by layer (Dong and Blunt 2009). Using this approach,
parameters such as pore throat size, pore body size, and
pore connectivity were obtained as outputs. The overall
process of the pore network extraction used in this study is
illustrated in Fig. 2.

The results of pore extraction are characterized by pore
throat, body, and connectivity, which collectively govern
fluid behavior within the medium. The pore throat
influences permeability by controlling fluid flow between
pore bodies, with smaller throats restricting movement and
larger throats facilitating it. Pore bodies determine fluid
storage and flow paths based on their size and shape. Pore
connectivity, or the degree of interconnection between pore

Raw image
Soil particle Pore

Medial axis &
maximal ball algorithm

Binary image

Total conduit

| Throat conduitlength | |

Conduitlength of pore i Conduit length of pore j

Determination of pore body and throat

Fig. 2 Pore extraction process from CT images
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bodies through throats, impacts overall permeability, with
higher connectivity enhancing fluid movement and lower
connectivity reducing it. The results of the pore network
extraction from images of Ottawa sand are shown in Fig. 3.
Figs. 3(a) and (b) illustrate the diameter and length
distributions of pore throats, respectively, and Figs. 3(c) and
(d) show the diameter and connectivity of the pore bodies,
respectively. The maximum, minimum, and average
diameter of pore throats were calculated as 27.7, 0.9, and
9.5 um, respectively, with the majority of pores exhibiting
pore throat diameters in the range of 6 to 8 um. The
maximum, minimum, and average length of pore throats
were calculated as 236.5, 4.8, and 101.0 pm, respectively,
while lengths in the range of 100 to 110 um are frequently
observed. Moreover, the lengths of the pore throats were
approximately 10 times their diameters. The maximum,
minimum, and average diameter of pore bodies were
calculated as 100.0, 3.1, and 18.3 pum, respectively, with the
maximum pore bodies having diameters in the range of 35.0
to 37.5 pm. The maximum, minimum, and average
connectivities of the pores were calculated to be 10, 5.4,
and 1.0, respectively, with the distribution showing the
highest frequency for pores with a connectivity of 2. The
extracted pore network is shown in Fig. 4.

3.2 Fluid flow simulation

The pore network comprises pore bodies and throats.
The input parameters for the model included the spatial
coordinates, diameters of pore bodies and throats, lengths of
pore throats, connectivity of each pore body, injection
pressure, and physical properties of both the injected and
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Fig. 3 Results of pore extraction
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Pore throat

Pore body

Inlet boundary
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Fig. 4 Extracted pore network with boundary conditions

resident fluids derived from the pore network extraction
results. To establish the boundary conditions, the inlet and
outlet ports were positioned at the coordinates obtained
from the pore network, with the inlet port linked to the pore
bodies in the first column, and the outlet port linked to those
in the last column. Furthermore, all the pores were assumed
to be 100% saturated with water to describe the permeation
grouting condition.

The pressure distribution across all the pore bodies
within the network is essential for calculating the flow rate.
The mass balance equation (Eq. (1)) is expressed as a
conductance matrix according to the Hagen—Poiseuille
equation, excluding the pressure differential (Eq. (2)).
Previous studies have suggested that biopolymers exhibit
viscosity characteristics that are suitable for the power-law
mathematical model of non-Newtonian fluids (Ryou and
Jung 2023). Therefore, to accommodate non-Newtonian
viscosity characteristics, apparent viscosity was calculated
using Eq. (3) (Lenk 1978, Eberhard et al. 2019). Moreover,
to consider the geometric properties of the pore throats
connected to adjacent pore bodies, the effective
conductance matrix was computed based on a half pore/
throat/half pore configuration using Eq. (4) (Xu ef al. 2022).

N
qi=zcij(Pj_Pi)=0 (1)
i=1
4
r
Cij = o )
Y 8(uLi + pgly)
n-—1
Hpower—taw = an (m)
1 1 1 1
et a e )

Here, q:i represents the conductance matrix, c¢; denotes
the effective conductance matrix between pores i and j, P; is
the pressure at pore j, P; is the pressure at pore i, r is the
radius of the pore throat, u is the viscosity, L is the length of
the pore throat, gpower-law 1S the viscosity of the power-law
fluid, % is the consistency index, # is the behavior index, AP
is the pressure difference, and c;; represents the conductance
matrix of the pore throat between pores i and ;.

Applying the mass balance equation to each pore body

55

Flow direction

Saturation [Fraction]
00e+00 0.1 02 03 04 05 0.6 0.7 08 09 1.0e+00
| 1 1 | |

| |

Fig. 5 Penetration behavior of biopolymer solution into
pore network

yields a single equation that considers the conductance
matrix connected to other pore bodies and pore throats.
Subsequently, all the equations for the unknown pressures
in each pore body can be represented as a single matrix.
Moreover, the previously determined boundary matrix
allows the matrix representing pore bodies with unknown
pressures to be expressed in the form of linear equations. In
this study, the solution of the linear equations was computed
to determine the pressure in all the pore bodies. After
computing the pressure in all pore bodies, the fluid flow
was simulated. Once all injected fluids were introduced into
a single pore throat, the sequence was terminated.
Subsequently, with each fluid injection, a new conductance
matrix was generated, and the process of calculating the
pressure in the new pore bodies and fluid flow occurrence
was repeated. Finally, the pore network modeling concluded
when the injected fluid reached the last column, no flow
occurred.

Fig. 5 shows an example of the penetration behavior of a
2% agar gum solution within the pore network over time. In
the figure, blue represents the resident fluid, that is, water,
and red represents the injected fluid, that is, the 2% agar
gum solution. The 2% agar gum solution exhibits stable
injection behavior owing to its increased viscosity and
capillary forces (Ryou and Jung 2023). Therefore, the
penetration length of the 2% agar gum solution refers to the
distance between the pore where the injection started and
the pore where the injection concluded.

In this study, the injection characteristics of the
biopolymers were analyzed based on their concentrations
and pore sizes. For concentration-dependent analysis, the
biopolymer solution exhibits shear-thinning behavior,
where its apparent viscosity decreases with increasing shear
rate. Among various models, including Power-law, Casson,
Sisko, and Cross, regression analysis showed that the
Power-law model had the highest accuracy in representing
this behavior. Therefore, this study utilizes the Power-law
parameters to model the viscosity characteristics of the
biopolymer solution at different concentrations reported by
Ryou and Jung (2023) were used. The analytical conditions
are listed in Table 2.

For the analysis based on pore size, various pore-size
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Table 2 Summary of pore network modeling cases with
variations in biopolymer concentration

Viscosity parameters

Ottawa sand (In this study)

o effect

Min

Average

=)

Max

=)

0 =0.5057

O 0=0.2557

A\ o0=0.0057

Concentration Injection
Case o Flow Flow pressure
[%] consistency  behavior [Pa]
index index
1 0.5 0.003 0.9866 0.1,0.5,1,5
2 1.0 0.021 0.9168 0.5,1,5,10
3 1.5 0.031 0.8870 0.5,1,5,10
4 2.0 0.046 0.8511 1, 5,10, 50
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Fig. 6 Generation of pore-size distributions

distributions were simulated. In the pore network model,
flud flow is predominantly influenced by the size of the
pore throats. Previous research has used log-normal
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A p=1.4967
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+———— Reservoir rock (Nelson, 2009)
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Fig. 7 Range of pore throat diameters by soil type

Table 3 Summary of pore network modeling cases with
variations in pore-size distribution

Injection pressure Log-normal distribution

Case [Pa] " -
1 1,5, 10, 50 1.4967 0.2574
2 1,5, 10, 50 1.9967 0.2574
3 1,5, 10, 50 2.4967 0.2574
4 1,5, 10, 50 1.4967 0.0074
5 1,5, 10, 50 1.4967 0.5074

distributions to quantify the distribution of pore throat sizes
(Cao et al. 2016). Fig. 6 illustrates the creation of pore
networks to simulate various pore-size distributions. Fig.
6(a) shows the application of a log-normal distribution to
the pore throat sizes of Ottawa 20-30 sand, whereas Figs.
6(b) and (c) illustrate the changes in the mean size and
standard deviation of the log-normal distribution,
respectively. The mean and standard deviation results of the
log-normal distribution of Ottawa 20-30 sand were 1.9967
and 0.2574, respectively. Based on these parameters, three
different sets of mean and standard deviation values were
used to generate various pore-size distributions.

To determine reasonable mean and standard deviation
values for the log-normal distribution, we compared the
pore throat diameters that were reported in previous studies.
Fig. 7 shows a schematic of the distribution of pore throat
diameters for different soil types (Nelson 2009). Our
analysis revealed that the pore-size distribution of the
Ottawa sand used in this study resembles that of medium
sand, but with a broader distribution. The sand with pore
throat sizes with a smaller mean (n = 1.4967) approach the
size of very fine sand, but with a wider distribution. Those
with a medium mean size (n = 1.9967) were observed to be
similar overall to the pore sizes of fine sand. The largest
mean size (u = 2.4967) exceeded the average size and
distribution of medium sand.

A comparison of the distributions based on the standard
deviation indicated that the mean sizes ranged from those of
very fine to fine sand, and variations in the distribution
width were observed. Hence, the Ottawa sand used in this
study can be characterized as having a broad distribution
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similar to medium sand, with distributions in terms of mean
size resembling those of very fine, fine, and medium-coarse
sands, depending on the mean. Distributions based on the
standard deviation suggest variability, ranging from poor to
good particle size distribution of very fine sand.
Simulations of pore throat size distributions, influenced by
the mean and standard deviation, were conducted using a
2% agar gel solution, with connectivity and pore locations
identical to Ottawa 20-30 sand. These conditions are listed
in Table 3.

4. Results

The pore network modeling performed in this study
included pore extraction and fluid flow simulations.

4.1 Effect of biopolymer concentration on injection
characteristics

Fig. 8 shows the penetration distance as a function of the
concentration. As the concentration of the agar gel solution
increases, an evident overall decrease in the penetration
length can be observed. This decrease is more pronounced
at lower pressures, such as 0.5 and 1 Pa, where the viscosity
effects of the polymer significantly limit its penetration
ability. In contrast, at higher pressures, such as 5 and 10 Pa,
the decrease in penetration length is relatively gradual,
suggesting that high pressure can overcome the viscosity
resistance of the polymer. However, as the pressure
increases, the rate of decrease in the penetration length at
high concentrations gradually decreases, indicating that the
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Fig. 9 Effect of agar concentration on effective apparent
viscosity

increased viscosity at high concentrations substantially
reduces the permeability.

Fig. 9 illustrates the variation in the average apparent
viscosity as a function of concentration. The effective
apparent viscosity represents the average of the effective
apparent viscosities of all the fluids within the pore
network. The effective apparent viscosity consistently
increases at all pressure levels as the agar gel concentration
increases. The increase in viscosity indicates increased
interactions between the polymer chains and higher internal
friction, which impedes fluid flow. This increase in
viscosity is particularly significant at lower pressures, such
as 0.5 and 1 Pa, thus requiring higher pressures for flow in
high-concentration polymer solutions. Moreover, as the
injection pressure increases within the same concentration
of the agar gel solution, the effective apparent viscosity also
increases. This reflects the shear-thinning characteristics of
the agar gel solution, where an increase in injection pressure
reduces the effective apparent viscosity, potentially further
enhancing the permeability.

4.2 Effect of pore-size distribution on injection
characteristics

Fig. 10 illustrates the injection characteristics according
to the pore-size distribution. Figs. 10(a) and (b) show the
penetration lengths and effective apparent viscosities
according to the mean of the log-normal distribution,
respectively, whereas Figs. 10(c) and (d) show these
properties according to the standard deviation of the log-
normal distribution, respectively. The penetration length
increases with the mean of the log-normal distribution
across all pressure conditions, indicating that larger average
pore sizes allow more space for fluid movement, thereby
facilitating fluid flow. This effect is particularly emphasized
under high-pressure conditions (50 Pa), where fluids can
traverse larger pores more effectively. As the pressure
increases from 1 to 50 Pa, the rate of increase in the
penetration length also increases, indicating that higher
pressures can more effectively overcome the resistance
between pores. As the mean increases, the effective
apparent viscosity decreases owing to the enhanced fluid
dynamics and reduced internal friction, particularly at low
pressures, where high viscosities manifest in small
penetration lengths.

As the standard deviation of the log-normal distribution
increases, the penetration length also increased. A larger
standard deviation implies a wider distribution of pore
sizes, implying that both small and large pores coexist,
allowing fluids to move more easily through large pores and
offering multiple pathways for fluid movement through
pores of various sizes. This variation in pore size decreases
the overall viscosity because diverse pathways facilitate
easier fluid movement. Moreover, the presence of pores of
varying sizes induces different hydrodynamic interactions,
which improve the overall flow of the fluid.

5. Discussion

The methodology for the geotechnical application of
biopolymers that has been conceptualized in this study
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Fig. 10 Effect of pore-size distribution on injection characteristics

involves their use as grouting materials. Permeation
grouting, a technique among grouting methods, involves
injecting and solidifying material within pores without
causing deformation of the ground, thus improving the soil
structure. The injection characteristics of the fluids in the
permeation grouting method follow the theory of fluid flow
within the pores. This section analyzes these characteristics
based on the theory of fluid flow in pores, as reported in
Section 4, and includes a quantitative analysis based on
upscaling methods for field applications.

The various factors influencing the fluid flow within the
pores are illustrated in Fig. 11. These factors include the
physicochemical properties of the fluid, geometric
characteristics of the pores, and injection and ground
conditions. The physicochemical properties of a fluid,
including its viscosity, density, interfacial tension, and
wettability, play crucial roles in determining its flow and
interaction (Hirasaki and Lawson 1985, Czachor et al.
2010). The geometric characteristics of pores, such as size,
shape, distribution, connectivity, and curvature, directly
affect the effective movement of fluids within the soil
(Doyen 1988, Hu et al. 2012, Imani ef al. 2022).

The injection and ground conditions, including the
injection pressure, injection rate, soil saturation, and
permeability, are key determinants of the efficiency of the
injection process (van Genuchten and Jury 1987,
Wanniarachchi et al. 2017, Assilzadeh et al. 2021). In this
study, the target ground was assumed to be saturated with
water. Viscosity was considered among the physicochemical
properties. Because the agar gel solution was a water-based
solution, density changes were assumed to be negligible.
Furthermore, because the agar gel solution and water form

Newtonian, Non-Newtonian

Wettability, interfacial tension
Field condition

Injecting pressure, injecting volumetric flow
rate, depth of target area

Soil condition

Particle size, shape, solid composition
relative density, water saturation
Fluid properties

Viscosity, density, gelation

Flow characteristics

Laminar flow, turbulent flow

Flow behavior
Newtonian, shear thinning, shear thickening

Mobility of solid
Fines migration, clogging effect

Interface
Wettability, interfacial tension

Pore geometry Fines migration, Clogging effect

Fig. 11 Factor affecting fluid flow in porous media

a homogeneous fluid, resistance at the interface was not
considered. The geometric characteristics of the pores were
analyzed using the same samples; therefore, no differences
in the geometric properties were assumed. The injection
pressure was considered in the injection and ground
conditions, and the soil saturation was assumed to be 100%.
Consequently, under the simulation conditions of this study,
the viscosity and injection pressure were identified as the
primary factors affecting the fluid flow within the pores.

5.1 Effect of viscosity and injection pressure on
injection characteristics

Fig. 12 illustrates the relationship between the injection
pressure, distance, and apparent viscosity, following the
logic presented in the previous section. The apparent
viscosity was determined based on the concentration of the
agar gel solution and injection pressure and was set to



Pore network approach to evaluate the injection characteristics of biopolymer solution into soil 59

? =0 _ o Pa/m = 17857
- et
D\'? 80 \'\I ] o
4 W Pa/m = 8929
- e | N
s \
=) \
H \
e 40 N\
S
3 .
5 “ A Pa/m = 1786
2 20 D A
& B N
Pa/m = 893
0 . . . .
0 0.02 0.04 0.06 0.08 0.1

Effective apparent viscosity [Pa-s]

Fig. 12 Relation between effective apparent viscosity,
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a single value irrespective of the agar concentration. The
pressure gradient represents the pressure required to inject
fluid to a distance of 1 m. The analysis showed that as the
effective apparent viscosity increases, the penetration length
evidently decreases. This is because a higher viscosity
increases the internal friction of the fluid, which requires
more energy to pass through the pores. As viscosity varies
within the range of 0.01 to 0.1 Pa-s, the penetration length
decreases from approximately 100% to as low as
approximately 20%. Changes according to the pressure
gradient show that, at high pressure gradients, the
penetration length tends to be longer, suggesting that high
pressure helps to overcome the resistance caused by
viscosity and pushes the fluid even further. For example, at
a pressure gradient of 17,857 Pa/m, the penetration length
remains relatively high despite the increase in viscosity. In
contrast, at a pressure gradient of 893 Pa/m, an increase in
viscosity resulted in a more pronounced decrease in the
penetration length, indicating that viscosity has a more
decisive effect on penetration at lower pressure gradients.
Through this analysis, the agar gel solution could be
considered as a fluid expressing a single apparent viscosity,
irrespective of the concentration, and the penetration
distance was analyzed based on this viscosity under varying
injection pressures. The analysis suggests that the viscosity
characteristics of the injected fluid and injection pressure
can determine the penetration distance. However, this
analysis was conducted on a limited sizes of Ottawa 20-30
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sand, and upscaling considering the size of the actual
ground is required. This aspect is discussed in Section 5.3.

5.2 Effect of pore throat size distribution on
injection characteristics

Changes in the mean and standard deviation of the pore
throat sizes can be considered as indicators of the size and
distribution quality of the soil particles. Based on the
determined means and standard deviations, soil
classification was performed. Fig. 13 illustrates the
injection characteristics related to the soil particle
distribution and classification, which were obtained using
only a 2% agar gel solution and were based on the
aforementioned assumptions. The analysis shows that well-
graded soils, which have particles of various sizes, and
therefore, more pore space, exhibit higher penetration
distances. Conversely, poorly graded soils with uniformly
sized particles have smaller pore spaces, and consequently,
the shortest penetration distances.

The analysis of penetration distances based on soil type
showed that very fine sand, which comprises fine particles,
resulted in limited penetration distance, whereas the larger
particle sizes present in medium-coarse and well-graded
soils tended to increase penetration distances. This is
because the larger gaps between larger particles facilitate
fluid movement. Both effects demonstrated that the
penetration distances increased at higher injection
pressures. The highest penetration distances were observed
at 50 Pa, indicating that high pressure can forcefully inject
the fluid further, particularly in well-graded soils, where
large pores significantly enhance the effect of pressure.

These results indicate that the penetration capability of
biopolymer solutions is highly dependent on the physical
properties of the soil, suggesting that optimal injection
conditions must consider soil particle distribution and type.
By adjusting the injection pressure, effective penetration
can be achieved across various ground conditions, and these
data can be utilized as essential foundational information
for engineering applications, such as ground reinforcement
or remediation. However, this study classified soils based
merely on the range of pore throat sizes owing to
insufficient reported data. Therefore, future studies should
build a database based on the pore structure analysis of
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Fig. 13 Effect of pore-size distribution on injection characteristics
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various samples.

5.3 Upscaling to assess injection characteristics of
biopolymer solution

Fig. 14 shows a schematic of a numerical study for
analyzing the fluid flow within pores, categorized into pore-
, meso-, and bulk-scale analyses based on the scale of the
analyzed ground. The pore-scale approach includes the
models used in this study, such as the pore network and
lattice Boltzmann models. The mesoscale approach
encompasses models such as the fractal and capillary
bundle models, whereas the bulk-scale approach is
represented by continuum models. Pore-scale analysis
focuses on the geometric shape of pores and flow of small-
scale particles, offering relatively high accuracy within this
scope by minimizing errors due to soil heterogeneity.
However, it requires a large amount of data and significant
amount of calculation time, making it less practical for
field-scale applications.

In contrast, the bulk-scale approach simplifies the
analysis by treating the soil heterogeneity, including the
geometric shape of the pores, as a single parameter. This
allows for a relatively straightforward analysis at the field
scale but tends to be less accurate because of the simplified
representation of the actual state of the ground. In this
study, a pore throat enhancement technique was employed
for field-scale injection prediction using pore network
modeling. This technique involves increasing the length of
the pore throats to enhance the overall size of a pore
network that has size limitations, allowing small-scale pore
networks to be expanded to mesoscale models such as the
fractal or capillary bundle models. The pore network of the
Ottawa sand used in this study typically exhibits a length of
approximately 4.5 mm; however, all pore throats within the
network were enhanced 100 times to simulate a network of
approximately 4.5 m in length.

Fig. 15 illustrates the changes in the penetration length
as influenced by the effective apparent viscosity and
injection pressure. This study simulated the injection of a
Newtonian fluid and 2% agar solution at pressures of 35,
100, 200, and 300 kPa. The penetration-length prediction
model was validated by comparison with previous data and
analysis results for Newtonian fluids with viscosities of
0.01, 0.05, 0.1, 0.15, and 0.2 Pa‘s. The previous data
corresponded to the penetration lengths according to the
effective apparent viscosities and injection pressures of
fluids following the Bingham model and Newtonian fluids,
all of which were recalibrated to effective apparent
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Fig. 15 Effect of effective apparent viscosity and injection
pressure on the penetration length (El Mohtar et al.
2015, Wang et al. 2022)

viscosity values from the literature (E1 Mohtar ef al. 2015,
Wang et al. 2022).

The analysis revealed that, at the same injection
pressure, an increase in the effective apparent viscosity led
to a reduction in the penetration length. Moreover, at the
same effective apparent viscosity, an increase in the
injection pressure resulted in an increased penetration
length. For the 2% agar injection, the effective apparent
viscosity values ranged between 0.0228 and 0.02 Pa‘s
depending on the injection pressure, showing a 15%
decrease in viscosity with increasing pressure. Comparing
these results with previous data, no clear change in the
penetration length owing to viscosity was observed at
pressures below 100 kPa, which was probably because the
low pressure was insufficient to effectively move the fluid.
However, at an injection pressure of 200 kPa, a clear
decrease in penetration length was observed with increasing
viscosity. Moreover, at pressures above 200 kPa, a
logarithmic trend was observed, and previous data and
analysis results for the same effective apparent viscosity
showed similar values.

This analysis suggests that reducing the effective
apparent viscosity of the injected fluid and increasing the
injection pressure can increase the penetration length of the
injection material. Finally, the developed model and results
led to the derivation of a meaningful relationship formula
that could be used to calculate the penetration distance
based on the viscosity and injection pressure of both
Newtonian and non-Newtonian  fluids, including
biopolymer solutions.

6. Conclusions

This study analyzed a pore network model-based
approach to investigate the injection characteristics of
biopolymer solutions. The conclusions drawn from the
study are as follows.

* In this study, original images of Ottawa 20-30 sand
were utilized to construct a pore network effectively.
The construction process required image processing
and a threshold setting. The structural characteristics
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of the pores were quantified using maximal ball and
medial axis algorithms, resulting in the establishment
of a pore network. During the modeling process, the
modified Hagen—Poiseuille equation was used to
simulate the flow of non-Newtonian fluids,
presenting an advanced approach that considers the
characteristics of non-Newtonian fluids, which were
overlooked by previous models.

* In the injection analysis with the agar gel solution,
an increase in concentration was observed to lead to
a higher viscosity and reduced injectability. This
occurs because the increase in fluid viscosity owing
to higher concentrations acts as a primary factor in
reducing injectability. However, increasing the
injection pressure improved injectability owing to
the shear-thinning behavior of the agar solution,
which reduced the apparent viscosity of the fluid.
These results suggest that an appropriate adjustment
of the injection pressure can significantly enhance
grouting efficiency in the field.

* The size distribution of the pore throats was
analyzed based on data extracted from Ottawa sand.
The analysis indicated that both the average size and
the distribution of pore throat sizes significantly
affected the flow of the injection material, with
increases in the average pore-throat size and a
favorable particle size distribution resulting in
improved injectability. This provides an important
benchmark for quantitatively understanding the
impact of pore-throat size characteristics on fluid
flow. However, as this analysis was based on limited
data, future studies require a sufficient database size
that can be obtained through experiments with
various samples and conditions.

* The accuracy of the developed pore network model
was evaluated through a comparative analysis with
laboratory experimental results. Similar trends
observed in the penetration distance with respect to
injection pressure and fluid viscosity enhanced the
reliability of the model, indicating its applicability
under real field conditions. This model can also be
effectively used to analyze the flow characteristics of
Newtonian and non-Newtonian fluids within pores.

* In conclusion, this study offers a new methodology
for constructing pore networks and understanding
fluid flow characteristics, which could contribute to
the development and optimization of injection
materials, such as permeation grouting. Moreover,
the findings of this study are expected to play a
crucial role in providing a technical foundation for
improving the efficiency of grouting operations in
the field.
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