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Abstract: A series of COMSOL numerical models were developed to explore how confining pressure
impacts the microscopic structure and hydraulic conductivity of Geosynthetic Clay Liners (GCLs),
taking into account the bentonite swelling ratio, mobile porosity, pore size, and tortuosity of the main
flow path. The study reveals that the mobile porosity and pore size are critical factors affecting GCL
hydraulic conductivity. As confining pressure increases, the transition of mobile water to immobile
water occurs, resulting in a reduction in mobile water volume, the narrowing of pore channels,
decreased flow velocity, and diminished hydraulic conductivity within the GCL. Mobile porosity
undergoes a slight decrease from 0.273 to 0.104, while the ratio of mobile porosity to total porosity in
the swelling process decreases significantly from 0.672 to 0.256 across the confining pressure range
from 50 kPa to 500 kPa, which indicates a transition of mobile water toward immobile water. The
tortuosity of the main flow path shows a slight increase, fluctuating within the range of 1.30 to 1.36,
and maintains a value of around 1.34 as the confining pressure rises from 50 kPa to 500 kPa. At
50 kPa confining pressure, the minimum pore width measures 5.2 × 10−5 mm, with a corresponding
hydraulic conductivity of 6.2 × 10−11 m/s. With an increase in confining pressure to 300 kPa, this
compression leads to a narrower minimum pore width of 1.81 × 10−5 mm and a decrease in hydraulic
conductivity to 5.11 × 10−12 m/s. The six-fold increase in confining pressure reduces hydraulic
conductivity by one order of magnitude. A theoretical equation was derived to compute the hydraulic
conductivity of GCLs under diverse confining pressure conditions, indicating a linear correlation
between the logarithm of hydraulic conductivity and confining pressure, and exhibiting favorable
agreement with experimental findings.

Keywords: GCL; confining pressure; porosity; pore structure; hydraulic conductivity

1. Introduction

A Geosynthetic Clay Liner (GCL) is a composite impermeable material created by
sandwiching bentonite between upper and lower layers of geotextiles using needle punch-
ing or chemical bonding techniques [1]. The GCL serves as the primary liner barrier in
landfills. As waste is deposited, the confining pressure exerted on GCL gradually increases,
causing changes in its hydraulic properties [2–4]. Li et al. [5] examined the changes in the
hydraulic conductivity of GCL under various confining pressure conditions and observed
that the hydraulic conductivity decreased as the vertical confining pressure increased.
Weerasinghe et al. [4] studied the variation in GCL under confining pressures ranging
from 13 to 80 kPa and observed a linear relationship between hydraulic conductivity and
confining pressure on double logarithmic coordinates. Petrov and Rowe [6] conducted
permeation tests on GCLs and found that the decrease in the porosity ratio under confining
pressure conditions is the main reason for the reduction in hydraulic conductivity of GCL.
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Ahn and Jo [3] investigated the permeation of sodium bentonite under deionized water
(DIW) at confining pressures ranging from 15 to 140 kPa and found that both the sample
volume and hydraulic conductivity decreased to one-third of their original values. Wang
et al. [7] conducted permeation tests on GCLs under confining pressure and proposed a
linear relationship between the confining pressure and porosity ratio. However, these stud-
ies primarily conducted qualitative analyses of experiments. The specific mechanism by
which confining pressure affects the hydraulic conductivity of GCLs, as well as quantitative
investigations into the influence of confining pressure on mobile porosity, pore size, and the
tortuosity of flow paths, and how these factors collectively impact hydraulic conductivity,
remains unclear.

The finite element software COMSOL Multiphysics 5.4 provides a convenient tool for
simulating and analyzing the permeation process of GCLs [8,9]. Zhang et al. [10] investigated
a three-field coupled model using COMSOL Multiphysics software, showing that confining
pressure significantly influenced the deformation of GCL. Idiart et al. [11] established a ben-
tonite expansion model under the interaction of the seepage field, pressure field, and chemical
field and analyzed the changes in bentonite saturation and confining pressure under long-term
action. Hou et al. [12] simulated the flow in an idealized GCL using COMSOL, comprising
equally sized and spaced square bentonite granules vertically stacked in a rectangular grid
and separated by intergranular pores. Hou et al. [13] further established a series of COMSOL
numerical models to study the chemical compatibility of GCLs.

This paper develops a series of COMSOL numerical models to simulate the permeation
processes of GCL under varying confining pressure conditions, aiming to understand the
underlying reasons for the confining pressure impact on hydraulic conductivity. Quantita-
tive investigations explored the relationships between changes in mobile porosity, pore size,
tortuosity of the main flow paths, and their combined effect on hydraulic conductivity. The
results of this investigation offer significant insights with broad implications for various
applications. These insights encompass optimizing GCL design, enhancing predictive
capabilities regarding GCL performance across different confining pressure scenarios, con-
tributing to environmental protection endeavors, and stimulating further innovation in
impermeable barrier materials.

2. Hydraulic Model of GCLs

Figure 1 shows a two-dimensional hydraulic model created using COMSOL Multi-
physics 5.4, aligning with experimental data concerning the hydraulic characteristics of
GCLs [3,7,14–17]. The permeation test setup consists of an inlet situated at the base of the
cell and an outlet positioned at its apex. To closely replicate the experimental conditions,
we utilized a square domain measuring 0.8 mm × 0.8 mm. Following this, the domain’s
height was reduced to one-tenth of its original dimension, corresponding to 8 mm, in the
experimental setup [9,18]. Within this domain, impermeable granules, depicted as grey
circles, were evenly dispersed, with each granule possessing a defined circular shape and
diameter (d0 = 0.1 mm) [9]. The initial porosity (n0), set at 0.5, was demarcated within a
light blue region, dividing the total domain [18]. The flow direction was assumed upward,
with a constant head boundary condition imposed on the lower horizontal surface (inlet
pressure = 1 Pa) and the upper horizontal surface (outlet pressure = 0 Pa). The vertical
surfaces on the left and right were treated as no flow boundaries. Permeation within
GCLs primarily occurs in the intergranular spaces [19]. It is noteworthy that while diffuse
double layers (DDLs) may influence clay swelling, the hydraulic conductivity of GCLs is
chiefly determined by alterations in mobile porosity and the tortuosity of flow pathways,
as elucidated in both previous studies [12,20]. Consequently, this study is centered on the
examination of mobile porosity, which serves as the conduit for fluid flow within the GCL.
Accordingly, the numerical model in this study focuses solely on mobile porosity [21,22],
which facilitates the flow of free water between the granules [23]. Furthermore, due to
the Reynolds number (Re) being notably below 1 in the GCL [24–26], creeping flow was
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selected as the fluid flow model for all simulations. Table 1 presents a summary of the
parameter assignments in the model.
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Figure 1. COMSOL geometric model.

Table 1. The confining pressure model’s parameters.

Parameters Symbol Value

Specific gravity of granules Gs 2.75 [27]
Montmorillonite content Cm (%) 72 [28]
Surface fractal dimension Ds 2.65 [29]

Swelling coefficient K 17.69 [29]
Initial porosity n0 0.5

Dry density ρd (g/cm3) 1.376
Initial granule size d0 (mm) 0.1

A finite-element mesh, as shown in Figure 2, specifically a physics-controlled triangular
extremely fine mesh, was utilized for accurate results while minimizing memory usage and
computational time. The simulation parameters comprised a maximum of 100 iterations
and a velocity tolerance of less than 0.001 m/s. The resulting solution provided the steady-
state distribution of fluid pressure and velocity across the domain.
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According to the investigation conducted by Xu [30], there is a correlation between
the swelling size of bentonite samples and their initial size following hydraulic swelling.

As = (εmax + 1)Ai, (1)

where εmax is the maximum strain of the bentonite following hydraulic swelling, Ai is
the initial size of the bentonite sample (mm2), and As is the bentonite sample size after
hydraulic swelling (mm2).



Processes 2024, 12, 980 4 of 14

According to the investigation conducted by some scholars [31,32], the maximum strain
of the bentonite following hydraulic swelling can be calculated using the following equation.

εmax =

(
Cmεsv + 1

Gs
ρd − 1

)
× 100%, (2)

where Cm is the montmorillonite content in bentonite, Gs is the specific gravity of soil granules,
ρd is the dry density of bentonite (g/cm3), and εsv is the swelling strain of bentonite.

According to the investigation conducted by Xu [33], under a certain confining pres-
sure, the swelling strain of bentonite after hydraulic swelling (εsv) can be calculated using
the following equation based on a fractal model [33].

εsv = Kpe
Ds−3, (3)

where K is the swelling coefficient, Ds is the surface fractal dimension of bentonite, and pe
is the confining pressure on the bentonite sample.

By substituting Equation (3) into Equation (2) and subsequently into Equation (1), As
can be expressed as

As =

(
CmKpe

Ds−3 + 1
Gs

ρd Ai

)
× 100% (4)

Therefore, for the square domain, the length of the domain after swelling (Ls) can be
expressed as follows.

Ls =
√

As (5)

Substituting Equation (4) into Equation (5), the relationship between Ls and pe can be
obtained as follows.

Ls =

√(
CmKpeDs−3 + 1

Gs
ρd Ai

)
× 100% (6)

Therefore, for the square domain measuring 0.8 mm × 0.8 mm, the value of Ls under
a specific pe can be computed and is summarized in Table 2.

Table 2. Sample length table under confining pressure.

pe (kPa) εsv εmax (%) Ls (mm)

50 4.50 112.0 1.165
100 3.53 77.1 1.065
150 3.06 60.3 1.013
200 2.77 49.7 0.979
250 2.56 42.2 0.954
300 2.40 36.5 0.935
350 2.28 32.0 0.919
400 2.17 28.2 0.906
450 2.08 25.1 0.895
500 2.01 22.3 0.885

Figure 3 depicts a schematic diagram of the COMSOL numerical calculation model
of GCLs under various confining pressures. The grey circles represent bentonite gran-
ules, while the light blue indicates the initial liquid flow region (Figure 3a). Based on
the numerical model as shown in Figure 3a, a numerical model with dimensions of
1.165 mm × 1.165 mm was initially developed (Figure 3b) utilizing geometric scaling com-
mands in COMSOL, where Ls corresponds to pe = 50 kPa, as indicated in Table 2. As the
confining pressure increases, the granules gradually aggregate. For instance, this includes
maintaining the granular sizes while reducing the domain size to 0.935 mm × 0.935 mm
(Ls corresponding to pe = 300 kPa, Figure 3c, see Table 2) and reducing the domain size
to 0.885 mm × 0.885 mm (Ls corresponding to pe = 500 kPa, Figure 3d, see Table 2) as the
confining pressure increases from 50 kPa to 500 kPa. Following the same procedure, ten
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COMSOL models for GCL permeation under different confining pressures ranging from
50 kPa to 500 kPa were developed accordingly, as summarized in Table 2.
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(c) pe = 300 kPa; (d) pe = 500 kPa.

Figure 4 presents the concept of initial porosity (n0), mobile porosity (nm), total porosity
in the swelling process (n) and tortuosity of the main flow paths (τ), as discussed in the
subsequent sections of the study [34]. Initial porosity is defined as the portion of pore water
in the domain before swelling, as indicated by the light blue color in Figure 4a.
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swelling.

The calculation formula for initial porosity is as follows.

n0 =
L2

0 − A0

L2
0

, (7)

where n0 is the initial porosity, L0 is the initial length of the side of the simulated domain
area (mm), and A0 is the initial total granule area (mm2), which can be calculated as

A0 =
πd2

0
4

N, (8)

where N is the number of granules.
The mobile porosity nm, as shown in the light blue region in Figure 4b, is calculated as

follows.
nm =

Am

L2
s

, (9)

where nm is the mobile porosity, Am is the area of the pore space where water can flow
(mm2) and Ls is the length of the side of the simulated domain area (mm).
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The total porosity in the swelling process n, as shown in the light blue and dark blue
region in Figure 4b, is calculated as follows.

n =
A
L2

s
, (10)

where A is the area of the pore space (mm2).
The granule swelling rate Sr is calculated as follows.

Sr =
d2

s − d2
0

d2
0

, (11)

where Sr is the granule swelling, d0 is the initial size of a granule (mm) and ds is the granule
size after swelling (mm).

The calculation of the tortuous main flow path τ is based on the work of Ahmadi [35]
and is depicted by the red line in Figure 4b.

τ =
Lt

Ls
, (12)

where Ls is the length of the domain under confining pressure (mm), the linear distance
from the inlet to the outlet direction, and Lt is the actual length of the main flow path under
confining pressure (mm).

The determination of hydraulic conductivity utilizes a technique known as line av-
eraging. This approach entails choosing the outlet boundary and calculating the average
velocity in the up–down direction to ascertain the outlet flow velocity (v). Subsequently,
hydraulic conductivity (k) is calculated using Equations (13)–(15).

h =
p0

ρwg
, (13)

ih =
h
L

, (14)

k =
v
ih

, (15)

where ih is the hydraulic gradient, h is the height of the water head (mm), Ls is the height
of the sample (mm), p0 is the water gradient pressure (kPa), ρw is the density of water
(kg/m3), and g is the acceleration of gravity (m/s2).

3. Results and Discussion
3.1. Effect of Confining Pressure on Mobile Porosity and Pore Structure

Figure 5 illustrates how confining pressure affects mobile porosity. At 50 kPa, mobile
porosity (nm) measures 0.273, characterized by numerous flowable channels in the red
region and primary flow paths highlighted within the orange box in Figure 5a. These
paths determine the flow velocity and hydraulic conductivity at the outlet. However, with
increased the confining pressure to 300 kPa, the mobile porosity decreases to 0.222. This
decline primarily results from pores occupied by the interface between mobile and immobile
water at 50 kPa, indicating changes occurring at this interface with increasing confining
pressure (compare green dashed boxes in Figure 5a,b), which suggests situations where
mobile water transitions to immobile water as the confining pressure rises. Meanwhile,
due to a reduced pore channel volume, these channels can only accommodate less water
passing through the primary flow paths over time, leading to decreased flow velocity
within the GCL (compare red boxes at the white point in Figure 5a,b).
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For instance, the flow velocity decreases from 1.32 × 10−11 m/s at 50 kPa confining
pressure to 1.37 × 10−12 m/s at 300 kPa, and the width narrows from 0.027 mm from
0.022 mm at the white point (see the zoomed in red boxes in Figure 5a,b). Consequently,
mobile water slows down, eventually transitioning to an immobile state with increasing
confining pressure. However, it is crucial to note that the reasons for immobile water
with confining pressure increase differ from those related to occluded pore spaces. These
unconnected pores can transform into mobile water under various environmental condi-
tions, such as chemical solutions inhibiting bentonite swelling or erosion by acidic or basic
solutions, which affect mobile porosity and contribute to variations in hydraulic conductiv-
ity. Conversely, occluded pore spaces not connected to other pore channels always exist
but occupy the total porosity in swelling process. Therefore, the results indicate that the
reduction in hydraulic conductivity is associated with decreased connected pore channels,
which are related to mobile porosity (nm).

Figure 6a depicts the impact of confining pressure on mobile porosity (nm) and the
ratio of mobile porosity to total porosity in the swelling process (nm/n). With an increase in
confining pressure, there is a very slight decrease in total porosity in the swelling process
(n), accompanied by a gradual reduction in the volume of mobile water. This decrease
results in a contraction of the pores it occupies, leading to a simultaneous decline in
both mobile and total porosity in the swelling process. However, the decline in mobile
porosity follows a decreasing trend, unlike the rapid decreases observed in the ratio of
mobile porosity to total porosity in the swelling process (nm/n). For instance, the mobile
porosity (nm) experiences a gradual decrease from 0.273 to 0.104, whereas the ratio of
mobile porosity to total porosity in the swelling process (nm/n) significantly decreases
from 0.672 to 0.256 across the confining pressure range from 50 kPa to 500 kPa. The
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rapid decrease in the ratio of mobile porosity to total porosity in the swelling process
compared to the decline in mobile porosity with increasing confining pressure indicates a
transition of mobile water towards immobile water. This trend difference can be attributed
to several factors. As confining pressure increases, the granules compact, which affects
both mobile and immobile porosity. However, the rate of decrease in total porosity in
the swelling process might be slower compared to that of mobile porosity due to the
confining presence of immobile water occupying some pores, as corroborated in Figure 5.
Furthermore, escalating confining pressure can constrict pore channels within the granules,
particularly affecting the movement of mobile water, which leads to a swifter reduction in
the ratio of mobile porosity to total porosity in the swelling process. Moreover, changes
in confining pressure levels influence water flow dynamics within the granules, leading
to a decrease in the water flow velocity and percolation rate per unit of time, especially
within the pore channels occupied by mobile water. The deceleration in flow dynamics
contributes to the observed variations in decline rates between mobile porosity and the
ratio of mobile porosity to total porosity in the swelling process, indicating a transition
of mobile water towards immobile water. Therefore, as the proportion of mobile porosity
diminishes, the volume of pore channels occupied by mobile water also decreases, resulting
in lower internal flow velocity within the GCL, a reduced percolation rate per unit time,
lower hydraulic conductivity, and ultimately, an improved impermeability performance
of the GCL. In Figure 6b, it is observed that as the mobile porosity increases, there is a
decrease in hydraulic conductivity. The relationship between nm and k follows a nonlinear
pattern, as indicated by the arrow in Figure 6b and depicted by Equation (16).

k = 61.35n2
m − 11.18nm − 11.79 (16)
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Figure 6. Influence of confining pressure on porosity and hydraulic conductivity: (a) influence of
confining pressure on mobile porosity and the ratio of mobile porosity to total porosity in swelling
process; (b) influence of mobile porosity on hydraulic conductivity.

3.2. Effect of Confining Pressure on the Tortuosity of Flow Paths

Figure 7a depicts the relationship between the confining pressure and the tortuosity
of the main flow paths within the GCL. The tortuosity of the main flow path shows a
slight increase, fluctuating within the range of 1.30 to 1.36, and maintains a value of
around 1.34 as the confining pressure rises from 50 kPa to 500 kPa. These fluctuations
can be ascribed to several factors, encompassing inherent granule heterogeneity, such as
localized structural modifications like compaction and rearrangement of granules, potential
anisotropic behavior, and interactions with neighboring granules. These complexities
underscore the multifaceted nature of the GCL response to confining pressure, contributing
to the observed fluctuations in tortuosity as confining pressure levels vary. In Figure 7b, it is
evident that as τ increases, there is a decreasing trend in k. However, k exhibits fluctuations
without a clear overall trend.
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Figure 7. The hydraulic conductivity influenced by changes in the tortuosity of flow paths under
different confining pressures: (a) influence of confining pressure on tortuosity; (b) influence of
tortuosity on hydraulic conductivity.

Figure 8 further provides a detailed depiction of tortuosity under confining pressure
conditions of 50, 100, 200, and 300 kPa.
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Figure 8. Influence of confining pressure on tortuosity: (a) pe = 50 kPa, τ = 1.307, Lt = 1.523 mm,
Ls = 1.165 mm; (b) pe = 100 kPa, τ = 1.338, Lt = 1.425 mm, Ls =1.065 mm; (c) pe =200 kPa, τ = 1.326,
Lt = 1.298 mm, Ls = 0.979 mm; (d) pe = 300 kPa, τ = 1.357, Lt = 1.269 mm, Ls = 0.935 mm.

The length of the sample decreases gradually at these confining pressures, measuring
1.165, 1.065, 0.979, and 0.935 mm, respectively. Correspondingly, the lengths of the flow
path also decrease gradually to 1.523, 1.425, 1.298, and 1.269 mm, respectively. As a result,
tortuosity, defined as the ratio of the flow path length to sample length, increases slightly
with rising confining pressure. Therefore, the calculated tortuosity values at these confining
pressures are 1.307, 1.338, 1.326, and 1.357, respectively. These findings confirmed a subtle
rise in tortuosity with increasing confining pressure levels. As confining pressure rises, the
specimen undergoes volume reduction. Additionally, with increasing confining pressure,
bentonite granules within the GCL tend to move closer together, gradually converging
towards the center. This convergence reduces pore volume and narrows pore channels.
However, the relatively unchanged lengths of flow paths offset this narrowing, resulting in
only a slight increase in tortuosity.
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3.3. Effect of Confining Pressure on the Hydraulic Conductivity

Figure 9 illustrates the correlation between hydraulic conductivity (k) and swelling
ratio (Sr). The fitted relationship between the hydraulic conductivity calculated numerically
using COMSOL and granule swelling rate is expressed as follows.

k = −15.84S3
r + 13.94S2

r − 14.64Sr − 14.64, (17)

where k is the hydraulic conductivity (m/s), and pe is the confining pressure (kPa). The R2

is 0.99. Fitting curves reveal nonlinear behaviors in the relationship.
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Figure 9. Influences of swelling ratio on hydraulic conductivity.

Figure 10 presents COMSOL-calculated data under confining pressure alongside per-
meation test data from published papers. It is evident that the simulated values closely
align with the experimental data, falling within an order of magnitude and meeting the
requirement specified in the standard of 5 × 10−11 m/s [36]. Additionally, there is an
apparent decrease in hydraulic conductivity as confining pressure increases, showing a
linear relationship between confining pressure (pe) and the logarithm of hydraulic conduc-
tivity (lgk). This relationship parallels findings from previous studies by Wang et al. [7],
which examined the relationship between confining pressure and porosity ratio and the re-
lationship between the porosity ratio and hydraulic conductivity under confining pressure.
The permeation model of GCLs under confining pressure effectively predicts hydraulic
conductivity. The COMSOL numerical calculations and experimental values exhibit linear
variations, also suggesting that the established confining pressure model accurately reflects
the actual experimental conditions of GCL. Therefore, these simulation results effectively
elucidate microscopic mechanisms such as velocity distribution, pore distribution, and
variations within the GCL under confining pressure.
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The fitted relationship between the hydraulic conductivity calculated numerically
using COMSOL and confining pressure is expressed as follows.

lgk = −10 − 4.6 × 10−3 pe (18)

where k is the hydraulic conductivity (m/s), and pe is the confining pressure (kPa).
The apparent decrease in hydraulic conductivity with increasing confining pressure

can be attributed to several factors. As confining pressure mounts, the bentonite granules
within the GCL become more densely packed, leading to a reduction in porosity. This
reduction in pore space restricts the movement of water through the GCL, thereby dimin-
ishing hydraulic conductivity. Additionally, the increase in confining pressure can cause
the granules to settle and compact further, further impeding the flow of water.

The implications of this trend for the design and operation of GCL systems are sig-
nificant. Firstly, designers must account for the anticipated confining pressure buildup
within landfills over time due to waste accumulation. This necessitates the selection of
GCL materials and configurations that can withstand and effectively mitigate the effects of
increased confining pressure while maintaining satisfactory hydraulic conductivity. More-
over, operational considerations, such as monitoring and managing confining pressure
levels within landfill sites, become imperative to ensure the long-term effectiveness of GCL
systems in preventing pollution and groundwater contamination.

Figure 11 further depicts the velocity distribution within the specimen under confining
pressure conditions of pe = 50 and 300 kPa. At the pe = 50 kPa level, the main flow path,
indicated by green solid arrows in Figure 11a, exhibits a minimum width of 5.22 × 10−5 mm
with a corresponding maximum velocity of 1.79 × 10−7 m/s. The hydraulic conductivity
within the GCL is measured at 6.20 × 10−11 m/s. However, at the pe = 300 kPa level, the
GCL experiences compression with increasing confining pressure, resulting in a reduced
domain and an elevated granule density per unit area. This compression leads to a noticeable
narrowing of the flow path minimum width to 1.81 × 10−5 mm, and a decrease in maximum
velocity to 4.24 × 10−8 m/s as indicated by the green dash arrows in Figure 11b. The hydraulic
conductivity within the GCL diminishes significantly to 5.11 × 10−12 m/s. Under confining
pressure, the velocity distribution within the GCL becomes non-uniform due to the effects
of granule packing, tortuosity of flow paths, and variations in hydraulic conductivity. As
confining pressure intensifies, the dark blue areas within the granules (see orange boxes in
Figure 11a,b) indicate an accumulation of immobile water and a depletion of mobile water,
suggesting that the reduced pores primarily comprise mobile porosity. Meanwhile, comparing
the zoomed in red boxes in Figure 11a,b, it can be seen that the velocity decreases from
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2.63 × 10−10 m/s to 2.25 × 10−11 m/s and the width decreases from 0.014 mm to 0.012 mm
(see arrows in Figure 11a,b), which indicates that increasing the confining pressure by six
times results in one order of magnitude reduction in hydraulic conductivity. This reduction
is attributed to domain compression, which reduces distances between bentonite granules,
narrowing pore channels and impeding water passage. Variations within the GCL encompass
heterogeneities and structural irregularities present within the material. Under confining
pressure, these variations may become more pronounced, affecting the overall hydraulic
conductivity and mechanical behavior of the GCL.
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4. Conclusions

The paper investigates the influence of confining pressure on the microscopic structure
and hydraulic conductivity of GCLs, considering factors such as mobile porosity, pore size,
and tourists of the main flow path. The main results are as follows:

(1) The decline in hydraulic conductivity is ascribed to a decrease in interconnected pore
channels, influenced by both mobile porosity and pore size, with confining pressure
causing granules within GCLs to become more concentrated, thereby accentuating the
reduction in pore size. The mobile porosity gradually decreases from 0.273 to 0.104,
while the ratio of mobile porosity to total porosity in the swelling process significantly
decreases from 0.672 to 0.256 across the confining pressure range from 50 kPa to
500 kPa. The rapid decrease in the ratio of mobile porosity to total porosity in the
swelling process compared to the decline in mobile porosity with increasing confining
pressure suggests a transition of mobile water towards immobile water.
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(2) The tortuosity of the main flow path shows a slight increase, fluctuating within the
range of 1.30 to 1.36, and maintains a value of around 1.34 as the confining pressure
rises from 50 kPa to 500 kPa. The variability in tortuosity is due to the natural
diversity among the granules, which may lead to localized structural changes, while
interactions with neighboring granules further influence these fluctuations.

(3) At a confining pressure of 50 kPa, the main flow path has a minimum width of
5.22 × 10−5 mm and a corresponding maximum velocity of 1.79 × 10−7 m/s, with
a hydraulic conductivity of 6.20 × 10−11 m/s. However, at a confining pressure
of 300 kPa, the minimum width decreases to 1.81 × 10−5 mm, accompanied by a
decrease in the maximum velocity to 4.24 × 10−8 m/s. The hydraulic conductivity
within the GCL significantly diminishes to 5.11 × 10−12 m/s. A theoretical equation
was developed to calculate the hydraulic conductivity of GCL under varying confining
pressure conditions, demonstrating a linear relationship between the logarithm of
hydraulic conductivity and confining pressure and showing good agreement with the
experimental results.

(4) However, while the model effectively represents the primary mechanism of the GCL,
differences in granule distribution and uniformity of the smaller model and larger
experimental samples may lead to increased hydraulic conductivity and reduced flow
path tortuosity in the latter.
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