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Technology, Xuzhou, China, 4School of Mechanics and Civil Engineering, China University of Mining
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Introduction: Gas migration in low-permeability buffer materials is a crucial
aspect of nuclear waste disposal. This study focuses on Gaomiaozi bentonite
to investigate its behavior under various conditions.

Methods:We developed a coupled hydro-mechanical model that incorporates
damage mechanisms in bentonite under flexible boundary conditions. Utilizing
the elastic theory of porous media, gas pressure was integrated into the soil's
constitutive equation. The model accounted for damage effects on the elastic
modulus and permeability, with damage variables defined by the Galileo and
Coulomb-Mohr criteria. We conducted numerical simulations of the seepage
and stress fields using COMSOL and MATLAB. Gas breakthrough tests were also
performed on bentonite samples under controlled conditions.

Results: The permeability obtained from gas breakthrough tests and numerical
simulations was within a 10% error margin. The experimentally measured gas
breakthrough pressure aligned closely with the predicted values, validating the
model's applicability.

Discussion: Analysis revealed that increased dry density under flexible
boundaries reduced the damage area and influenced gas breakthrough pressure.
Specifically, at dry densities of 1.4 g/cm3, 1.6 g/cm3, and 1.7 g/cm3, the
corresponding gas breakthrough pressures were 5.0 MPa, 6.0 MPa, and 6.5 MPa,
respectively. At a dry density of 1.8 g/cm3 and an injection pressure of 10.0
MPa, no continuous seepage channels formed, indicating no gas breakthrough.
This phenomenon is attributed to the greater tensile and compressive strengths
associated with higher dry densities, which render the material less susceptible
to damage from external forces.

KEYWORDS

rigid boundary, interface effect between bentonite blocks, mechanismof gasmigration,
two-phase flow effect, gas breakthrough
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1 Introduction

Nuclear waste poses significant risks to both human health
and the environment. Safely storing this waste for extended
periods has become a major focus of interdisciplinary research,
although finding effective solutions remains challenging. Generally,
the common approach to nuclear waste disposal is to bury it
in geological formations approximately 1000 m underground. The
disposal repository adopts a multi-barrier structure (Chen et al.,
2014; Hakki and zhan, 2021; Asmaa et al., 2021), as shown in
Figure 1. Our country has essentially decided to use Gaomiaozi
bentonite as the base material for the buffer material (Li et al.,
2022; Xu et al., 2022). Bentonite gradually becomes saturated with
groundwater (Yu and Weetjens, 2009). Chemical reactions within
the disposal repository generate gases, causing the gas pressure to
increase over time, which can significantly impact the stability of the
nuclear waste repository (Galle, 2000).

It is widely recognized that the process of gas migration in
saturated bentonite occurs in four stages (Xu et al., 2020; Guo et al.,
2022; Cui et al., 2022a; Cui et al., 2022b): (i) dissolution and diffusion
of gases in bentonite; (ii) two-phase visco-capillary flow in bentonite
pores; (iii) gas migration through localized expansion pathways
(dilatancy-controlled flow stage); and (iv) macroscopic fracture-
controlled flow stage. Understanding the control mechanisms for
gas migration (mechanisms ii and iii) is crucial for explaining gas
breakthrough. In earlier studies, Graham et al. (2002), Alkan and
Müller (2008), Hildenbrand et al. (2010), Hildenbrand et al. (2013),
Busch and Amann-Hildenbrand (2013), and Hildenbrand et al.
(2015) considered capillary pressure to be the sole controlling factor
in the gas migration process and used the traditional two-phase
flow theory to study gas breakthrough behavior. Popp et al. (2007);
Harrington et al. (2012a); Harrington et al. (2012b), Gerard et al.
(2014), Ye et al. (2014), Wsab et al. (2021), and Cui et al. (2021)
argued that gas flow could not be controlled solely by capillary
pressure and that significant gas flow occurs primarily through
pore expansion caused by dilatancy. However, recent studies such
as those by Liu et al. (2015), Xu et al. (2015), Xu et al. (2017),
Villar et al. (2021), Gutiérrez-Rodrigo et al. (2021), Cui et al. (2022a),
and Cui et al. (2022b) have shown that boundary conditions, dry
density, and interfaces significantly impact the mechanism of gas
migration. They suggested that gas migration is driven by the
expansion of the microscopic pathways under flexible boundary
conditions, with the dilatancy effect becoming more pronounced
as gas injection pressure increases. However, Cui et al. (2022a) and
Cui et al. (2022b) believed that both the capillary and dilatancy
effects play important roles in gasmigration under flexible boundary
conditions. Gas injection permeation experiments on bentonite
were conducted under rigid boundary conditions (Liu et al., 2015;
Xu et al., 2015; Xu et al., 2017; Cui et al., 2022a; Cui et al.,
2022b). Xu et al., (2015) and Xu et al. (2017) proposed that gas
migration is controlled by a combination of capillary and dilatancy
effects at lower dry density, while at higher dry densities, it is
primarily controlled by the capillary effect. Cui et al. (2022a)
and Cui et al. (2022b) suggested that diffusion and solubility are
the mechanisms governing gas migration under rigid boundary
conditions. Liu et al. (2015) concluded that gas migration is mainly
controlled by the capillary effect and that the preferred gas passage
occurs at the interface between the sample and the permeation

cylinder. Davy et al. (2009) andXu et al. (2017) have also investigated
the effect of the interface between the cylinder and bentonite on gas
migration.They found that gas breakthrough occurred when the gas
injection pressure approached the swelling pressure. This indicates
that gas flow at the interface between bentonite and the cylinder
cannot be neglected when the gas injection pressure approaches or
exceeds the swelling pressure.

In recent decades, research has focused on the physical
properties of bentonite and the influence of boundary conditions
on its permeability and gas breakthrough phenomena. In practice,
bentonite is typically used in the form of compacted blocks,
which are placed between the waste container and the surrounding
rock in the design of high-level radioactive waste repositories,
as shown in Figure 2. Inevitably, gaps occur between the bentonite
blocks, which may serve as potential conduits for groundwater to
enter the disposal repository. After the bentonite blocks expand
with water, the gaps gradually heal. The degree of interfacial healing
significantly impacts the optimal path of gas migration.

FEBEX bentonite, a Spanish bentonite primarily composed of
montmorillonite, was used as a test subject by foreign scholars
(Villar et al., 2021; Gutierrez-Rodrigo et al., 2021). They tested
gas injection permeability under flexible boundary conditions,
both with and without an interface, concluding that the interfaces
between bentonites healed after water injection and that these
interfaces had little effect on gas migration. Currently, most
researchers primarily focus on the mechanism of gas migration
in bentonite without an interface, while few investigate the effect
of the interfaces between bentonites on gas migration, particularly
regarding Gaomiaozi bentonite. Therefore, the exact controlling
mechanisms for gas migration in saturated bentonite and the effects
of interfaces on gas migration still require further investigation.

In research on gas breakthrough tests for Gaomiaozi bentonite
in China, studies have primarily focused on bentonite without an
interface, while the permeability of bentonite with an interface
has rarely been investigated. In engineering applications, there are
primarily two types of boundaries for bentonite buffer structures:
1) the interface between bentonite blocks and 2) the interface

FIGURE 1
Multi-barrier structure of the nuclear waste underground repository.
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FIGURE 2
Schematic diagram of gas flow at the interface between
bentonite blocks (Guo et al., 2022)

FIGURE 3
Bentonite without an interface.

FIGURE 4
Bentonite with an interface.

between bentonite blocks and the surrounding rock. The influence
of surrounding rock stress on the volumetric strain of bentonite
is relatively minor, and we simplify the constraints imposed
by the surrounding rock on the bentonite as rigid constraints.
This paper conducts permeability tests on bentonite under rigid

FIGURE 5
Instrument for measuring swelling pressure.

boundary conditions and examines the effects of the interface
between bentonite blocks on permeability and the rate of increase
in outlet pressure and gas breakthrough pressure. Additionally,
the mechanisms by which the interface between bentonite blocks
influences gas migration and gas breakthrough are revealed.

2 Test materials and test methods

2.1 Preparation of specimens

In this paper, Gaomiaozi bentonite from Inner Mongolia
was selected as the research subject. The water content of the
bentonite powder was adjusted to 10.8% using the vapor-phase
method (Guo et al., 2022; Ni et al., 2020; Ni et al., 2022). The
dry density of bentonite is a critical parameter influencing the
sealing performance of disposal repositories. A higher dry density
increases the stress exerted on the waste containers, potentially
leading to container damage and reduced sealing effectiveness of the
repository. Conversely, a lower dry density results in a decreased
swelling rate, which reduces the gap-filling capacity between
the bentonite and the waste containers, further compromising
the sealing performance of the repository. Chen et al. (2016),
Xu et al. (2020), Zhang et al. (2012), and Zhang et al. (2014) have
recommended that the dry density of bentonite should be controlled
within the range of 1.4 g/cm3–1.8 g/cm3. Based on the findings of
related research (Guo et al., 2022; Ni et al., 2020; Ni et al., 2022), this
paper sets the dry density of bentonite at 1.7 g/cm3.

During sample preparation, the bentonite powder was first
weighed and then placed into a custom-designed compression
mold. It was compacted using an MTS815 testing system under
the displacement control mode for 30 min, with a loading rate of
0.1 mm/min (Guo et al., 2022; Ni et al., 2020; Ni et al., 2022). The
final samples had a height of 10 mm and a diameter of 50 mm. The
prepared samples are shown in Figures 3, 4.
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TABLE 1 Suction force corresponding to different saturated salt solutions.

Saturated salt solution Relative humidity (%) Suction (MPa)

K2SO4 98 2.73

KNO3 95 6.94

KCl 85 21.99

NaCl 75 38.92

Mg(NO3)2 55 80.88

MgCl2 34 145.94

LiCl 11 298.61

FIGURE 6
Schematic diagram for testing the permeability of bentonite under rigid boundaries.

FIGURE 7
System diagram for testing the permeability of bentonite under rigid boundaries.
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FIGURE 8
Evolution curves of the swelling pressure of bentonite with and
without an interface.

2.2 Test system and test program

2.2.1 Test of swelling pressure
As illustrated in Figure 5, the swelling pressure test of the

bentonite sample was conducted in a constant-volume cylindrical
cell, with a water injection pressure of 1.0 MPa. A pressure sensor
continuously measured the axial force generated during the swelling
process of bentonite in real time. The axial force signals were
transmitted to a computer via a paperless recorder, and the
corresponding software application automatically converted the
axial force into the swelling pressure of the sample.

2.2.2 Water-holding characteristic test
The water-holding capacity of the bentonite specimens was

determined using the gas phase method. The specific principles of
the gas phase method are as follows: bentonite was placed in an
evacuated container with a saturated salt solution. The water vapor
in the gas allows bentonite to reach the corresponding humidity.
When the relative humidity of bentonite equilibrates with that of the
specific salt solution environment, the water content of bentonite is
measured, indicating its saturation level. Seven saturated solutions
were prepared for this test. The relationship between the relative
humidity and suction generated by a saturated salt solution can be
expressed using the Kelvin–Laplace equation (Ni et al., 2022).

RT ln(hr) = −
Mw

ρw
S. (1)

In the formula, R is the molar gas constant, R = 8.314J/(mol K); T is
the absolute temperature (K); hr is the relative humidity; Mw is the
molar mass of water (18 g/mol); ρw is the density of water (kg/m3);
and S is the suction.

The suction corresponding to different saturated salt solutions
can be calculated using Equation 1, as shown in Table 1.

Two samples were tested for water-holding characteristics: one
was bentonite without an interface, and the other was bentonite with
an interface, both under rigid boundary conditions.

The test steps are as follows: 1) a saturated salt solution is
prepared and placed at the bottom of a drying basin; 2) the humidity
in the drying basin is measured daily until a specific humidity level
is reached; 3) the specimen is placed on a ceramic plate in the center
of the drying basin; 4) petroleum jelly is applied to the contact area
between the lid and the basin to ensure a proper seal; and 5) the
room temperature is maintained at 20°C, and the volume and mass
of bentonite are measured periodically until no further changes are
observed (Ni et al., 2020; Ni et al., 2022).

2.2.3 Penetration test
The main features of the seepage test bench under rigid

boundary conditions include 1) applying gas injection pressure
to the sample; 2) collecting the pressure at the inlet and outlet;
and 3) measuring the flow rates of argon and water passing
through bentonite. The principle of the permeability test system
is shown in Figure 6.

First, the specimen is placed in the cylinder. Argon enters
through interface A via the bottom plate, lower indenter, and
permeable stone, before flowing into the specimen’s pore space. It
then exits through interface B, passing through another permeable
stone, the upper indenter, and the aluminum tube. The B end
is connected to the tee junction, while the two other ends are
connected to pressure gauge 3 and a transparent hose. The pressure
at the outlet can be monitored using pressure gauge 3. After
collecting the outlet pressure, the transparent hose is connected
to the gas detector and mass spectrometer. The mass spectrometer
primarily determines the relative content of argon and water after
they pass through the sample. Its working principle is as follows:
first, the mass spectrometer is evacuated. Then, the pilot sample
is evaporated into gaseous molecules, which are bombarded by
electron beams to produce positively charged ions. By analyzing
the mass-to-charge ratio obtained from the mass spectrometry
data, the molecular weight can be determined, allowing for the
identification of the sample’s composition. The pressure generated
by the molecular impact detector characterizes the content of each
component, with higher pressures indicating a greater presence of
that component. Since the pressure is measured under vacuum
conditions, it is referred to as negative vacuum pressure.The specific
steps of the entire testing process are as follows: the specimen is
placed inside the cylinder. Next, stop valve 1 was opened to inject
argon into the cylinder, and the gas injection pressure was recorded
by pressure gauge 1. When the gas injection pressure reaches the
set value, cut-off valve 1 is closed. Subsequently, cut-off valves
2 and 3 were opened to inject gas into the specimen, with the
pressure in the inlet of the sample monitored by pressure gauge 2.
Finally, cut-off valve 4 is closed and cut-off valve 5 is opened to
collect the pressure in the outlet. The flow rate of argon and water
passing through bentonite was measured using a gas detector and a
mass spectrometer.The test system, operating under rigid boundary
conditions, is illustrated in Figure 7. Notably, the inner wall of the
cylinder features five grooves, each 1.0 mmdeep andwide. Bentonite
absorbs water and fills these grooves, thereby providing a seal and
avoiding gas migration from the interface between the sample and
the cylinder (Guo et al., 2022; Ni et al., 2020; Ni et al., 2022).

Bentonite needs to be tested using water injection and gas
injection tests under rigid boundary conditions, with the specific
process outlined as follows:
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TABLE 2 Saturation of bentonite under rigid boundary conditions.

Sample suction (MPa) Bentonite without an interface Bentonite with an interface

2.73 0.9 0.89

6.94 0.82 0.8

21.99 0.62 0.64

38.92 0.56 0.56

80.88 0.45 0.48

145.94 0.36 0.39

298.61 0.31 0.3327

TABLE 3 Properties of samples under rigid boundary conditions.

Sample Diameter (mm) Height (mm) Quality (g) Basic property Water
injection
pressure

Gas injection
pressure

Bentonite without an
interface

49.54 10.23 33.58 Dry density: ρd =
1.7± 0.1 g/cm3

Dynamic viscosity:

μ = 22.624× 10−6

Pa ⋅ sμu

Pw = 1 MPa Pup = 1,2...Pb
Bentonite with an

interface
50.17 10.08 34.69

FIGURE 9
Variation curve of the water volume injected into bentonite with time. (A) Bentonite without an interface. (B) Bentonite with an interface.

2.2.3.1 Water injection test
To eliminate the effect of chemical reactions on the

microstructure of the sample, deionized water was used in the
water injection test. Additionally, to minimize the disturbance
of the water pressure on the microstructure of bentonite, the
water pressure injected into bentonite was set at 1.0 MPa, and
the water pressure was maintained constant throughout the test.
The permeability test was completed once the flow of water
stabilized.

2.2.3.2 Gas injection test
Over time, gas will gradually accumulate in the disposal

repository. The increase in gas pressure will alter gas flow patterns,
accelerating the migration of nuclides through engineered barriers,
thereby significantly impacting the stability of the nuclear waste
repository. The gas breakthrough pressure of bentonite was tested
using a step-by-step gas injectionmethod.This incremental increase
in gas pressure closely simulates in situ conditions, allowing for
a more accurate estimation of the gas breakthrough pressure in
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FIGURE 10
Comparison curve between inlet and outlet pressures for two samples. (A) Pup = 1.0 MPa, (B) Pup = 2.0 MPa, (C) Pup = 3.0 MPa, (D) Pup = 3.5 MPa
(bentonite without an interface), (E) Pup = 3.5 MPa (bentonite with an interface), and (F) Pup = 4.0 MPa.

actual projects. Considering the swelling pressure, tensile strength,
compressive strength, and size of saturated bentonite, the initial
gas injection pressure was set at 1.0 MPa, with a gradient of
1.0 MPa until breakthrough occurred. The gas injection pressure
was increased in steps, 1.0 MPa→2 MPa →…pb, using argon as the
penetrant.

2.3 Experimental principle

To investigate the mechanisms of gas migration, scholars have
defined quantitative indicators that describe the permeability of
porous media in the field of nuclear waste disposal. The key
indicators for measuring the permeability of bentonite mainly
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TABLE 4 Flow rate of argon through bentonite without an interface (mL/s).

Gas injection pressure (MPa) Moment of collection (min)

0 5 30 60 120

1.0 3.0 × 10−6 1.4 × 10−5 5.3 × 10−6 3.0 × 10−6 3.9 × 10−6

2.0 9.2 × 10−6 1.6 × 10−5 7 × 10−6 4.8 × 10−6 7 × 10−6

3.0 2.5 × 10−4 3.9 × 10−4 1.6 × 10−4 7.6 × 10−5 6.8 × 10−5

3.5 4.3 × 10−4 6.7 × 10−4 3.3 × 10−4 5.2 × 10−5 7.9 × 10−5

4.0 2.9 × 10−2 3.5 × 10−2 3.8 × 10−2 2.8 × 10−2 4.9 × 10−2

TABLE 5 Flow rate of argon through bentonite with an interface (mL/s).

Gas injection pressure (MPa) Moment of collection (min)

0 5 30 60 120

1.0 3.0 × 10−6 7.0 × 10−6 1.4 × 10−5 2.1 × 10−5 2.1 × 10−5

2.0 1.4 × 10−5 5.4 × 10−5 2.1 × 10−5 1.4 × 10−5 1.7 × 10−5

3.0 1.1 × 10−4 5.9 × 10−5 3.9 × 10−5 2.7 × 10−5 2.1 × 10−5

3.5 7.3 × 10−2 8.4 × 10−2 6.7 × 10−2 4.4 × 10−2 5.1 × 10−2

TABLE 6 Experimental phenomena in the process of argon passing through two samples.

Gas injection
pressure (MPa)

Phenomenon of water outflow Whether the gas has a breakthrough

Bentonite without
an interface

Bentonite with an
interface

Bentonite without
an interface

Bentonite with an
interface

1
2

No water column flowed out No

3 Small column of water flowing out No

3.5 Small column of water flowing
out

Rapid flow of segmented water
columns and outflow of argon

and water mixtures

No Yes

4 Rapid flow of segmented water
columns and outflow of argon

and water mixtures

— Yes —

include gas breakthrough pressure pb, gas entry pressure pe, the
gas induced-dilatancy pressure pk (Xu et al., 2015; Xu et al., 2017),
permeability, increasing the rate of outlet pressure, and the flow rate
of argon and water passing through bentonite.

Gas breakthrough (Guo et al., 2022; Guo et al., 2023) is a
pulsation phenomenon characterized by fluctuations in gas pressure,
accompanied by sudden changes in the microstructure of bentonite.
In a step-by-step gas injection test, when the gas pressure in the inlet
is less than a certain pressure pb, only a small amount of gas pressure
is detected at the outlet. However, when the gas pressure at the inlet

exceeds pb, the pressure at the inlet decreases significantly, causing a
rapid flow of gas out of the exit.This indicates that a continuous flow
path is formed within the sample once gas breakthrough occurs.The
critical pressure pb is referred to as the gas breakthrough pressure.
Themechanism of gas breakthrough involves capillary cracking, the
expansion of pore pathways, and the propagation of the gas–liquid
interface. Gas migration in bentonite can be influenced by different
mechanisms. If controlled by the capillary effect, gas breakthrough
occurs when the gas pressure in the inlet exceeds pe. Alternatively, if
gas migration in bentonite was controlled primarily by the dilatancy
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FIGURE 11
Variation curve of the vacuum negative pressure of argon and water with time after passing through bentonite without an interface. (A) Pup = 1.0
MPa–3.0 MPa, (B) Pup = 3.5 MPa, and (C) Pup = 4.0 MPa.

effect, the effective stress in bentonite causes the pores to rapidly
expand and form a connected path when the gas injection pressure
reached a certain critical value pk. This critical pressure pk is called
the gas-induced dilatancy pressure. Lastly, if the interface effect
dominates, gas breakthrough occurs when the gas injection pressure
approaches the swelling pressure pz of bentonite.

The increasing rate of outlet pressure is determined by
calculating the slope of the fitted pressure growth curve at the
exit side. The flow rates of argon and water passing through
bentonite are measured using a gas detector and a gas mass
spectrometer.

Two commonly used methods for calculating rock permeability
are the steady-state and transient methods.The steady-state method
is used to determine the steady-state value of seepage velocity in
a rock sample under a constant pressure gradient. In contrast,
the transient method is used to determine the time series of the
permeability pressure difference across both ends of a rock sample.
The pressures at both ends of the sample are called the inlet
and outlet pressures. Many scholars use this method to calculate
the permeability of low-permeability samples (Liu et al., 2019;
Guo et al., 2022). The following section mainly discusses the
method for calculating permeability. According to Darcy’s law, the
flow rate of argon across the cross section of the sample can be

calculated by Equation 2.

Qm = −
kA
μ

∂p
∂x
, (2)

where p is the pore pressure, μ is the momentum viscosity of argon,
A is the cross-sectional area, and k is the permeability.

According to Equation 2, the seepage velocity of argon on the
cross section of the sample can be calculated by Equation 3.

v = − k
μ
∂p
∂x
. (3)

The equation of state for gas migration in bentonite can be
expressed as follows:

ρg =
pMg

RT
, (4)

where Mg is the molecular weight of the gas, R is the molar gas
constant (J/(mol·K)), T is the absolute temperature (K), and ρg is
the density of argon (kg/m3).

Considering that the flow of argon in the sample is one-
dimensional seepage, the mass of argon in the microelement of
length δx is

δMg = ϕρgδV. (5)
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FIGURE 12
Variation curve of the vacuum negative pressure of argon and water with time after passing through bentonite with an interface. (A) Pup = 1.0 MPa, (B)
Pup = 2.0 MPa–3.0 MPa, and (C) Pup = 3.5 MPa.

TABLE 7 Permeability and increasing rate of outlet pressure for two samples.

Gas injection
pressure (MPa)

Permeability (10–21 m2) Increasing rate of outlet pressure
(10–3 MPa/h)

Bentonite without
an interface

Bentonite with an
interface

Bentonite without
an interface

Bentonite with an
interface

1 0.79 1.01 0.15 0.25

2 1.07 1.32 0.28 0.57

3 1.14 1.56 0.75 1.05

3.5 1.91 4,270 1.11 4,462

4 393.1 — 11,920 —

Here, δV is the volume of the microelement. ϕ is the porosity
of the soil.

Taking the material derivative (Wu et al., 2020; Wu et al., 2022;
Wu et al., 2024) of Equation 5, Equation 6 can be obtained.

D
Dt

δMg =
D(ϕρg)

Dt
δV+ϕρg

D(δV)
Dt
. (6)

According to the Dupuit–Forchheimer kinematic
relationship, the permeation velocity of gas in bentonite is
v/ϕ. Equation 7 can be obtained
as follows:

D(ϕρg)

Dt
=
∂(ϕρg)

∂t
+ v
ϕ

∂(ϕρg)

∂x
, (7)
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FIGURE 13
Comparative curves of permeability parameters for bentonites with
and without an interface.

where the material derivative of the volume element δV is

D
Dt

δV = ∂
∂x
( v
ϕ
)δV. (8)

Substituting Equations 7 and 8 into Equation 6, Equation 9 can
be obtained.

D
Dt

δMg = [

[

∂(ϕρg)

∂t
+
∂(ρgv)

∂x
]

]
δV. (9)

According to the law of conservation of mass (Shi et al., 2023a;
Shi et al., 2023b; Shi et al., 2023c), it is known that

D
Dt

δMg = 0. (10)

Substituting Equation 10 into Equation 9 and taking into
account that δV ≠ 0, Equation 11 can be obtained.

∂(ϕρg)

∂t
+
∂(ρgv)

∂x
= 0. (11)

Substituting Equation 3 into Equation 11, Equation 12 can
be obtained.

∂
∂t
(ϕp) − ∂

∂x
( k
μ
p
∂p
∂x
) = 0. (12)

For steady seepage, Equation 12 can be simplified as

d
dx
( k
μ
p
dp
dx
) = 0. (13)

If bentonite is homogeneous, the permeability of bentonite does
not vary with the location of the section, and Equation 13 can be
further simplified as

d
dx
(p

dp
dx
) = 0. (14)

The height of the sample is Hs. The gas pressures in inlet and
outlet are Pup and Pdown, respectively. The boundary condition can
be expressed by Equation 15

{
{
{

p|x=0 = Pup
p|x=Hs
= Pdown

. (15)

Integrating Equation 14 and taking into account the boundary
condition p|x=0 = Pup, Equation 16 can be obtained.

p
dp
dx
= C, (16)

where C is a constant. Integrating Equation 16, Equation 17 can
be obtained.

1
2
(p2 − P2up) = Cx. (17)

According to the boundary condition p|x=Hs
= Pdown (Hs is the

height of the sample), the constant can be obtained.

C =
P2down − P

2
up

2Hs
. (18)

Substituting Equation 18 into Equation 17, Equation 19 can
be obtained.

p2 = P2up +
x
Hs
(P2down − P

2
up), (19)

or

p = √P2up(1−
x
Hs
)+ P2down

x
Hs
. (20)

Substituting Equation 20 into Equation 2, Equation 21 can
be obtained.

k =
2QmHsμ√P

2
up(1−

x
Hs
) + P2down

x
Hs

A(P2up − P2down)
. (21)

The flow rate of argon through bentonite is too low to be
measured accurately. Therefore, Equation 21 cannot be used to
calculate the permeability of bentonite (Guo et al., 2023).

The pressure at the inlet decreases over time, but the decrease is
minimal. According to Equation 4, the mass of argon flowing into
the pores of the sample per unit time is expressed by Equation 22:

ρQm =
pM
RT

Qm =
d
dt
(
pMVb

RT
), (22)

where Vb is the volume of the gas cylinder (Vb = 0.40049L).
Integrating Equation 22 over time [0, Δt], Equation 23 can
be obtained.

∫
Δt

0
ρQmdt =

MVb

RT
ΔPup. (23)

In timeΔt, the flow rate of argon is approximately constant, while
the pressure in the inlet varies linearly with time. Equation 24 can be
obtained as follows:

∫
Δt

0
ρQmdt =

M
RT
(Pup −
ΔPup
2
)QmΔt. (24)

Substituting Equation 24 into Equation 23, Equation 25 can
be obtained.

Qm =
VbΔPup

(Pup −
ΔPup
2
)Δt
. (25)
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FIGURE 14
Comparison of gas breakthrough pressure, swelling pressure, and gas entry pressure for bentonite with and without an interface. (A) Bentonite without
an interface. (B) Bentonite with an interface.

Substituting Equation 25 into Equation 21, Equation 26 can
be obtained.

k =
VbΔPup

(Pup −
ΔPup
2
)Δt

2Hsμ√P
2
up(1−

x
Hs
) + P2down

x
Hs

A(P2up − P2down)
. (26)

Considering that permeability is constant at different
locations of the section and taking x = 0 (Liu et al., 2019;
Guo et al., 2022), Equation 27 can be obtained.

k =
4HsPupVbμΔPup

A(2Pup −ΔPup)(P2up − P2down)Δt
. (27)

3 Test results

3.1 Swelling properties of bentonite

Figure 8 shows the change curves of the swelling pressure over
time during water injection saturation for both bentonite without an
interface and bentonite with an interface.

As shown in Figure 8, the swelling pressure increases rapidly at
first, then decreases at a slower rate after reaching the peak value, and
finally stabilizes at a gradual rate.The cations within montmorillonite
crystals chemically react with water, causing the distance between
the crystals to increase (Arcos et al., 2003; Zhao et al., 2018;
Bian et al., 2019; Sun et al., 2019). As a result, bentonite swells when
it absorbs water. Under rigid boundary conditions, the deformation
of bentonite is constrained, generating a “wedge” force between the
crystals. This accumulation of this “wedge” force is manifested as
swelling pressure. When the moisture content reaches a certain level,
the pores between the bentonite crystals slightly collapse, leading
to a decrease in swelling pressure. As water injection continues, the
collapsed crystals reabsorb water again, causing the swelling pressure
to increase once more. Consequently, the swelling pressure evolution
curve generally exhibits a bimodal pattern.

The swelling pressure of bentonite without an interface and
bentonite with an interface, when they tend to become saturated,

were 3.62 MPa and 3.17 MPa, respectively. Due to the interface
between bentonite crystals, bentonite with an interface has relatively
free expansion space in the initial stage, resulting in a lower degree
of accumulation of “wedge” force. In contrast, bentonite without
an interface lacks this free expansion space, leading to a higher
swelling pressure.

3.2 Water holding characteristic of
bentonite

The corresponding suction force and saturation of bentonite
under different saturated salt solutions are shown in Table 2.

For small-sized specimens, the critical value of capillary pressure
is approximately equal to the gas entry pressure. Based on the
soil–water characteristic curve, the gas entry pressure can be
calculated using the van Genuchten model. The specific expression
for the van Genuchten model (Genuchten, 1980) is given by

Sw = [1+(
S
pe
)
b1
]

1−b1
b1
, (28)

where Sw is water saturation and b1 is the parameter of the van
Genuchten model.

The gas entry pressure and parameter b1 were calculated
according to the van Genuchten model (Equation 28).The gas entry
pressure of bentonite without an interface was pe = 4.83 MPa, with
the parameter b1 = 1.28. In contrast, the gas entry pressure of
bentonite with an interface was pe = 4.35 MPa, with the parameter
b1 = 1.26.

3.3 Penetration test results

Water injection and gas injection tests on bentonite without
an interface and bentonite with an interface under rigid boundary
conditions were conducted. Table 3 shows the parameters of the
two samples.
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3.3.1 Water retention tests
The curve showing the water volume injected into bentonite

without an interface and bentonite with an interface under rigid
boundary conditions is shown in Figure 9.

1) As shown in Figure 9A, the volume of water injected
into bentonite without an interface increased sharply with time
during the initial stage, while it stabilized after approximately
2 days. This indicates that bentonite without an interface shifted
from unsaturated permeability to saturated permeability. Similar
experimental results were reported by Guo et al. (2022) in their
water injection experiments on bentonite under flexible boundary
conditions. The permeability during the water injection stage
can be calculated as 2.02 × 10−20 m2 using Darcy’s law. 2)
As shown in Figure 9B, the volume of water injected into bentonite
with an interface increased sharply with time during the initial stage
and then tended to stabilize along a straight line after approximately
1 day. The permeability during the water injection stage, calculated
as 1.12 × 10−20 m2 using Darcy’s law, did not differ significantly
from that of bentonite without an interface. This indicates that the
interface between the bentonite heals after encountering water.

3.3.2 Gas breakthrough tests
The comparative curves of inlet and outlet pressures for two

samples at gas injection pressures of 1.0 MPa, 2.0 MPa, 3.0 MPa,
3.5 MPa, and 4.0 MPa are shown in Figure 10.

The curves in Figure 10 showed that 1) the decrease in inlet
pressure and the increase in outlet pressure vary linearly during the
gas injection stage of 1.0 MPa, 2.0 MPa, and 3.0 MPa. Throughout
the testing period, the outlet pressure of the two samples increased
to a maximum of 0.055 MPa, which was significantly different
from the inlet pressure. This observation suggests that the pore
expansion within bentonite was minimal during the gas injection
process, indicating that gas migration was primarily influenced
by dissolution, diffusion, or two-phase flow. 2) When the gas
injection pressure was 3.5 MPa, the outlet pressure of bentonite
without an interface increased to a maximum of 0.06 MPa, with
no gas breakthrough occurring. In contrast, for bentonite with
an interface, the inlet pressure decreased sharply, while the outlet
pressure increased dramatically within a fewminutes. Subsequently,
the pressures at the inlet and outlet reached equilibrium in a
very short time. This indicated that a continuous flow channel
was formed at this stage, leading to gas breakthrough. 3) In the
gas injection stage at 4.0 MPa, a sharp increase in outlet pressure
was observed, while the inlet pressure experienced a significant
decrease at approximately 40 h into the process. Subsequently, the
pressure in the inlet and outlet of bentonite without an interface
reached a state of equilibrium. It indicated that gas breakthrough
occurred during this gas injection stage. However, foreign scholars
(Villar et al., 2021; Gutiérrez-Rodrigo et al., 2021) believed that the
interfaces between bentonites healed, suggesting that the interface
had little effect on gasmigration after saturationwithwater injection.

The flow rate of argon through bentonite without an interface
and bentonite with an interface at different injection pressures
and time intervals are shown in Tables 4, 5, respectively. The
experimental results are shown in Table 6.

As illustrated in Tables 4–6, the flow rates of argon and water
under gas injection pressure through bentonite with an interface and
bentonite without an interface are similar. 1) At injection pressures

of 1.0 MPa and 2.0 MPa, the flow rates of argon for both samples
are higher during the initial phase and at the 5-min mark; however,
these rates decrease after half an hour (see Tables 4, 5). Notably,
there is no outflow of the water column during injection (see
Table 6). This observation suggests that diffusion and solubility are
the primary mechanisms controlling gas migration at this stage. As
surface tension increases with decreasing pore size, insufficient gas
pressure to counteract capillary pressures within the pores leads
to gas dissolving or diffusing in the water. Previous studies have
reached similar conclusions (Liu et al., 2015; Xu et al., 2015; Cui et al.,
2022a). 2) With an increase in gas injection pressure, the flow
rates of argon through both samples also increased (see Tables 4,
5), accompanied by a small outflow of the water column. As gas
injection pressure increased, the solubility of gas in bentonite also
increased.When the pore pressure reaches a certain threshold, some
water is driven out of the sample, indicating that the two-phase
visco-capillary flow in bentonite pores is the primary mechanism
at play. 3) When the gas injection pressure reaches 3.5 MPa, the
flow rate of argon through bentonite with an interface increases
by two orders of magnitude (see Table 5), and the relative flow
rate of argon increases sharply. Additionally, numerous small water
columns flow rapidly through the clear tubes, resulting in a mixture
of water and argon being expelled (see Table 6). This observation
suggests that connected seepage paths formwithin bentonite during
this gas injection phase, indicating that gas breakthrough occurs. In
contrast, gas breakthrough in bentonite without an interface does
not occur until the gas injection pressure reaches 4.0 MPa. This
finding suggests that the gas breakthrough pressure of bentonitewith
an interface is lower and that the interface between bentonite blocks
can heal while still influencing gas migration.

The pressure measured by the gas detector holds no practical
significance and solely represents the relative flow rates of argon and
water through bentonite. The relative flow rates of argon and water
through the two samples are illustrated in Figures 11, 12.

As shown in Figures 11, 12, the variations in the flow rates
of argon and water with injection pressure through bentonite
with and without an interface are similar. 1) At low gas injection
pressure, the flow rate of argon through bentonite exceeds that
of water, with both flow rates remaining very low. 2) As gas
pressure increases, the flow rate ofwater through bentonite gradually
surpasses that of argon, confirming that the influence of two-
phase viscous-capillary flow effects increases. 3) At a gas injection
pressure of 3.5 MPa, the flow rates of argon and water through
interfacial bentonite are significantly greater than those through
bentonite without an interface. The phenomenon occurs because
gas breakthrough in interfacial bentonite happens at 3.5 MPa, while
gas breakthrough in bentonite without an interface does not occur
until the pressure reaches 4.0 MPa. This indicates that the interface
between bentonite can heal after water injection, although it may
weaken the mechanical properties of bentonite.

3.4 Effect of the interface between
bentonite blocks on permeability
parameters

Based on the test results and the principles for calculating
permeability and the rate of increase in outlet pressure, as described
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in the experimental principles section, the permeability and rate of
increase in outlet pressure at different gas injection pressures are
presented in Table 7.

As is well known, there is a strong coupling relationship
between swelling pressure and gas injection pressure during the
gas migration process in bentonite. Thus, the swelling pressure
and gas injection pressure are the primary factors affecting the
permeability of bentonite. As shown in Table 7. 1) at gas injection
pressures of 1.0 MPa, 2.0 MPa, and 3.0 MPa, the permeability of
both samples is on the order of 10–21 m2. The permeability and
rate of increase in outlet pressure for the two samples show an
increasing trend with increasing gas injection pressure. Liu et al.
(2014) and Liu et al. (2015) reached a similar conclusion. As the
gas injection pressure increases, it drives water out, facilitating its
passage through bentonite. 2) The gas breakthrough pressure for
bentonite without an interface is 4.0 MPa, while that for bentonite
with an interface is 3.5 MPa. During the gas breakthrough stage,
the permeability and rate of increase in outlet pressure are several
orders of magnitude greater than in the non-breakthrough stage.
This is attributed to the formation of continuous seepage paths
within bentonite, resulting in a sharp increase in permeability and
outlet pressure.

To investigate the effect of the interface between bentonite
blocks on permeability under rigid boundary conditions, the
permeability and rate of increase in outlet pressure for bentonite
without an interface and bentonite with an interface are compared,
as shown in Figure 13. A significant difference is observed in both
permeability and the rate of increase in outlet pressure between
the breakthrough and non-breakthrough stages. The logarithmic
method is employed to describe the coordinate axes, facilitating the
comparison of the variations in permeability and the rate of increase
in outlet pressure between these two stages.

The curves presented in Figure 13 indicate that 1) at the same
gas injection pressure, the permeability and rate of increase in
outlet pressure for bentonite with an interface are greater than
those for bentonite without an interface. Guo et al. (2022) reached
a similar conclusion under flexible boundary conditions. 2) The
gas breakthrough pressure for bentonite without an interface is
4.0 MPa, while the gas breakthrough pressure for bentonite with
an interface is 3.5 MPa. Under rigid boundary conditions, the
radial displacement of bentonite is constrained. The normal radial
stress of bentonite decreases after water loss and increases upon
water absorption. Furthermore, the swelling pressure of bentonite
without an interface is greater than that of bentonite with an
interface. Consequently, the permeability and rate of increase in
outlet pressure for bentonite with an interface are greater, while the
gas breakthrough pressure is lower.

4 Mechanism of gas migration and gas
breakthrough in saturated bentonite

mω is the mass of gas injected into a unit volume of
bentonite per unit time. According to the principle of mass
conservation, we obtain

∂(ρgϕδV)

∂t
=mωδV. (29)

According to the gas equation of state, substituting
Equation 4 into Equation 29, we obtain

∂
∂t
(
pM
RT

ϕδV) =mωδV. (30)

Expanding the left side of Equation 30, we obtain

M
RT
[
∂p
∂t

ϕδV+
∂ϕ
∂t

pδV+ϕp ∂
∂t
(δV)] =mωδV. (31)

According to the theory of continuum mechanics, the material
derivative of the bentonite volume element is

D(δV)
Dt
= ( ̇εrr + ̇εθθ + ̇εzz)δV, (32)

where ̇εrr, ̇εθθ, and ̇εzz are the radial, circumferential, and axial strain
rates, respectively.

Considering that the particle velocity of bentonite is very
small, the material derivative D(δV)/Dt of the volume element
is approximately equal to the spatial derivative (local derivative)
∂(δV)/∂t. Equation 32 can be simplified as

∂(δV)
∂t
= ( ̇εrr + ̇εθθ + ̇εzz)δV. (33)

Substituting Equation 33 into Equation 31, we obtain

∂p
∂t

ϕ+
∂ϕ
∂t

p+ϕp( ̇εrr + ̇εθθ + ̇εzz) =
RTmω

M
. (34)

Under rigid boundary conditions, the bentonite specimen is
squeezed by the cylinder with minimal changes in radial and axial
strain rates. In addition, the geometry and stress conditions of the
specimen are axisymmetric, and the circumferential strain rate is
0. Therefore, the volume fraction of bentonite remains constant.
Consequently, Equation 34 can be simplified as

∂p
∂t

ϕ+
∂ϕ
∂t

p =
RTmω

M
. (35)

Since the pore volume is the product of porosity and the micro-
element volume, the strain rate of the pore volume is of the same
order of magnitude as that of the micro-element volume. It can be
assumed that the pore variation in bentonite is minimal under rigid
boundary conditions. Consequently, Equation 35 can be further
simplified as

∂p
∂t
=
RTmω

ϕM
. (36)

As seen from Equation 36, the pressure in the pores of bentonite
increases continuously with the continuous injection of gas. The
increase in pore pressure leads to the escape of water. Therefore,
there is a water–gas two-phase flow in the bentonite specimen under
rigid boundary conditions.

Under rigid boundary conditions, the interface between the
bentonites has a slight effect on the gas breakthrough pressure;
however, the mechanism of gas breakthrough remains the same.
In the following analysis, we analyze the mechanism of gas
breakthrough under rigid boundary conditions based on the
experimental results of bentonite with and without an interface.

The gas breakthrough pressure, swelling pressure, and gas
entry pressure of bentonite with and without an interface
are shown in Figures 14A, B.
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The curves presented in Figure 14A indicate that the gas
breakthrough pressure (pb) is 4.0 MPa, the swelling pressure (pz) is
3.62 MPa, and the gas entry pressure (pe) is 4.83 MPa for bentonite
without an interface. It is evident that pz < pb < pe. Similarly,
as shown in Figure 14B, the gas breakthrough pressure (pb) is
3.5 MPa, the swelling pressure (pz) is 3.17 MPa, and the gas entry
pressure (pe) is 4.35 MPa for bentonite with an interface. Again, it is
clear that pz < pb < pe.

The results of the tests indicate that the gas breakthrough
pressure is greater than the swelling pressure but less than
the gas entry pressure. This suggests that the gas pressure
is insufficient to cause capillary rupture at the time of gas
breakthrough, which facilitates the passage of gas through the
cylinder and bentonite interface. In other words, the optimal
pathway for gas breakthrough under rigid boundary conditions is
the interface between the cylinder and bentonite (Xu et al., 2015;
Liu et al., 2014; Liu et al., 2015).

In the permeation test of bentonite, several phenomena
were observed. By analyzing these phenomena, we describe the
mechanisms of gas migration and breakthrough in saturated
bentonite.

(1) Saturated bentonite contains pores of varying sizes, and the
surface tension at the gas–water interface impedes gas flow.
Surface tension increases as pore size decreases. When the
gas pressure is insufficient to counteract the capillary forces
within the pores, the gas is limited to dissolving or diffusing
in the water.

(2) As gas injection pressure increases, the solubility of a gas in
bentonite also increases. When the pore pressure reaches a
certain threshold, water is expelled from the sample, leading
to desaturation. This results in a reduction in the swelling
pressure, a weakening of hydraulic properties, and a decrease
in the effective stress applied. When the gas injection pressure
approaches or exceeds the expansion pressure of the bentonite,
the interface between bentonite and the cylinder is forced
open, creating a continuous flow path.

5 Conclusion

The study of gas migration mechanisms in saturated bentonite
is critical to the safety of disposal repositories and has profound
implications for the sustainable development of nuclear energy.
Based on this, numerous scholars have conducted extensive
research on factors such as boundary conditions, dry density,
and temperature (Liu et al., 2015; Xu et al., 2015; Xu et al.
2017; Xu et al. 2020; Cui et al., 2022a; Cui et al. 2022b;
Cui et al. 2024a). Unfortunately, most of these studies have
overlooked the influence of interfaces within bentonite, treating it
as a homogeneous material. However, recent research has shown
that interfaces within bentonite significantly affect gas migration
pathways (Guo et al., 2022; Cui et al., 2024b). To further investigate
the role of interfaces in gas migration mechanisms, this study
conducted water injection tests, water retention tests, and gas
breakthrough tests on both interface-free and interface-containing
bentonite samples.The effects of interface conditions on parameters
such as the permeability of saturated bentonite, the rate of increase

in outlet pressure, and gas breakthrough pressure were analyzed.
The results revealed the mechanisms of capillary rupture, pore
expansion, and interface effects during gas breakthrough. The main
conclusions are as follows:

(1) At low gas injection pressures, diffusion and solubility are
the primary mechanisms controlling gas migration. Saturated
bentonite contains pores of varying sizes, and the surface
tension at the gas–water interface hinders gas flow. Surface
tension increases as pore size decreases.When the gas pressure
is insufficient to counteract the capillary forces within the
pores, the gas can only dissolve or diffuse in water.

(2) As gas pressure increases, permeability, the rate of increase
in outlet pressure, and the flow rate of argon through both
samples also increase, accompanied by a slight outflow of
the water column. With increasing gas injection pressure, the
solubility of gas in bentonite increases.When the pore pressure
reaches a certain threshold, some water is driven out of the
sample, resulting in desaturation. This leads to a reduction in
the swelling pressure of the soil, a weakening of its hydraulic
properties, and a decrease in the effective stress applied. These
changes indicate that the two-phase visco-capillary flowwithin
the bentonite pores becomes the dominant mechanism as the
gas injection pressure increases.

(3) The swelling pressure, gas entry pressure, and gas
breakthrough pressure of bentonite without an interface were
greater than those of bentonite with an interface.This indicates
that while bentonite with an interface healed after water
injection, it affected the mechanical properties of bentonite,
reducing the soil’s strength.

(4) The swelling pressure, gas entry pressure, and gas
breakthrough pressure of bentonite without an interface were
3.17 MPa, 4.35 MPa, and 3.5 MPa, respectively, while those
of bentonite with an interface were 3.62 MPa, 4.83 MPa,
and 4.0 MPa. By comparing the gas breakthrough pressure,
swelling pressure, and gas entry pressure of the two specimens,
it was found that the gas breakthrough pressure was greater
than the swelling pressure but less than the gas entry pressure.
This indicates that the gas pressure was insufficient to cause
a capillary rupture during gas breakthrough, allowing gas to
pass more easily through the interface between the cylinder
and bentonite.

This paper primarily investigates the influence of interfaces
on gas migration mechanisms and the role of gas breakthrough,
providing valuable insights for developing safety strategies in
disposal repositories. However, gas migration and breakthrough in
bentonite are complex phenomena influenced by multiple factors.
Without a clear understanding of the coupling relationships among
these factors, it will be challenging to make accurate assessments
of repository safety, which, in turn, could hinder the sustainable
development of nuclear energy. In future work, this study will
continue to explore the complex interactions of factors such as
boundary conditions, dry density, temperature, and interfaces in
the gas migration process through bentonite gas breakthrough
experiments. A coupled fluid–solid model will be developed
to better understand the gas migration mechanisms under the
influence of multi-factors.
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