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During deep geological disposal of high-level and long-lived radioactive waste, underground water erosion into buffer materials,
such as bentonite, and gas production around the canister are unavoidable. Therefore, understanding water and gas migration
into buffer materials is important when it comes to determining the sealing ability of engineered barriers in deep geological
repositories. The main aim of our study is to provide insights into the water/gas transport in a compacted bentonite sample
under constant volume conditions. The results of our study indicate that water saturation is obtained after 450 hours, which is
similar to experimental results. Gas migration testing shows that the degree of water saturation in the samples is very sensitive
to the gas pressure. As soon as 2MPa or higher gas pressure was applied, the water saturation degree decreased quickly.
Laboratory experiments indicate that gas breakthrough occurs at 4MPa, with water being expelled from the downstream side.
This indicates that gas pressure has a significant effect on the sealing ability of Gaomizozi (GMZ) bentonite.

1. Introduction

At present, energy shortages are a serious problem in China.
In recent years, the Chinese state has vigorously developed its
nuclear power. As a result, a large amount of nuclear waste
has been generated. Therefore, the management and storage
of these high-level radioactive wastes (HLRW) have become
an important issue ([1–3]; Liu et al., 2020a; [4]). When it
comes to the final disposal of HLRW, a useful method
adopted by many countries is to store these wastes in deep
geological repositories, including natural geological barriers
and engineered barrier systems (EBS) [1, 5–7]. A natural geo-
logical barrier is generally composed of the host rock, such as
granite in China, COx argillite in France, Opalinus clay in
Switzerland, and Boom clay in Belgium. An engineered bar-

rier system stores waste in repositories such as waste storage
vessels and buffer/backfill material [8–11].

With respect to bentonite, at the initial stage of under-
ground storage, it only becomes partially saturated. After
disposal pits are filled up, sealing occurs gradually. Under-
ground water seepage can lead to proper bentonite swelling
and, hence, disposal pit sealing. Nevertheless, in the long-
term, gases may be produced in a bentonite repository due
to several reasons, such as humid corrosion, water radiolysis,
and organic waste microbial degradation [12–14]. In the
initial stage, the gas pressure is low, and groundwater intru-
sion is dominant. Therefore, the bentonite barrier gradually
becomes saturated. With time, generated gases may not
escape and, therefore, accumulate in the space between the
canister and the clay barrier. The accumulation of gas can

Hindawi
Geofluids
Volume 2021, Article ID 4290426, 16 pages
https://doi.org/10.1155/2021/4290426

https://orcid.org/0000-0002-4847-7102
https://orcid.org/0000-0003-4178-8116
https://orcid.org/0000-0002-6121-3179
https://orcid.org/0000-0001-5193-3503
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/4290426


lead to overpressurization of the EBS, especially the
compacted bentonite barrier. When gas pressure exceeds a
certain value, the gas breakthrough occurs, and gas pressure
decreases. This process will be accompanied by the evolution
of the bentonite barrier from saturated to unsaturated.

Gas pressure and water pressure are a competitive rela-
tionship in the pore network of bentonite. The accumulated
gas pressure will affect the migration of groundwater in the
pore network of the bentonite block, thereby affecting its
sealing performance. In addition, the nuclides themselves
cannot be migrated, and the migration of nuclides is essen-
tially due to the migration of groundwater gas in the soil/rock
matrix. Therefore, it is important to adequately study the
water/gas migration in bentonite barriers to assess the long-
term performance of these barriers and to verify the feasibil-
ity and safety of such repositories.

The sealing ability of bentonite barriers is not very clear.
Further work is required to study how to quantitatively evaluate
the sealing ability of bentonite barriers. Many previous studies
have used gas permeability as an evaluation indicator [15–19].
However, this approach is not sufficient for unsaturated
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Figure 1: (a) Geometric model and finite element mesh. (b) Modelling scheme. (c) Water and gas injection test.

Table 1: Numerical model parameters.

Parameters Symbols Units Values

Residual saturation Sr —— 0

Maximum saturation Smax —— 0.999999

Water density ρω kg/m3 1000

Water permeability Kω m2 2:30 × 10−20

Porosity φ —— 0.34

Van Genuchten’s parameters n —— 1.27

Van Genuchten’s parameters m = 1 − 1/n —— 0.21

Van Genuchten’s parameters Pr Pa 990000

Perfect gas constant R —— 8.3144

Temperature T K 295

Molar volume vm Mol/L 1.80E-05
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materials because of their high gas permeability. For saturated
(or nearly saturated) clayey materials, gas permeability can be
as low as 10-21m2, which is difficult to measure. In addition,
Darcy’s law is usually not suitable in this situation. Therefore,
other researchers have used gas breakthrough pressure to
evaluate the sealing efficiency of clayey barriers ([11, 20–22]
and 2020c; [23]). The so-called gas breakthrough pressure can
be explained as follows. Gas pressure is increased step by step
at the upstream side of the sample until discontinuous/continu-
ous gas flow is detected at the other side. The corresponding gas
injection pressure is defined as the discontinuous/continuous
gas breakthrough pressure [24]. Some studies indicate that the
gas breakthrough/migration property has a close relationship
with the water saturation degree. This means that the sealing
ability of the clayey barrier relies on its gas permeability and
water saturation degree. However, it is difficult to obtain the

water saturation of a sample during the gas injection test in lab-
oratory experiments since the sample can only be removed
from the triaxial cell at the end of the test. Therefore, numerical
modeling is an effective method in such instances. In addition,
numerical modeling allows us to clearly obtain the saturation
degree at different locations of the sample. Therefore, in this
study, a series of numericalmodeling operations were performed
to compare their results with those from laboratory experiments.

2. Mathematical Formulation

2.1. Liquid Flow Equations. Richards’s equation describes the
flow in an unsaturated medium [25–27]:

∂wω

∂t
= diτ K ∇P +Gmð Þð Þ, ð1Þ
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Figure 2: Evolution of water saturation at Pw = 1MPa: (a) t = 1 d, (b) t = 5 d, (c) t = 10 d, (d) t = 15 d, (e) t = 20 d, and (f) t = 25 d.
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where wω is the volume water content, t is the time, K is the
hydraulic conductivity, P is the hydraulic pressure, and Gm is
the vector of gravity (the values are -1 and 1 for the vertical
direction and the horizontal direction, respectively). Effective
water saturation Sw can be obtained as follows:

Sω =
wω − θwγ

ws −wγ

, ð2Þ

wherewγ is the residual water content, andws is the saturated
water content (i.e., 1.0). Using equation (2), we can rewrite
equation (1) as

∂Sω
∂t

= 1
φ
diτ

Kω:iKω:r

μω
∇pω + ρωgG

mð Þ
� �

, ð3Þ

where φ =ws −wγ is the apparent porosity in water, and the
water content is defined by the ratio of the water volume to
the sample volume; Kω:i and Kω:rare the water permeability
and the relative water permeability, respectively, μω is the
water viscosity, ρω is the water density,g is the gravitational
acceleration, and Pω = ρωhg is the water pressure. For the
unsaturated case, Pω = Pg − Pc, pg, and Pc are the gas pressure
and capillary pressure, respectively.

In equation (3), Sω, Kω:r , and Pc are three unknown
parameters, where Kω:i and φ are constant and can be directly
determined by laboratory experiments, and μω is equal to
1:0 × 10−3 Pa·s. Therefore, two additional equations are
required to solve Equation (3).

2.2. Capillary Pressure and Relative Permeability. The rela-
tionship between capillary pressure Pc and relative humidity
RH is described by the Kelvin-Laplace equation. The relative
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Figure 3: Water-injection test (experimental data).
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Figure 4: Evolution of the water saturation of the monitoring points
as a function of time (numerical modeling).
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humidity of the air above the meniscus in a capillary pore is
given by the Kelvin equation and Young-Laplace equation
[28–30]:

Pc = −
RT
υm

ln RHð Þ, ð4Þ

where υm is the molar volume, R is the universal gas constant,
and T is the temperature.

The Van Genuchten (VG) model [31] describes the
relationship between water saturation Sω and the capillary
pressure Pc,

Sw = 1 + Pc

Pr

� �n� �−m

, ð5Þ

wherem = 1 − 1/n and Pr are two parameters that are related
to the pore size distribution of the porous medium. To deter-
mine the two parameters, the samples were put in different
desiccators to obtain different water content. Then, the
degree of saturation was calculated, and its relationship with
relative humidity was obtained. Finally, the two parameters
could be determined by the least-squares method. Regarding
the relative permeability, which is given by the Mualem
model [32]:
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Figure 7: Evolution of water saturation at Pg = 1MPa: (a) t = 0 d, (b) t = 4 d, (c) t = 8 d, (d) t = 12 d, (e) t = 16 d, and (f) t = 20 d.
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Kw,r = S1/2w,j

Ð Sw, j
0 dSw/Pcð ÞÐ 1
0 dSw/Pcð Þ

 !2

, ð6Þ

Kg,r = 1 − S1/2w,j

� � Ð Sw, j
0 dSw/Pcð ÞÐ 1
0 dSw/Pcð Þ

 !2

: ð7Þ

According to the Van Genuchten model, Equations (6)
and (7) can be rewritten as follows:

Kw,r = S1/2w,j 1 − 1 − S1/mw,j

� �m� �2
, ð8Þ

Kg,r = 1 − Sw,j
� �1/2 1 − 1 − S1/mw,j

� �m� �2m
: ð9Þ

Additionally, in this study, the temperature was con-
trolled at 20°C; therefore, the thermal effect was neglected
in our numerical simulations.

3. Geometrical Model and Boundary Conditions

3.1. Computational Model. Figure 1(a) shows the geometrical
model of the modeling sample. The boundary conditions and
initial conditions of the tests enable an axisymmetric
analysis. The mesh consists of triangle elements. As shown
in Figure 1(a), two-dimensional axisymmetric finite element
model of 10mm ðheightÞ × 25mm ðradiusÞ, which is identi-
cal to the sample size in the laboratory experiment, was estab-
lished. The entire mesh consists of 760 domain elements and
76 boundary elements. Monitoring points were selected
along the axial.

3.2. Modeling Scheme Design and Boundary Conditions.
Numerical modeling was performed after the laboratory
experiments, which provided essential parameters and
proper boundary conditions for the numerical simulations.
For the laboratory experiments, the first stage was the water
injection test, and the second stage was the gas injection test.

The boundary conditions for the water and gas injection tests
are rigid. The numerical modeling scheme was then designed
according to results from the laboratory test (Figure 1(b)).

In situ bentonite barrier is confined by the granite host
rock. In our numerical modeling, for the axisymmetric
model, there are three types of boundary conditions: bottom
boundary, top boundary, and lateral boundary. Mechanical
boundary conditions require zero displacements in the verti-
cal direction at both the bottom and the top of the sample
and zero radial displacement on the lateral side of the sample.
The flow boundary conditions contain both water flow and
gas flow at different stages. Specifically, the upstream bound-
ary is in direct contact with water (Pω = 1MPa) and gas
(Pg = 0/1/2⋯MPa) during the water injection test and the
gas injection test, respectively (Figure 1(c)). The downstream
boundary is in direct contact with the atmosphere. In order
to repeat the laboratory experiments, the results of the previ-
ous stage were set as the initial state of the next stage. The
values of the main parameters used for numerical modelling
are listed in Table 1.

4. Results and Discussion

4.1. Water Injection Test. Water was injected from the
downstream side of the sample. The overall evolution of
the water saturation of the sample as a function of time is
shown in Figure 2. Complete water saturation was obtained
on the 20th day, which correlates very well with the experi-
mental results. As shown in Figure 3, the water injection
volume-time curve becomes linear after 200 hours, which
indicates that complete saturation was obtained for the
sample after this time. In the laboratory experiment, it is
difficult to judge the evolution of the water saturation since
the sample cannot be removed from the triaxial cell during
the experiment. Thus, the water injection volume-time
curve is the only approach to determine water saturation
before the gas migration test. Currently, we deem that com-
plete water saturation was obtained as soon as the linear
relationship between water volume and time was achieved.
The feasibility of this method has been demonstrated in
our previous study [33].

With respect to the monitoring points, as shown in
Figure 4, point A_5 only needed 7 days to reach full water
saturation, whereas the other points needed approximately
15–20 days. This phenomenon is clearly related to the
distance of the sample points from the water source. Water
was injected from the downstream side, and therefore, less
time was needed to become saturated for the monitoring
points close to the top surface. However, there is an excep-
tion, i.e., point A_1, which is located at the bottom surface.
In fact, there exists an interface between the sample and the
internal surface of the cell. As soon as water was injected,
water could migrate through the interface to arrive at the
bottom surface. This phenomenon occurred due to the
change in the hydraulic boundary condition of the bottom
surface. A similar phenomenon was also found by Liu et al.
[34]. The effective water and gas permeability are shown in
Figures 5 and 6, from which we can know that the water per-
meability increased while the gas permeability decreased since
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the monitoring points gradually reach full water saturation. It
should be pointed out that since the water gradually occupies
all pore space, the sample can achieve very good gas tightness.

4.2. Gas Injection Test

4.2.1. Water Saturation and Permeability with Pg = 1 ~ 3:5
MPa. Figure 7 shows the saturation change of the saturated

sample under a gas injection pressure of 1MPa. When gas
injection began at the upstream side, the saturation of the
upper side changed first, and then the saturation was trans-
ferred gradually to the lower part. Because of the low gas pres-
sure, the entire process lasted about 20 days when the overall
saturation became stable. Since the gas injection was started
from the upstream side, it can be seen that after equilibrium,
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Figure 9: Evolution of the permeability of the monitoring points as a function of time: (a) water permeability and (b) gas permeability.
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Figure 10: Evolution of water saturation with time on the 2nd day: (a) Pg = 2MPa, (b) Pg = 3MPa, and (c) Pg = 3:5MPa.
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the saturation at locations far from the gas injection side was
slightly larger than that at the other side. The influence of
the gas pressure on the saturation decreased with the increase
of the distance from the upstream side. In the repository, gas
mainly migrates along the least resistance path, e.g., EDZ
(Excavation Damaged Zone) and interfaces between different
parts (bentonite blocks, canister, host rock). This means that
these parts should be paid special attention for the evaluation
of the gas tightness of the whole repository.

Further results can be observed from the monitoring
points. The evolution of water saturation with time at the
monitoring points is shown in Figure 8. The upper monitor-
ing points took the lead in the change in water saturation,
and then with the increase of time, the saturation of the
points far from the gas source gradually changed. For the
monitoring point A_5, the saturation reached a stable state
around the 7th day, while for points A_4 and A_3, it took
16 and 18 days, respectively, to reach a stable state. Since
A_5 was close to the gas source, the saturation dropped

sharply at the beginning of gas injection, and then it tended
to decline slowly and steadily, while the saturation at the other
points began to change after 1–4 days of gas migration accord-
ing to their distance from the gas source. From the upstream
side to the downstream side, the time required for reaching
stability gradually increased, and it took about 20 days for
the entire sample to reach a stable state. On the whole, the sat-
uration of the points far from the gas source was larger than
the points near the source after reaching stability.

The permeability change in Figure 9 shows that as the gas
injection process progressed, the sample transitioned from a
saturated state to an unsaturated state. The water permeabil-
ity decreased, and the decrease in saturation provided space
for gas flow; furthermore, the gas permeability shows an
increasing trend. It is particularly important to note that
there was a sudden drop in the decrease in water permeabil-
ity, while the increase in gas permeability was smoother and
slower. This may be due to the initial saturation of the spec-
imen. As a whole, the permeability changes were consistent
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Figure 11: Evolution of the water saturation degree of the monitoring points as a function of time: (a) Pg = 2MPa, (b) Pg = 3MPa, and (c)
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with the saturation change; the upstream side took the lead in
the change, and the change was gradually transmitted to the
downstream side. Finally, a stable fluid migration structure
was formed in the sample.

Figure 10 shows the change of saturation after stabiliza-
tion at gas pressures of 2, 3, and 3.5MPa. In the case of gas
injection pressure of 1MPa, it took 20 days for the sample
to change from a saturated state to an unsaturated stable
state. However, under a gas pressure of 2, 3, and 3.5MPa,
the sample changed from the initial unsaturated state to a
state with lower saturation, and the time required to reach
stability was rapidly reduced. It took only about two days
for the entire sample to reach equilibrium.

Figure 11 shows the variation of the saturation of the
monitoring points with time under different gas pressure,
which is consistent with the saturation change at the gas pres-
sure of 1MPa; the water saturation near the gas source was
smaller than that at other locations, and the water saturation
showed gradient descent with the position. The variation in

saturation also led to a change in permeability, as shown in
Figures 12 and 13; water permeability became smaller while
gas permeability became larger. It should be pointed out that
the water permeability showed a sudden drop due to the
change from the saturated state to the unsaturated state when
the gas injection pressure was 1MPa. However, when the gas
pressure was further increased, the sample existed in an
unsaturated state, and the water permeability showed a slow
and smooth reduction.

4.2.2. Water Saturation and Permeability with Pg = 4 ~ 8
MPa. As shown in Figure 14, saturation simulation results
were obtained after the gas injection pressure was increased
to 4, 6, and 8MPa. Compared with the previous gas injection
simulation, the difference here is that a higher gas pressure
was applied causing lower saturation. This also shows that
higher gas pressure has a stronger driving effect on pore
water. If the gas pressure is too high, a gas breakthrough will
occur. At different stages of gas generation, migration, and

Time (d)

4.0E-22

3.5E-22

3.0E-22

2.5E-22

2.0E-22

1.5E-22

1.0E-22

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Eff
ec

tiv
e w

at
er

 p
er

m
ea

bi
lit

y 
(m

2 )

A_1
A_2
A_3

A_4
A_5

(a)

Time (d)

1.0E-22

9.0E-23

8.0E-23

7.0E-23

6.0E-23

5.0E-23

4.0E-23

0.0 0.5 1.0 1.5 2.0

Eff
ec

tiv
e w

at
er

 p
er

m
ea

bi
lit

y 
(m

2 )

A_1
A_2
A_3

A_4
A_5

(b)

Time (d)

4.0E-23

3.8E-23

3.6E-23

3.4E-23

3.2E-23

3.0E-23

2.8E-23

0.0 0.5 1.0 1.5 2.0

Eff
ec

tiv
e w

at
er

 p
er

m
ea

bi
lit

y 
(m

2 )

A_1
A_2
A_3

A_4
A_5

(c)

Figure 12: Evolution of the effective water permeability of the monitoring points as a function of time: (a) Pg = 2MPa, (b) Pg = 3MPa, and (c)
Pg = 3:5MPa.
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breakthrough, the gas migration mechanism is also different.
Therefore, in the subsequent simulation process, it is neces-
sary to consider the different gas transport constitutive equa-
tions corresponding to different gas transport mechanisms.

The saturation changes of monitoring points are
shown in Figure 15. The change in water saturation shows
the gradient distribution since it was affected by the posi-
tion of the monitoring points. The changes of water per-
meability and gas permeability are shown in Figures 16
and 17, which are consistent with the abovementioned
changes. Water permeability was further reduced, while
gas permeability was further increased when greater gas
pressure was applied.

4.2.3. Effect of Gas Pressure on Water Saturation and
Permeability. In order to further study the influence of gas
pressure on fluid migration characteristics, the intermediate
monitoring point A_3 was selected as an example. The
change of saturation, gas permeability, and water permeabil-
ity under different gas pressure is shown in Figure 18. As can

be seen from the figure, with the increase of gas pressure, the
water saturation variation decreased gradually. The satura-
tion values at 6MPa and 8MPa are higher because the gas
pressure increased was increased by 2MPa as compared to
previous injections before 4MPa when the pressure of each
injection was increased by 1MPa (0.5MPa step by step
during 3–4MPa). It should be pointed out that the total effect
of the latter gas injection pressure on the water saturation
should be the sum of all the saturation changes before, since
the latter injection added a certain gas pressure to the same
sample after the previous injection. Therefore, it can be
concluded that as the gas pressure increased, the saturation
gradually decreased, although with a reduced rate of descent.
The effect of the gas pressure increase on the saturation was
gradually weakened. This is due to the fact that the water in
the soil pore is divided into adsorbed water and free water.
The gas drives the free water flow first, while the adsorbed
water near the surface of the particle skeleton is firmly locked
on the particles, which requires a greater driving force to
make it flow [35].
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Figure 13: Evolution of the effective gas permeability of the monitoring points as a function of time: (a) Pg = 2MPa, (b) Pg = 3MPa, and (c)
Pg = 3:5MPa.
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Figure 14: Evolution of water saturation with time on the 2nd day: (a) Pg = 4MPa, (b) Pg = 6MPa, and (c) Pg = 8MPa.
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Figure 15: Evolution of the degree of water saturation of the monitoring points as a function of time: (a) Pg = 4MPa, (b) Pg = 6MPa, and (c)
Pg = 8MPa.
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The variation in the permeability at different gas pressures
is shown in Figures 18(b) and 18(c). It can be concluded from
the figure that the gas permeability increased with the increase
of gas pressure, although by different values. The increase in
the values when the gas pressure was 6MPa and 8MPa is
larger, for the same reason as before—that the gas pressure
was increased by 2MPa (from 4MPa and 6MPa), while the
previous gas pressure increases were only by 1MPa or
0.5MPa. In fact, the gas permeability shows a trend of first
increasing and then decreasing; when the gas pressure reached
4MPa, the variation reached a critical point, which indicates
that as the absolute value of saturation decreased, the amount
of change in gas permeability first increased and then
decreased. This also corresponds with the gas breakthrough
test results. As shown in Figure 19(a), in the gas breakthrough
test, when the gas pressure reached 4MPa, a continuous gas
breakthrough occurred in the sample after 37 hours. There-
fore, time is also very important for the development of gas

pathways in the bentonite barrier. Similar phenomenon was
also observed in our previous research [24]. In this case, inter-
connected macropores formed facilitating gas migration,
which in turn lead to a decrease in the saturation [36]. How-
ever, the water permeability decreased in general as the gas
pressure increased. As the saturation decreases, the distribution
of water in the sample gradually develops from a continuous
form to a discrete form. The residual water is mostly adsorbed
on the surface of the particles and tends to be nonflowing.

In general, it can be seen that water and gas have a signif-
icant effect on the saturation of buffer/backfill material, and,
therefore, affect its sealing performance. In this study, under
constant volume condition, during the process of water injec-
tion, the sample gradually reached a saturation state, which
indicates good gas tightness. Gas injection was then performed
on the saturated sample. At low gas pressure, the gas perme-
ability of the sample that is further away from the gas source
was less affected by the gas pressure, and the sample as a whole
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Figure 16: Evolution of effective water permeability of the monitoring points as a function of time: (a) Pg = 4MPa, (b) Pg = 6MPa, and (c)
Pg = 8MPa.
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maintained good gas tightness. With the increase of gas pres-
sure, the saturation became lower, and the pore space was
more likely to form a gas flow channel. The overall gas perme-
ation of the sample was greatly changed, and the gas tightness
of the sample was lowered. In this study, the boundary condi-
tion is fixed. If the boundary condition is free swelling, the
bulk volume of bentonite will increase. The change in the pore
structure will not only affect the hydration process of benton-
ite but also affect its gas migration characteristics [33, 37].

5. Conclusions

Numerical simulation is an effective means to understand the
process of water and gas migration in bentonite buffer. In this
study, the simulation of water injection and subsequent gas
injection shows that during the process of water injection,
the locations of the samples that were closer to the water
source were first saturated. With the passage of time, the
entire structure reached saturation showing that the benton-
ite sample is able to play a good sealing role.

For saturated soil, it took a long time for the sample to
transition from a saturated state to an unsaturated stable
state under 1MPa gas pressure. With the increase in the gas
injection pressure, the saturation further decreased, and the
time required to reach stability decreased. Under constant
volume condition, when the gas pressure was low, the gas
permeability of the sample at the portion further away from
the gas source was less affected by gas pressure, and the whole
structure still showed good sealing properties.

As the gas pressure increased, the saturation decreased
further, but the amount of decline in the saturation decreased.
The influence of increasing the gas pressure on saturation
decreased gradually. One reason for this is that the internal
water is composed of free water and absorbed water. The free
water is first driven to flow, while a greater driving forced is
needed for absorbed water as it is firmly absorbed on the parti-
cles. Compared to the change in permeability, when the sample
changed from a saturated state to an unsaturated state, with
increasing gas pressure, the gas permeability first increased
and then decreased, and the gas pressure of 4MPa was the
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Figure 17: Evolution of effective gas permeability of the monitoring points as a function of time: (a) Pg = 4MPa, (b) Pg = 6MPa, and (c)
Pg = 8MPa.
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critical point. Gas breakthrough occurred when the gas pres-
sure reached 4MPa in the gas injection test process. Intercon-
nected pores for gas migration were formed inside the
sample, resulting in a decrease in the water saturation, and
the water permeability was reduced in general.
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Figure 18: Change of point A_3 under different pressure: (a) saturation, (b) gas permeability, and (c) water permeability.
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