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Abstract A gas breakthrough in saturated benton-
ite is relevant to the safety of high-level radioactive
waste repositories. The study of gas transport mecha-
nisms in saturated bentonite is very important for the
safety assessment of repositories. This paper pro-
posed a coupled fluid-mechanical interaction model
for predicting and simulating the path of gas trans-
port and gas breakthrough in saturated Gaomiaozi
bentonite. The model considered the effect of defor-
mation and damage of bentonite on its permeability
and introduced pore pressure into the deformation
equation of bentonite. The damage coefficient was
also introduced into the permeability evolution equa-
tion by combining the Mohr—Coulomb criterion, the
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maximum tensile stress criterion and the damage evo-
Iution. In addition, considering the heterogeneity of
the soil, the Weibull distribution function was intro-
duced to assign differential values to material param-
eters of the cells in the model. The numerical simu-
lation of the bentonite stress field and seepage field
was realized by the joint MATLAB and COMSOL
secondary development, and the evolution law of the
pore path in bentonite was explored under a flexible
boundary. The gas breakthrough pressure and perme-
ability pressures were calculated at various gas injec-
tion from a gas injection experiment into bentonite
with flexible boundaries. Finally, the rationality and
applicability of the model were verified by comparing
the numerically calculated gas breakthrough pressure
and permeability with experimental values.
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Article highlights

1. This paper proposed a coupled fluid-mechanical
interaction model for predicting and simulating
the path of gas transport and gas breakthrough in
saturated Gaomiaozi bentonite. The model con-
siderd the effect of deformation and damage of
bentonite on its permeability and introduced pore
pressure into the deformation equation of benton-
ite.

2. The numerical simulation of the bentonite stress
field and seepage field was realized by the joint
MATLAB and COMSOL secondary develop-
ment, and the evolution law of the pore path in
bentonite was explored under a flexible boundary.

3. Permeability experiments were carried out on
bentonite to obtain the law of gas transportation
in bentonite. Combined with experimental analy-
sis, the mechanism of gas migration and break-
through in bentonite was theoretically deduced.

Keywords A coupled fluid-mechanical interaction
model - Effects of deformation and damage of
bentonite - Evolution law of the pore path - Gas
breakthrough - Permeability test

1 Introduction

With the worldwide depletion of coal and oil
resources, the development of nuclear energy is
becoming more prominent. The large amount of
radioactive waste generated by nuclear power plants
has posed a potential threat to environmental protec-
tion. Internationally, it is common to bury high-level
radioactive waste in a stable stratum of 500-1000 m
underground. The repository generally adopts a
multi-barrier structure, consisting of nuclear waste,
waste containers, buffer material and surround-
ing rock from the inside to the outside, as shown in
Fig. 1. Over time, the bentonite gradually becomes
saturated under the action of groundwater (Guo et al.
2022; Tang et al. 2022; Ramesh and Thyagaraj 2022;
Liu et al. 2020). Due to the corrosion of waste tanks
and the decomposition of microorganisms, gas will
be produced in the repository, and the increase in gas
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pressure will have a greater impact on the safety and
stability of the entire repository. Therefore, there is
an urgent need to carry out research on gas transport
laws within saturated bentonite.

In many researchers (Cui et al. 2022; Harrington
et al. 2012; Ye et al. 2014) the process of gas trans-
port was divided into four stages in saturated ben-
tonite: the dissolution and diffusion stage, gas—water
two-phase flow stage, dilatancy control flow stage
and macroscopic fracture control flow stage. Domes-
tic and foreign scholars mainly focus on latter two
stages, still with some debates. Regarding these two
migration mechanisms, the models established by
scholars included traditional two-phase flow model,
two-phase flow model considering soil deformation
and coupling model of two-phase flow model with
embedded cracks.

Some researches (Guo and Fall 2021; Leupin
et al. 2021; Liu et al. 2021) established a two-
phase flow model without considering soil defor-
mation, which was used to simulate the process
of gas-driven water in saturated bentonite. The
results showed that gas breakthrough occured
when the injection pressure approached the critical
value of the capillary pressure. Since these models
do not consider the deformation of the soil t, there
are limitations in simulating the process of per-
meability change. Many studies (Gutierrez-Rod-
rigo et al. 2015; Guo and Fall 2018; Guo and Fall
2021; Graham et al. 2012) showed that the effect
of dilatancy on gas migration was more significant
under most conditions. Some scholars (Ye et al.
2014; Xu et al. 2013) have established the piece-
wise function of permeability and gas pressure
or soil strain. When permeability depended on
gas injection pressure, the permeability changed
slightly at lower injection pressures and rapidly
if the injection pressure was above a predefined
threshold. While permeability depended on soil
strain (Tawara et al. 2014; Alonso et al. 2012), the
permeability was determined by the deformation
of the soil, indicating elastic and plastic strains
increased significantly when plastic strains were
generated in the soil. Some other scholars (Gon-
zalez-Blanco et al. 2016; Arnedo et al. 2014; Ohno
et al. 2022; Olivella and Alonso 2008; Gerard
et al. 2014) have introduced embedded fractures
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Fig. 1 The repository of
multi-barrier structure

in the model. However, these fissures were hypo-
thetical, and they only change properties of the
pore pressure and do not incorporate the volume
of the fracture independently into the governing
equations. However, the expansion process of the
prefabricated pore needs to be considered in the
model. The process of gas migration through ben-
tonite is more likely to be simulated by the pore
expansion model.

The increase in gas injection pressure decreases the
elastic modulus and changes the hydraulic characteris-
tics of the soil. In order to simulate the effect of benton-
ite damage on the elastic modulus and hydraulic char-
acteristics of the soil, a model for the coupling of fluid
flow and soil stress will be established, and the differ-
ence in the stress—strain relationship will be considered
before and after soil damage. In addition, considering
the heterogeneity of bentonite, the Weibull distribution
will be introduced to generate the distribution of soil
elastic modulus and permeability. Then, further explo-
ration of the evolution law of pore expansion in ben-
tonite will be analyzed with gas injection pressure, gas
migration law, and the gas breakthrough mechanism in
bentonite.

Surrounding
rock

Bentonite
block

g

Groundwater
erosion

Gas is generated on the
contact surface of
bentonite and waste tank

2 Fluid-mechanical interaction model considering
bentonite damage

The fluid-mechanical interaction model for gas migra-
tion in bentonite is composed of governing equations
and the corresponding boundary conditions. The gov-
erning equations include the continuous equation, the
momentum equation of seepage field and stress field,
the evolution equation of soil damage, and the cou-
pling equation of seepage field and stress field.

2.1 The control equation of bentonite deformation

Considering the stress acting on the bentonite by pore
pressure, the relationship between stress and strain
of bentonite under an axisymmetric boundary can be
expressed as Eq. (1).

O-rr = (3H - 2(;)(grr + 890 + gzz) + 2G£W + I’/pg
Ggp = BH = 2G) (g, + €4y +€_.) +2Geyy +1p,
o..=(BH=2G)(e, + &gy +¢_) +2Ge_ +np,

o, = 2GerZ

ey
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The geometric equation can be simplified as
Eq. (2).
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The momentum conservation equation can be sim-
plified as Eq. (3).
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2.2 Evolution model of porosity

The Lagrange method was applied to describe the
variation of soil porosity. The pore volume and skel-
eton volume of the element could be obtained by
Eqgs. (4), (5) and (6).

5Vp = 6V )
And
5V, = (1 - $)sV 5

To calculate the material derivative of Egs. (5), (6)
could be obtained.,

D(sV,) D(V) D¢
= —_ _ 6
Dt (=9 Dt Dt V) ©

Assuming that the deformation of the skeleton
was much smaller than the deformation of the pores,

D(z:’.:) = 0, and Eq. (6) could be simplified as Eq. (7).
D(§V) D¢
- =Z6V)=0
Dt Dt ©V) "

(1-¢)
Based on the theory of continuous medium
mechanics, the material derivative of the volume ele-

ment 6V could be calculated by Eq. (8).
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where the upper symbol “-” indicates the partial
derivative of physical quantity with respect to time,
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Substituting Eq. (8) into Egs. (7), (10) could be
obtained.

1 D¢ _ . . .
1_¢E_£rr+606’+6zz (10)
Through Eq. (11),

1 Dp _ D _
T—oDr - Dtln(l ) (11)

Equation (10) could be changed to Eq. (12).

D 0,
ol =) =-—= 12)

Adding the first three equations in Egs. (1), (13)
could be obtained.

0, +0y+0, =3 [H(Err +EgytE, )+ r]pg} (13)

Equation (13) could be modified as Eq. (14).

O-rr + 0-09 + O-ZZ - 3’7Pg

3H (19

err + 56’0 + gZZ =

Substituting Eq. (14) into Egs. (12), (15) could be
obtained.

D 1 0
51 0 =9 = 5 (o + 000+ 0= 30,
as)

vj' (i=1, 2, 3) is the velocity component of the soil
skeleton. Equation (15) could be rewritten as Eq. (16),
which is the evolution equation of soil porosity.

0 .0
—In(1-¢)+vi—[In(1 -
o n(l—¢) V,axi[n( #)] o
10 3
- _ﬁa<arr t 0yt Op~ ”ng)
Considering that the motion velocity of the soil
skeleton was extremely small, Eq. (16) could be sim-

plified as Eq. (17).
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Integrating Eq. (17), we obtained Eq. (18).

1—

lIl 1 (Z) =_$[(O—rr_o-}(f)r) + (0-90_0-349)

0 (18)
0
+(6zz - Gzz) - 3’7<pg _pg0>]

where a?r,agg,a?z and p,, are normal stress in the

radial direction, normal stress in the circumferential
direction, normal stress in the axial direction and gas
pressure in pores at the initial moment, respectively.

¢ << 1, so there was the following approximate
relationship,

1-¢
- ¢,

Substituting Eq. (19) into Egs. (18), (20) could be
obtained.

=(1-¢)(1+¢,) =1-¢+¢, (19)

p=1+ ¢O _ e‘#[(”rr“’?’)+(‘799_‘729)'*'(6::_‘7?1)_3”(I’g_pgo)]

(20)
(0, =)+ (o0 = o) + (0= %) =3n(p, =p, )] =1 >
Eq. (21) could be obtained.
o mlEo)-3n(r)]) = 1 — _L [(O. )
3H rr rr
. . 2D
+(o-09 - 606) + (O-zz - O-zz) - 3]1<pg _ng)]
Substituting Eq. (21) into Eq. (20), we got
1
¢ =¢,+ 3H [(Grr - G?r) + (0 = 0'29)
(22)

+(o-zz - o-?z) - 3n<pg —pg())]

2.3 The gas flow equation

The continuity equation for the flow of gas in benton-
ite can be derived based on the material description.

The mass of gas in volume element 6V is
5Mg = pgqchV = mgéV. According to the principle of
mass conservation, Eq. (23) could be obtained.

D

= (5Mg) =0,V 23)

m, and p, are mass concentration and mass density of
the gas in the soil, we got Eq. (24).
my = pyd 24)

v, and g, are the seepage velocity and permeability
velocity of the gas, and Eq. (25) could be obtained.

Ay = PVer 25
qu = d)vgz (25)

where, v,, and v, are radial and axial components of
seepage velocity. g,, and g, are radial and axial com-
ponents of permeability velocity.

Expanding the left side of Eq. (23), we got

Dm
D D . D
—5M)=—< 5):—5 26
Dt( e) = pi\medV ) = oV Fmyp OV)
(26)

The right side of Eq. (26) could be expressed as
Eq. (27).

ot

6mg
- 7+V-(mgvg) 5V

Substituting Eq. (24) into Egs. (27), (28) could be
got.

[6(¢ﬂg) +V. <¢ngg>] SV = |:a(¢ﬂg) L. (qug)] sV

()mg
——+V,- Vmg 6V+mgV . Vg5V
27

ot ot
(28)
Substituting Eq. (28) into Eq. (23), we got
o) s, ooa.)
0(¢pg) + gy 4 Peg, + ggz —o, (29)
ot or r 0z

Assuming that the flow of gas in bentonite obeyed
Darcy’s law, the seepage velocity could be expressed as
Eq. (30).

__ k9P
4= Hg OF
30
__ ko ¢
4, i, 02
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By calculating the local derivative of Eq. (24), we
got

Ape®) I, ¢
o~ Por Ty

€1V}

The gas was barotropic fluid, so the gas compres-
sion coefficient could be expressed as Eq. (32).

1 dpg
Cc, = —_

=— 32
f pg dpg ( )

By calculating the integral of Eq. (32), we got
Eq. (33)

In Pe ( )
=c(p,—p
\Fe 0
oy ¢ (33)

p=p,

where Py is the initial pressure of the gas.

By calculating the partial derivative of Eq. (33)
with respect to time, we got Eq. (34).

op, op,
— = — 34
a PPy 34)

By calculating the partial derivative of Eq. (22)
with respect to time, Eq. (35) was got.

op _ 19

ot - ﬁa(drr + 690 + Gzz - 3'71)8) (35)

By substituting Egs. (34) and (35) into Egs. (31),
(36) was obtained.

a(f’gd’) g Py 0

o PPy 3_Ha_t(‘7rr+%e+azz_3’7pg)
(36)

By substituting Egs. (30) and (36) into Egs. (29),
(37) could be obtained.

o, Py 9
¢Cfpgw ﬁa(arr + G + O-zz - 3np8)
2 2 37
ke (O Pr\ _keiop o D
Hy \ Or? 072 T, Or "

Equation (37) is the continuity equation for gas
permeation in bentonite.

@ Springer

2.4 Damage model for bentonite

Bentonite is formed primarily through weathering of
rocks and soils. Due to the influence of the parent rock
and natural climate conditions in the mining site, there
are significant differences in the chemical composition
and crystal particle arrangement of bentonite miner-
als in different regions, resulting in differences in the
elastic modulus and permeability of microscopic units
of bentonite. The heterogeneity of the bentonite has an
important effect on the strength of the bentonite, the
damage to bentonite, and the propagation of cracks.
Previous studies have shown that the Weibull distribu-
tion can well describe the heterogeneity of rock and
soil materials (Wang et al. 2018; Zhang et al. 2019).

It is assumed that the elastic modulus of bentonite
at the initial moment obeyed the Weibull distribution
W(/ll M, ), and its distribution density was expressed
as follows:

Al u -1 " A
f(u)=—<—> exp —<—> ,(u>0) (38
n,o\n, n,

where u represents mechanical parameters of the
unit body such as strength, modulus of elasticity and
permeability. The mathematical expectation and the
mean square deviation of the elastic modulus at the
initial moment were expressed as follows:

E(E,) =n1r<1 +/1i>

1

> . (39)
D(E,) =n, \/F<1 + /1—1> _r2<1 + /1—1>

It was hard to measure the initial mathematical
expectation and mean square deviation of the modulus,
so E(E,) and D(E,) were replaced with the mean E|,
and mean square deviation Dy, of the modulus of elas-
ticity of the specimen before infiltration test, the follow-
ing equation could be obtained.

1
n1F<1 + —> =E
4
2 2 2 1 2
711|:F<1+T - 1+/1— _DOI
1 1

(40)
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Distribution parameters A, and #, could be calcu-
lated by Eq. (40).

As the gas built up in the repository, the gas pres-
sure increased in the pores of bentonite. Under the
condition that the effective stress of the soil remained
unchanged, when the pore pressure increased to a cer-
tain value, the soil changed from compression to ten-
sion, which may result in tensile damage.

G =04 -/, (41)

where 6, is the first main stress, and f, is the tensile
strength.

Furthermore, shear failure may also occur in the
soil. Shear failure obeyed the Coulomb-Mohr crite-
rion, with the following threshold function.

1+ sin®

G, =-04+ O sind —Je (42)
where o3, is the third main stress, f, is the uniaxial
compressive strength of soil, and ® is the interior
friction angle of soil.

Considering both tensile and shear modes of dam-
age, the damage variable D was defined (Zhu and
Tang 2004, 2002; Yang et al. 2007; Zhu et al. 2013;
Zhang et al. 2021) as follows:

0 G <0, G, <0

2
D 1—(;°) G, =0,G,<0,dG,>0  q

£
2
1—(i°) G, <0, G, =0, dG, > 0

£3)

where €, and g, are the first and third principal
strains of the element; €, and &, are uniaxial com-
pressive and tensile strains of the element. In order
to distinguish between tensile and shear cracks, the
damage value corresponding to shear damage was
defined as positive and the damage value correspond-
ing to tensile damage was negative.

The elastic modulus of the soil decreased after
damage, and the relationship between the elastic
modulus and the damage was expressed as follows:

E = Ey(1 - |DJ) (44)

Equations (43) and (44) constituted the damage
model of bentonite.

2.5 Permeability model during soil deformation

The Eq. (42) is the most widely used porosity—perme-
ability equation (Chilingar 1964).

3 2
=) (%) “
ko bo 1-¢
After the soil is damaged, its permeability
increases abruptly due to the initiation and propa-
gation of fractures. A great number of experiments
show that permeability increases exponentially with

damage variables (Zhu et al. 2013; Tao et al. 2019),
which could be expressed by Eq. (43).

d’ 3 1_¢ 2
k=ko<¢70> ( 1_(;) exp(4D) (46)

where A, is the influence coefficient of damage on
permeability, which is called the rapidly increasing
coefficient of permeability.

2.6 The coupling relationship of multi-physical fields

The above subsection has established governing equa-
tions for seepage and mechanical fields, considering
the damage evolution of bentonite under gas pressure
and the effect of damage on seepage and stress fields.
For solid mechanical fields, variation of stress field
caused changes in bentonite porosity, which in turn
changed bentonite permeability. This process was
primarily calculated through Egs. (22) and (45). For
the seepage field, the effect of pore pressure on the
deformation of bentonite was considered during fluid
seepage. The damage caused by the stress field could
be calculated by Eq. (43). The effects of damage on
the stress and seepage fields were mainly reflected
in the change of elastic modulus and permeability,
which were calculated according to Egs. (44) and
(46), respectively, as shown in Fig. 2.

2.7 Toroidal geometry configuration and boundary
condition

The soil seepage-solid coupling model established
in the previous section was a highly nonlinear

@ Springer
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P Eq.(20) ; Eq.(25) | Seepage
ore Porosity > o
pressure = velocity
Eq.(30)
Eq.(43) A Eq.(1
Damage q : . . :
¢ 'b% < Soil stress » Soil strain Soil
variable permeability
Damage Eq.(1) .
coefficient Eq.(44) ' \ 4
L 5 Elastic modulus
Eq.(1)
v

Shear and bulk modulus

Eq.(46)

Fig. 2 Coupling relationship between multiple physical field

x,(2)

~ T
S

x 6 r

Fig. 3 Soil configuration

Fig. 4 The 2D geometry
mode of bentonite under
flexible boundary condi-
tions

0.01m4~ ‘ =
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equation, and it was difficult to obtain the analytical
solution of the equations. The numerical solution
of the coupled model was calculated by COMSOL
Multiphysics and MATLAB.

The diameter of the circular plate model was 2a;
and the height was H,. The rectangular coordinate
system Ox;x,x; and cylindrical coordinates Orz
were established on the model, as seen in Fig. 3.

The toroidal geometry configuration Q in the
rectangular coordinate system Ox x,x; could be
expressed by Eq. (47).

PP A A A A

2 2
g <an(x <a.x, <a)
. { A, @7)
0.05m Py
4 YYYYYYY Y vy Yl
| Axial
| symmetry
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The toroidal geometry configuration Q in the
cylindrical coordinates Ox x,x; could be expressed
by Eq. (48).

OSrSas
Q:30<0<L2xn (48)
Osx3SHv

In the permeability test, the stress and displacement
of the bentonite varied slightly in the circumferential
direction. Therefore, the structure-liquid coupling prob-
lem could be simplified to a two-dimensional problem.

The 2D geometry mode of bentonite is shown in
Fig. 4.

Under the flexible boundary, the boundary con-
dition of the upper end face could be expressed by
Eq. (49).

p |z=Hx = PUP
el oy =0 49)
o =0

zr Z=HS

The boundary condition of the lower end face
could be expressed by Eq. (50).

p |z=HJ = Pam
el oy =0 (50)
c =0

lz=H,

where p,,., is the standard atmospheric pressure. The
boundary condition at the side of the bentonite could
be expressed by Eq. (51).

(G

3 Simulation results

3.1 Parameters of numerical simulation

Parameters of the material are shown in Table 1

Table 1 Mechanical parameters for the simulations

Parameters Soil matrix Unit
Height 0.01 m
Radius 0.025 m
Soil density 1.70 kg/m®
Uniaxial compressive Strength 1.50 MPa
Uniaxial tensile strength 0.35 MPa
Poisson’s ratio 0.25

Angle of internal friction 10.71 °
Biot coefficient 0.60

Initial porosity 0.30

Elastic modulus 160 MPa
Weibull coefficient 7 /
Initial permeability 4.05x1072! m?

The cloud picture of elastic modulus and per-
meability distribution before damage are shown in
Fig. 5.

The gas injected into the soil was argon,
whose density and dynamic viscosity var-
ied with pressure, as shown in Fig. 6. Based
on the data in Fig. 6 and by linear regression,
we obtained Py = 16.945 x p + 2.8325, and

i, =8x107 xp? +2x 107" X p+2x107.

x10° x102
3 3
(a) Elastic modulus (Pa) (b) Permeability(m?)
R 28 _ i 28

] 2.
’

26 26
24 24
13 22
5 2

L8 18
16 16
4 14

Fig. 5 Mechanical parameters of bentonite before soil dam-
age. a Elastic modulus (Pa), b Permeability(mz)
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500 Density
Viscosity
~ 400F 135 =
g S
FD =¥
¥ 300f %
2 130 T
Z 200} g
g
100} 125 5>
0 -
1 1 1 1 1 1 1 20

0 5 10 15 20 25 30
Pressure (MPa)

Fig. 6 Variation of viscosity and density of argon with pres-
sure (at 22 °C)

The model was meshed using the free triangle
method, as shown in Fig. 7.

3.2 Results and discussion

In this section, the variation laws of damage area
and permeability with gas injection pressure were
obtained by numerical calculation, with a confining
pressure of 7.0 MPa.

Gas injection pressure was applied in a step-by-
step loading way. The first stage was 0.1 MPa, the
final value was 7.0 MPa, and the differential was 0.1
MPa. The calculated time was 7.2 h at each stage of
gas injection pressure.

Fig. 7 Division of free
triangular element mesh

@ Springer

3.2.1 The Damage evolution law of bentonite

The injection pressures were selected as 0.3 MPa,
0.5 MPa, 1.0 MPa, 2.0 MPa, 3.0 MPa, 4.0 MPa, 5.0
MPa, 5.5 MPa, and 6.0 MPa. The cloudy pictures of
soil damage evolution are shown in Fig. 8 under each
loading pressure.

The height of the bentonite model was Hs=0.01 m,
and the radius was a,=0.025 m, and the area of the
model was 2.5 x 10~ m2. First, the number of meshes
for tensile and shear damage could be calculated by
numerical modeling. Second, the number of meshes
for damage was divided by the number of meshes for
the whole model. Finally, the ratio obtained was mul-
tiplied by the total area of the model, which was the
area of the damaged region. The damage area at dif-
ferent gas injection pressures is shown in Fig. 9.

Combining Figs. 8 and 9, it can be seen that (1)
When the gas injection pressure was 0.3 MPa and 0.5
MPa, shear damage started to occur at the lower end
of the soil. The total damage areas were 3.58x 107
m? and 9.47 x 107° m? during these two gas injection
phases. (2) When the gas injection pressure was 1.0
MPa, shear damage extended rapidly to the upper
right. Some discrete areas of shear damage appeared
on the upper and right sides of the soil. At the same
time, a small area of tensile damage occurred at the
lower end of the soil. The total damage area was
3.41x 107 m? at this stage. (3) When the gas injec-
tion pressure were 2.0 MPa, 3.0 MPa, and 4.0 MPa,
shear damage extended rapidly, while tensile damage
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Fig. 8 Cloud map of soil
damage evolution under
confining pressure of

7.0 MPa

P_=1.0MPa

up

0.8 [

04

Area of damage area(10™* m?)

1 1 1 1 1
0 1 2 3 4 5 6 7
Gas injection pressure(MPa)

0.0

Fig. 9 Variation curve of the area of the damaged area with
the gas injection pressure under the confining pressure of 7.0
MPa

-
B

<

P, =2.0MPa

-0.5

extended more slowly. The total damage areas were
4.87x107° m? 5.53x10° m” and 6.72x 107 m?,
respectively. (4) When the gas injection pressures
were 5.0 MPa and 5.5 MPa, tensile damage rapidly
extended to the upper and lower ends of the soil.
The total damage areas were 8.31x10™> m? and
8.75x 107 m?, respectively. 5) When the gas injec-
tion pressures were 6.0 MPa and 6.5 MPa, the upper
and lower ends of the soil formed a continuous ten-
sion crack. The total damage areas were 9.19x 107
m? and 9.56 x 107> m?.

The results showed that as the injection pressure
increased, the damage area increased, but the rate of
increase became slower. Under lower gas injection
pressure, the soil mainly experienced shear failure. As
the gas injection pressure increased, the tensile dam-
age became more and more obvious and eventually
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extended into a continuous seepage path. When the
gas injection pressure was 6.0 MPa, a continuous
seepage channel was formed in the soil; that is, the
gas breakthrough pressure was 6.0 MPa.

3.2.2 The permeability evolution law of bentonite

The law of permeability change was due to pore
expansion. The distribution of permeability is shown
in Fig. 10 at different gas injection pressures.

As can be seen from Fig. 10, the evolution of per-
meability was the same as that of damage. The per-
meability after damage was one order of magnitude
larger than the initial permeability.

Due to the low permeability of the non-damaged
area, the damaged area was the main seepage channel.
Therefore, the average permeability of the damaged

Fig. 10 Distribution of
permeability under differ-
ent gas injection pressures
(P,=7.0 MPa)

P_=1.0MPa

up

Table 2 Permeability calculated through numerical models

Gas injection pressure (MPa) Permeability
(102" m?)

0.3 0.31

0.5 1.09

1.0 4.36

2.0 4.79

3.0 5.64

4.0 6.19

5.0 6.49

5.5 11.2

6.0 13.8

6.5 14.9

was calculated by COMSOL software, as shown in
Table 2.
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4 Model validation

In order to verify the applicability and rationality of
the above model, the permeability test of benton-
ite was carried out under a confining pressure of 7.0
MPa, and then the gas breakthrough pressure and the
permeability at each injection pressure stage were
obtained. Finally, the permeability and gas break-
through pressure obtained by numerical calculations
were compared with those experimental results to
verify the applicability of the model.

4.1 Sample preparation

The specimens used in this paper were taken from
Gaomiaozi bentonite in Inner Mongolia. In order to
make the bentonite powder consistent with the ini-
tial moisture content of the repository site, the vapor
phase method was adopted to wet the Gaomiaozi
bentonite powder. The bentonite powder was placed
in a desiccator with a saturated potassium carbonate
solution at the bottom of the container. The relative
humidity was 43% inside the container. The moisture
content of Gaomiaozi bentonite powder was about
10.28% after two months. The dry density was 1.7 g/
cm?’.

The weighed bentonite powder (Fig. 1la) was
put into the self-designed pressing mold, as seen in
Fig. 11b. The bentonite powder was compressed into
a disc-shaped specimen with a diameter of 50 mm
and a height of 10 mm using an electronic universal
testing machine. The compressing process was in dis-
placement control mode with a 0.1 mm/min loading
rate. Figure 11c shows the finished specimens.

KoC0;-43.7%

(a) Bentonite powder

Fig. 11 Preparation process of bentonite sample

(b) Press

4.2 Test system

The main features of the seepage test bench with
multi-physical field coupling under the flexible
boundary included: (1) applying confining pressure to
the samples to prevent the fluid from flowing through
the surface of the sample; (2) applying pore pressure
at both sides of the specimen and recording the pres-
sure change at both ends; (3) measuring the argon and
water content of the bentonite at the outlet end. The
test principle of permeability is shown in Fig. 12.

Before the test, the specimen wrapped in the rub-
ber sleeve were placed inside the pressure chamber.
Firstly, a confining pressure was applied using an oil
pump to the sample P.. Then stop valve 1 was opened
and argon was injected into the cylinder. Argon pres-
sure P, was read by pressure gauge 1. When the set
value of Pup was reached, the stop valvel would be
stopped. Then stop valves 2 and 3 were opened to
inject argon into the sample. The inlet pressure P,
was read by pressure gauge 2. After collecting the
pressure P, .. at the outlet, stop valve 4 was closed,
stop valve 5 was opened, and then the gas detector
could detect the argon content.

In particular, GDS pump recorded the pressure at
the outlet end. A small amount of water flowed out of
the GDS pump when the injection pressure increased.
There were some errors in the pressure detected by
the GDS pump due to the difference between the
compressibility of gas and water. To avoid the errors,
the conduit between the sample and the GDS pump
was filled with water after each stage of gas injection
pressure was completed.

(c) Compressed bentonite samples
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Pressure acquisition
system at outlet

System for
detecting the
flow of fluid at
the outlet end

Gas detector/mass
spectrometer

Infiltration
chamber ~~

Sample

Viton leather case

Oil pump
Pc
Intelligent control system of Pressure
confining pressure container

Gauge 3

Data intelligent
acquisition system

m“

Pressure gauge 1

Buffer cylinder

Water/ Gas Air tank

Fluid (water/gas)
transmission system

Fig. 12 Schematic of the device for testing permeability under flexible boundaries

4.3 Test principle

When the gas in the waste material was at a cer-
tain level, the gas pressure damaged the bentonite,
and then a gas breakthrough occurred. The sealing
effect of the disposal bank depended on the perme-
ability of the bentonite. For the treatment of radio-
active waste, the permeability indexes of bentonite
mainly include gas breakthrough pressure, perme-
ability and increasing the rate of outlet pressure.

For characteristics of saturated bentonite with
very low permeability, a model for calculating per-
meability was constructed based on small changes
in pore pressure at both ends of the bentonite during
the test.

According to Darcy’s law, the flow rate of gas
across the cross-section of bentonite could be calcu-
lated by Eq. (52).

_kadp

O = U ox

(52)

where p is the pore pressure, u is the momentum vis-
cosity of gas, A is the area of the specimen, and k is
permeability.

@ Springer

Assuming that the gas used in the test was an
ideal gas, the density of the gas could be obtained
by Eq. (53).

_rM

= RT (53)

Pg
The mass balance equation for fluid flow within
bentonite was as follows

0 d (k op
= = =p—=1=0
5P - 5 < Pox > (54)

The height of the specimen is H,. The gas pres-
sures at the inlet and outlet ends are P, and Py,
respectively. Then the boundary condition could be
expressed as follows:

Pli—g = Py
¥ 55
{p|x=h=Pdown ( )

The distribution of gas pressure inside the speci-
men is as follows:

— X 2 X
p_\/Pﬁp<l_F>+PdownE (56)
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By substituting Eq. (56) into Egs. (52), (57)
could be obtained.

20, [P (1~ ) 4 P
AP -P2)
p down

The gas flow rate through the bentonite was too
low to be measured accurately at the outlet end of
the bentonite. Therefore, the permeability of the
bentonite couldn’t be calculated from Eq. (57).

In fact, the pressure was not constant in the cyl-
inder, and after a period of time Az, the pressure
decreased APup. Since the pressure changed very

k= (57)

little, so the flow during time Ar was used as an
approximation for Q,,,.

According to the ideal-gas state equation, the
mass flowing from argon into pores of the specimen
in unit time was expressed by Eq. (58).

pM d <pMVb >

Jom (58)

T RTE™ T 4\ RT

where, V, is the volume of the gas cylinder. Inte-
grating Eq. (58) over time [0, Af], Eq. (59) could be
obtained.

At MVb
/ pQdt = —=Ap (59
0

At time At, the flow rate was constant, while the
pressure varied linearly with time, so

At At
_M _M(p _Ap
[ s0ui= g [ ou0= 22 (r, - )0
(60)

By substituting Eq. (60) into (59), Eq. (61) could
be obtained.

V,Ap
_ A
(Pup : )At

By substituting Eq. (61) into (57), Eq. (62) could
be obtained.

2
v Ap 2Hs,u\/Pﬁp<l - E )P

<P —%)At A<P2 e )
up 2 up down

m =

(61)

(62)

The permeability didn’t vary with the location of
the section, so x=0 at the right end of Eq. (62), and
Eq. (63) could be obtained.

4HSPupVb,uAp

k=
— 2 _ p2
A (2Pup Ap> <Pup P down)m

(63)

4.4 Test scheme

(a) Experiment with water injection
To minimize chemical reactions’ effects on the
structure of bentonite, deionized water was used
for the constant head permeability test. Perimeter
pressure should be higher than breakout pressure.
The confining pressure was set as 7.0 MPa based
on the actual ground stress, the swelling force
of bentonite, and a numbers of productive tests.
After the confining pressure reached 7.0 MPa, it
was kept for 24 h to limit the effects of pore water
pressure on the sample’s pore structure. The
water injection pressure was set at 1 MPa. The
water injection time was set to 15 days to ensure
that the bentonite was fully saturated.
(b) Experiment with gas injection

Primary gas pressure was 1.0 MPa, the gradient
was 1.0 MPa, until gas breakthrough occurred.
Figure 13 shows the time change among confin-
ing pressure, water injection pressure and gas
injection pressure.

4.5 Test results

The curve of the water volume injected into the ben-
tonite with time is shown in Fig. 14.

It can be seen from Fig. 14 that the volume of
water injected into the sample increased sharply with
time at the initial stage, it tended to be stable after
about 5 days. The bentonite shifted from unsaturated
permeability to saturated permeability. According to
Darcy’s law, the permeability of the water injection
stage was 1.31x 10720 m2,

The confining pressure was set to be 7.0 MPa,
and the injection pressures were 1.0 MPa, 2.0 MPa,
3.0 MPa, 4.0 MPa, 5.0 MPa, and 6.0 MPa. The
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permeation test obtained variation curves of at the
outlet and pressure at the bentonite, as shown in
Fig. 15.

As can be seen from Fig. 15, (1) In the injection
stages of P,,=1.0 MPa and P,,=2.0 MPa, the pres-
sure at the inlet end decreased linearly, the pressure
at the outlet end increased erratically, and the pres-
sure at the outlet increases slightly., because the ben-
tonite was in an almost saturated state at the initial
stage, where the capillary pressure inside the soil was
high. On the other hand, when the gas injection pres-
sure was low, the gas was dissolved in the water, no
significant gas flux occurred, and no water outflow
was observed at the outlet end. (2) In the injection
stages of P,,=3.0 MPa, P ,=4.0 MPa and P,,=5.0
MPa, the pressures at the inlet end and at the outlet
end both varied linearly, and the pressure at the outlet
increases faster. This variation is due to the fact that
as the gas injection pressure increases, the pore space
expands, and the gas flow path becomes wider, result-
ing in a more stable gas flow. No outflow of water was
observed at the outlet end. (3) During the gas injec-
tion phase at P, ,=6.0 MPa, the pressure at the inlet
end dropped abruptly, and the pressure at the outlet
end increased abruptly after a few minutes. The range
of the GDS pump to detect the outlet pressure was
1.0 MPa, so when the pressure was close to 1.0 MPa
at the outlet side, the valve at the outlet side needed
to be opened, and the pressure dropped sharply to 0
MPa. Then the outlet valve was closed again, and the
pressure increased sharply. This increase indicated
that a gas breakthrough occurred and a connected
crack was generated within the bentonite. In addi-
tion, a mixture of bubbles interspersed with water was
observed to be ejected, and the gas flow was very fast
and turbulent. Many studies (Galle 2000; Harrington
and Horseman 2005; Birgersson et al. 2008; Xu
et al. 2015) have also reached a similar conclusion.
When the gas pressure exceeds the sum of the tensile
strength of the soil and the minimum principal stress,
a continuous seepage path will be formed within the
bentonite, and the gas breakthrough will occur.

The permeability and increasing rate of outlet
pressure of the bentonite at different gas injection
pressures are shown in Table 3 and Fig. 16.

Combining Table 3 and Fig. 16, it can be seen that:
As the gas injection pressure increased, the permea-
bility and increasing rate of outlet pressure increased.
When the gas injection pressure increased from
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Fig. 14 Variation curve of water volume injected into benton-
ite with time

1.0 to 5.0 MPa, the increasing rate of outlet pres-
sure increased from 1.8x 107 to 1.84x 10> MPa/h.
Correspondingly, the permeability increased from
4.05x107 to 6.22x1072' m>. When the gas injec-
tion pressure increased to 6.0 MPa, the permeability
increased sharply to 6.57 X 107" m?, and the increas-
ing rate of outlet pressure sharply increased to 3.94
MPa/h.

With the increase of gas injection pressure, the
permeability and increasing rate of outlet pressure
increased. According to the Griffith crack theory, the
condition for the crack to stop spreading is that the
decrease in strain energy is balanced by the increase
in surface energy. Thus when the injection pressure
was increased, the surface energy of the cracks within
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Fig. 15 Variation curve of pressure with time at both ends of bentonite under confining pressure of 7.0 MPa

the bentonite rose and began to diffuse until a new expansion of cracks within the bentonite, forming a
equilibrium was reached. Whereas gas transport was larger network of gas transport channels and exhibit-
mainly controlled by pore dilatancy effects, with slow ing higher permeability and increased outlet pressure.
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Table 3 Permeability and increasing rate of outlet pressure
under confining pressure of 7.0 MPa

Gas injection pres- Permeability Increasing rate of outlet

sure (MPa) (102! m?) pressure (1073 MPa/h)

1.0 4.05 0.18
2.0 4.52 0.42
3.0 5.53 0.93
4.0 5.94 0.94
5.0 6.22 1.84
6.0 657.91 3943.52

7.0 T T T T T T 252

—e— Increasing rate of outlet pressure-7 MPa E

6.5 |—*— Permeability-7 MPa 657.91 =

S sk 1202

£ 601 7 B

2 115 8

= 55F =

% 50 - T 10 E

g 5

S 451 g

A —40.5 o

8

40 - 8

1 1 1 1 1 0.0 E

1 2 3 4 5 6
Gas injection pressure (MPa)

Fig. 16 Variation curves of permeability and increasing rate
of outlet pressure with gas injection pressure

4.6 Comparison of experimental results with
numerical simulation results

The permeability obtained from the numerical simulation
in §3.2 was compared with the permeability obtained in
the experiment, as shown in Table 4 and Fig. 17.
Combining Table 4 and Fig. 17, it can be seen that:
(1) when the gas injection pressure was between 1.0
MPa and 5.0 MPa, the permeability obtained by the
experiment was not much different from the permeabil-
ity obtained by numerical calculation, and the error was
less than 10%. (2) When the gas injection pressure was
6.0 MPa, the permeability values obtained by experi-
ment and simulation were quite different. (3) The per-
meability obtained by numerical simulation was slightly
larger than that obtained by experiment under the same
injection pressure. There are two possible reasons. On
the one hand, the creep effect of the confining pressure
over time may compact the pores in the permeation test,

@ Springer

while the creep effect of the confining pressure was not
considered in the numerical calculation. On the other
hand, there is a certain capillary resistance in the per-
meability test when the gas migrates in the soil, but this
part of the effect is less affected. However, the influence
of two-phase flow on gas migration was not considered
in the numerical calculation process. In summary, the
permeability obtained from soil deformation and dam-
age is not much different from the experimental results.
The gas injection pressure (gas breakthrough pressure)
at which the connected seepage path is formed is the
same as that obtained from the experiment, which veri-
fies the applicability and rationality of the model.

Table 4 Experimental values, calculated values and errors of
permeability under confining pressure of 7.0 MPa

Gas injection Permeability (102! m?) Error (%)
pressure (MPa) - -
Experiment Numerical
simulation
0.3 - 0.31 -
0.5 - 1.09 -
1.0 4.05 4.36 7.65
2.0 4.52 4.79 5.97
3.0 5.53 5.64 1.99
4.0 5.94 6.19 4.21
5.0 6.22 6.49 4.34
55 - 11.2 -
6.0 657.91 13.8 -
6.5 - 14.9 -
70 T T T T T
—o— Calculated value
6.5 —— Experimental value 7
860} .
‘s
Z 55F -
z
B 50 .
<
[}
E 45t .
o
[ow
4.0 -
35 1 1 1 1 1

1 2 3 4 5
Gas injection pressure (MPa)

Fig. 17 Comparison curves between the calculated values of
permeability and the experimental value



Geomech. Geophys. Geo-energ. Geo-resour. (2023) 9:119

Page 19 of 21 119

5 Conclusions

A coupled fluid-mechanical interaction model consid-
ering bentonite damage was developed in this paper.
The numerical simulation of the bentonite stress field
and seepage field was realized by the joint MATLAB
and COMSOL secondary development, and the evo-
lution law of pore path in bentonite under a flexible
boundary was explored. The rationality and appli-
cability of the model are verified by comparing the
numerically calculated gas breakthrough pressure and
permeability with the experimental values. From the
above study, the following conclusions were drawn.

(1) For the problem of bentonite stress and seepage
fields, the controlling equations in the form of
cylindrical coordinates were established, includ-
ing the equilibrium equation considering the
effect of effective stress and pore pressure on
bentonite, geometric equation, physical equation,
conservation of mass and momentum equation.

(2) Tensile failure obeyed the Galileo criterion and
shear failure obeyed the Coulomb-Mohr cri-
terion. On this basis, damage variables were
defined considering both tensile and shear dam-
age modes. The elastic modulus after damage
was described using damage variables, and the
sudden increase coefficient of permeability was
also introduced to describe the effect of damage
variables on the permeability of bentonite.

(3) According to the requirements of engineering in
which the bentonite is located, the condition of
the solution of bentonite stress field and seepage
field were given. The controlling equations were
combined with the condition of the solution to
obtain the multi-physical field coupling model.

(4) The pore expansion and permeability distribu-
tion pictures of bentonite at different gas injec-
tion pressures were obtained using a joint MAT-
LAB and COMSOL secondary development. The
gas breakthrough pressure determined from the
damage area and the gas breakthrough pressure
obtained from the permeability test were both 6.0
MPa. The permeability obtained by the experi-
ment was not much different from the perme-
ability obtained by numerical calculation, and the
error was less than 10%, verifying the applicabil-
ity and rationality of the proposed model.
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