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Abstract: Deep underground geological disposal is regarded as the most appropriate disposal
conception for high-level radioactive waste (HLW). Bentonite is employed as buffer material
placed between the surrounding rock and waste canister, and it is made into circular blocks
with high densities that are stacked in the repository. However, joints between bentonite blocks
are filled with crushed bentonite of low density, which has a significant influence on its
mechanical and hydraulic behavior. In this paper, a coupled thermal-hydro-mechanical (THM)
model is proposed to study the performance of bentonite in the repository. Extended Barcelona
Basic Model is adopted to study the mechanical deformation of bentonite, while the two-phase
flow model is utilized to present the migration of water and gas in bentonite. Experimental
results of Gaomiaozi (GMZ) bentonite are employed to verify the effectiveness of the proposed
mathematical model. Numerical simulations are conducted to obtain the evolution of saturation
and temperature of bentonite using COMSOL software. The research results indicate that it
takes 7.98X10°s for water to flow from the outer to inner boundary. Compared with the
saturated process of bentonite, significantly less time is taken to achieve heat balance. Water
flows faster in the joint than in blocks, and the water flow velocity in joint increases with the
permeability increment, which causes the saturation degree to decrease near point A and
increase near point B.

1. Introduction

As one of the clean energy sources, nuclear power has a broad application prospect in many fields [,
However, significant high-level radioactive waste (HLW) has been produced with the development of
nuclear power in the last few decades. These HLWs are harmful to the environment because of their
high toxicity, high radioactivity, and long half-life . At present, deep underground geological disposal
is an accepted conception for HLW around the world . According to the preliminary concept in
China, granite and bentonite are the natural barrier and engineering buffer to secure long-term safety
of HLW in the repository. Bentonite plays a vital role in the safe disposal of HLW because of its low
permeability, proper expansion force, and high thermal conductivity [* 3,

The bentonite placed between canister and surrounding rock is in a coupled
thermal-hydro-mechanical (THM) condition, including thermal transfer from canister, water and gas
flow from the surrounding rock and canister, and ground stress from the surrounding rock. Hence, to
design and assess the engineered barriers for the safety disposal of HLW, revealing long-term
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performance of bentonite under the coupled THM condition is necessary.

Extensive studies have focused on the coupled THM behavior of buffer material in the last
decades, including site and laboratory experiments together with numerical simulations * 7.
Long-term test of buffer material was performed in Sweden in 1985 ¥, Geotechnical experiment was
conducted to investigate the development of saturation in bentonite barrier in Czech Republic !, A
full-scale engineered barriers experiment in situ test was performed at the Grimsel Test Site in
Switzerland "%, In 2011, the China-mock-up test was conducted to learn the coupled THM behavior of
GMZ bentonite ', In addition, many efforts have been made to comprehend the properties of
bentonite mixture ['"*'*), In conclusion, all these experiments were able to obtain the behavior of buffer
material in the repository condition.

Numerical simulation is an effective way to obtain long-term behavior of buffer material, which
cannot be achieved by laboratory experiments. In 1990s, Alonso et al. introduced the classical
Barcelona Basic Model (BBM) to explain the mechanical behavior of unsaturated soil "> '%. Since
then, many coupled THM models have been established based on the BBM and employed to
determine the coupled THM behavior of buffer material. Chen et al. proposed a coupled constitutive
model to reproduce the coupled THM behavior of GMZ bentonite !'”. However, the joints between
bentonite blocks have not been investigated and are not well understood in the previous studies.

In this paper, a coupled THM model is introduced to present the coupled THM behavior of
bentonite with joint. The coupled equations are implemented and solved by COMSOL Multiphysics
software.

2 Governing equations

To develop the governing equations for coupled THM model, the necessary assumptions made are as
follows: (a) Deformation and strain of GMZ bentonite are small. (b) The GMZ bentonite is regarded as
homogeneous continuum. (¢) The GMZ bentonite volume is treated as a single porous media. Voids of
the bentonite skeleton are partially saturated with water and gas. (d) According to the theory of
mixtures, bentonite, water, and gas are treated as three independent continua.

2.1 GMZ bentonite mechanical equations
To describe the mechanical behavior of bentonite buffer, a series of governing equations are adopted,
including the geometry equation, equilibrium equation, and physical equation.

According to the elasticity theory, the strain-displacement relation of the bentonite can be described
as follows:

1
&j zz(ui,j +U;5) (1)

where ¢; is the total strain tensor of the bentonite; and, u; and u; are displacement in i and
j directions, respectively.

As the heat flows from the canister to the bentonite, thermal stress is generated because of the
variable temperature distribution. The equilibrium equation considering thermal stress can be deduced
as follows:

Cij,i — KaTTé‘ij +f =0 ()
where o; is total stress tensor of the bentonite; K is bulk modulus; «; is thermal expansion

coefficient; T is temperature variable; J;

is Kronecker delta; and f; is body load in the i
direction.

Bentonite remains in the unsaturated state for a long time in the repository. In 1990s, Alonso et al.
proposed the BBM to explain mechanical behavior of unsaturated soil, in which three independent

variables, including suction, net mean stress, and deviatoric stress, were utilized to explain the stress—
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strain relation of soil. In 2011, a modification of the BBM (BBMx) was proposed to simplify its
implementation in simulations using the finite element method !'®.. Therefore, the BBMx is adopted for
the stress—strain relationship of bentonite in this paper.

2.2 Two-phase (water and gas) fluid flow equations

In the repository, gas and water from microbial decomposition (near canister) and ground water inflow
(surrounding rock) simultaneously transfer in the bentonite. With the increase of bentonite saturation
caused by water inflow, the flow of water and gas are affected because of the corresponding change of
relative permeability. Hence, a two-phase fluid flow model is introduced as follows:

2.2.1 Water transport equations. The water continuity equation for expressing water flow in the
bentonite can be induced is as follows:

om,

+V-(0,0.) =Q, )

where m, = p, s, is the water mass per volume of bentonite; ¢ is the porosity of bentonite; s, is
the saturation degree; p, and q, are the water density and seepage velocity, respectively; Q,, is

the water source; and t is the time variable.
According to the Darcy’s law, water seepage velocity in bentonite can be defined as follows:

k-k
——Vp, (4)
Fhy

O =

where k is the intrinsic permeability of the saturated bentonite; k_ is the water relative

rw

permeability; g, is the dynamic viscosity of water. In fact, dynamic viscosity of water decreases
dramatically with the increase of temperature, as shown in Figure 1.
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Figure 1. Viscosity of water versus temperature
The saturation degree of bentonite determines its water relative permeability. According to Luckner
et al.!"”]) the relationship between bentonite saturation degree and water relative permeability can be
described by equation (5):

Koy =8y L= (0=5,"™)"T %)

where | is a parameter of equation (5).

The saturation degree of bentonite varies with the water content of bentonite. According to the Van
Genuchten model *°), saturation degree can be calculated using pore water pressure and pore gas
pressure:
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—Pun

[1+( )T (6)

r

where p, and p, are the pore gas pressure and pore water pressure, respectively. p,, n and m

are parameters of the VG model.
In the two-phase fluid flow model, s, and p, are chosen as independent variables. Thus,

w

equation (6) can be written as follows:

1 1
The gradient of p,, is induced in equation (8),
pr zvpg - pr : de_ Sw- VSW (8)

1
where dpw _ sw—— (Sw —1)n (—l)-sW m
n m
Substituting equations (4) and (8) into equation (3), water continuity equation is induced as

B0y (K
ot

rW : (Vpg - pr . de_ SwW- VSW)) = QW (9)

w

2.2.2 Gas transport equations.
Gas continuity equation for expressing gas seepage in bentonite can be written as follows:

9,) = Q, (10)

ot
where m; =p p(1-s,) is the gas mass per volume of bentonite; p, and q, are gas density and
gas seepage velocity respectively; and Q, is the gas source.
According to the Darcy’s law, seepage velocity of gas in bentonite is calculated as follows:

q,=——>Vp (11)
g :ug 9

where k,, is the gas relative permeability; 4, is the dynamic viscosity of water. Dynamic viscosity

of gas as a function of temperature has been demonstrated in Figure 2.
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Figure 2. Viscosity of air versus temperature
The gas in bentonite is assumed as an ideal gas. Thus, gas density is determined by the gas pressure
and temperature:

M,
RT

Py = (12)

where M is relative molecular mass of gas; Ris constant value of the ideal gas.

According to the Van Genuchten model, the relationship between gas relative permeability and
bentonite saturation degree can be expressed as follows:

| 1/my2m
krg = (1_sw) (1_Sw ) (13)
Substituting equations (11) and (12) into equation (10), the gas continuity equation can be written
as equation (14):
0s,,

1=s,)-p s vo(p, <K gpy_q (14)
WCDat pg(oat Py u, Py) =Ry

2.3 Energy balance equation

The canister continues to generate large amounts of heat because of radioactive waste decay. The heat
transfer in bentonite satisfies the Fourier’s law. Thus, the energy balance equation can be written as
follows:

Cpy S0y VT V(2-VT) =g (15)

where ¢, =s,-c,+(1-s,)-c, is the heat capacity of the fluid; and, c, and c; are heat capacity
of water and gas, respectively. p; =s,-p, +(1-s,) p, is the density of the fluid; v the is heat

advection velocity; @, is the heat source per unit volume; and A is the thermal conductivity of the

media, where media means bentonite with water and gas. According to the laboratory experiments,
thermal conductivity of bentonite can be expressed as

A=16-s,+0.02 (16)
3 Numerical settings

3.1 Model geometry

In this part, the model geometry, parameters, and boundary settings for the coupled THM simulation
of bentonite with joint are introduced. The calculation model is a 2D plane cross-section through the
repository. It is a plane circle of diameter of 1.8 m and a borehole of diameter of 0.6 m in the center.
Figure 3 presents different forms of bentonite blocks splicing, in which gaps between the bentonite
blocks are filled with low density bentonite. Note that the thickness of the joint is 5 mm in all forms of
bentonite block splicing. As for the boundary settings, the inner boundary suffers from gas and heat
inflow from microbial decomposition and canister, while the outer boundary suffers from water inflow
and ground stress from the surrounding rock. In this paper, the gas flow rate and temperature at the
inner boundary are 10> m/s and 363.15 K, respectively. Further, the water flow rate at the outer
boundary is 10" m/s. The initial saturation degree and temperature of bentonite blocks are 0.2 and
293.15 K, respectively.
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Figure 3. Different forms of bentonite blocks splicing: (a) intact; (b) two joints; (c) four joints; (d) six
joints; (e) eight joints.

3.2 Parameters

The bentonite buffer is composed of high density compact bentonite block and low density bentonite
joints. Different bentonite densities have a significant impact on its porosity, permeability, and thermal

conductivity. Table 1 tabulates difference of parameters between the bentonite block and joint.
Table 1. Difference of parameters between the bentonite block and joint

Parameters Bentonite block Joint
Density 1700 kg/m’ 1400 kg/m®
Void ratio 0.565 09
Porosity 0.3609 0.4737
Permeability 1.1 x 10 m? 1.03 x 10" m?

Since the coupled THM behavior of bentonite is discussed in this paper, parameters related to the
bentonite mechanical properties as well as gas and water flow properties are given in Table 2.
Table 2. Parameters used in numerical simulations

Parameters Values
Soil shear modulus 10 MPa!"!
Swelling index 0.02717
Swelling index for changes in suction 0.008!'*
Compression index at saturation 0.18!'7
Angle of internal friction 0.167 rad?"
Weight Parameter 0.65!'7
Soil stiffness parameter 0.184 MPal"”!
Plastic potential smoothing parameter 100008
Tension to suction ratio 0.6!""
Initial yield value for suction 80 MPal'”!
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Reference pressure 0.45 MPal'”!
Initial consolidation pressure 0.6 MPa!"”]
Water density 1000 kg/m’
Thermal conductivity of water 0.6 W/(mK)?
Water heat capacity at constant pressure 4180 J/(kg.K)1*!
Air density 1.205 kg/m’t'"!
Thermal conductivity of air 0.26 W/(m.K)1*!
Air heat capacity at constant pressure 1000 J/(kg.K)™*!

3.3 Implementation of the numerical model

The governing equations to simulate the coupled THM behavior of bentonite with joints, calculation
model, parameters, and boundary settings have been established above. However, obtaining an
analytic solution because of the complexity coupled relationship among mechanical deformation, fluid
flow, and heat transfer is difficult. The finite element method (FEM) is adopted to solve the coupled
governing equations via COMSOL Multiphysics software.

The governing equations of bentonite deformation, water and gas seepage, and thermal
conductivity are induced into the final version. A pre-arranged COMSOL Solid Mechanics Module
with extended Barcelona Basic model is employed to solve mechanical deformation. The two-phase
fluid flows are implemented with equations (9) and (14) using COMSOL General Form PDE interface.
COMSOL Heat Transfer in Porous Media Module is employed to solve the heat transfer component
with equation (15).

4 Verification of the results

Prior to employing the proposed model to simulate the coupled THM behavior of bentonite with joints,
validating the effectiveness of the model is important. The proposed model is verified by comparing
the simulation results with the results of the laboratory experiments. In a repository, permeability and
thermal conductivity of bentonite play an essential role in water and gas flow as well as heat advection.
Figure 4 demonstrates water relative permeability of GMZ bentonite versus saturation degree obtained
by numerical simulations and laboratory experiments. As observed, the increase of water relative
permeability with the increase of saturation degree satisfies the quadratic function. Thermal
conductivity of GMZ bentonite versus saturation degree is depicted in Figure 5. Thermal conductivity
of GMZ bentonite linearly increases with the increase of the saturation degree. We can conclude that

the numerical results well agree with the laboratory results.
1.0
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Figure 4. Comparison of numerical simulation and experimental data for water relative permeability
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Figure 5. Comparison of numerical simulation and experimental data for thermal conductivity
5 Discussions

5.1 Response analysis of bentonite
In this section, numerical simulations are performed to study the coupled THM behavior of the intact
bentonite. The evolution of bentonite saturation and temperature are discussed as follows.

5.1.1 Evolution of bentonite saturation.

Figure 6 presents the evolution of bentonite saturation degree versus time. The initial bentonite
saturation is set at 0.2. As time goes on, water flows into bentonite, which results in the increase of
bentonite saturation degree, correspondingly. At the time 1.04X 10” s, saturation degree of bentonite
near the outer boundary increases to 0.55, while that of the other areas is kept at 0.2. With time
increment, saturation degree of bentonite gradually increases. When time is 4.05X 10’ s, more than
half of the bentonite increases its saturation degree because of the water inflow from the outer
boundary. When it comes to 7.98 X 10° s, water from the outer boundary reaches the inner boundary,
which increases the saturation degree of the entire bentonite.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
(a)

0.9
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Figure 6. Evolution of saturation degree with time, (a) 96 s; (b) 1.04 X 10° s; (c) 4.05X 10° s; (d) 7.98
X10° s

5.1.2 Evolution of bentonite temperature.

Large amount of heat is continually generated because of the decay of nuclear waste. The evolution of
bentonite temperature with time is presented in Figure 7. The inner boundary close to the canister is
set at 363 K. When time is 61892 s, the temperature of bentonite near the inner boundary
correspondingly increases by heat convection. With time increment, heat gradually transfers from
inner boundary to outer boundary. At 2.35X10° s, temperature of the entire bentonite increases to
363.15 K. Note that the saturation degree of most area is still at initial value at the time 2.35X10° s.
Thus, thermal conductivity is almost at 0.34 during the heating process according to equation (16).
Compared with the saturated process of bentonite, it takes significantly less time to achieve heat

balance.
= =
555 525
340 340
- -
(a) (b)
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Figure 7. Evolution of temperature with time, (a) 96 s; (b) 61892 s; (c) 2.89 X 10° s; (d) 2.35X10°s

5.2 The influence of various forms of bentonite blocks splicing

This section discusses the impact of various forms of bentonite block splicing on the behavior in the
coupled THM condition. Four kinds of bentonite block splicing forms are adopted here, including two,
four, six, and eight joints. Figure 8 depicts the distribution of saturation degree under these four
bentonite block splicing forms. The joint with higher permeability promotes water flowing along it
under all four conditions. However, water flows only a little bit faster in joints compared to the blocks.
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0.5 0.5
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Figure 8. Distribution of saturation degree under various forms of bentonite block splicing, (a) two
joints; (b) four joints; (c) six joints; (d) eight joints

5.3 The influence of the joint permeability

In this section, the influence of joint permeability on bentonite behavior is simulated and discussed.
Three different permeability are employed in numerical simulations, which are 1X 107" m? 5.5X
10" m? and 1X107"® m? respectively. In addition, bentonite with four joints is employed in this
section. Distribution of saturation degree under the three mentioned permeability is demonstrated in
Figure 9. Water flows faster in the joints compared to the blocks, and water flow velocity in joints
increases with the increase of permeability. Figure 10 is the evolution of saturation degree along the
joint (Line AB) with various joint permeability. With increasing joint permeability, the saturation
degree near point A decreases while that near point B increases.
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Figure 9. Distribution of saturation degree with various joint permeability at time 4.05X 10° s, (a) 1 X
107" m?% (b) 5.5X 107" m? (c) 1 X107"* m?
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Figure 10. Evolution of saturation degree along the joint (line AB) with various joint permeability at
time 4.05X10° s

6 Conclusions

The safely disposal of HLW is a very basic issue for securing sustainable development of nuclear
power. Deep underground geological disposal is considered as the most promising method for HLW
disposal. Bentonite plays a vital role in the repository because of its low permeability, proper
expansion force, and high thermal conductivity. In this paper, a coupled THM model was introduced to
investigate the coupled THM behavior of bentonite with joints. Then, the proposed model was verified
by comparing the results with those collected through laboratory experiments. Finally, the impact of
joints on water seepage and heat transfer is simulated and discussed. The following conclusions were
obtained.

(1) The initial bentonite saturation is set at 0.2. As time goes on, water flows into bentonite, which
correspondingly results in the increase of bentonite saturation degree. With time increment, the
saturation degree of bentonite gradually increases. When it comes to 7.98 X 10° s, water from the outer
boundary reaches the inner boundary, increasing the saturation degree of the entire bentonite.
Compared to the saturation process of bentonite, it takes significantly less time to achieve heat
balance.

(2) We verified that water flows faster in the joints compared to the blocks, and water flow velocity

12
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in joints increases with the increase of permeability. This consequently results in the saturation degree
near point A decreasing while that near point B increasing.
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