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Abstract

Bentonite based materials (BBM) are considered as
ideal buffer materials for deep geological repository
(DGR) for nuclear wastes because of several desirable
properties, such as low permeability, high adsorption
capacity and proper swelling ability. However, gas
generation and migration in the DGR may have
detrimental effects on the desirable properties of the
BBM. Previous experimental studies have shown that
the gas migration within the BBM is characterised by
the development of preferential pathways which is
driven by the highly pressurised gas. This paper
proposes a new coupled hydromechanical (HM)
model that considers the phase field (PF) method to
simulate the preferential gas flow in initially saturated
and heterogeneous bentonite material.

To explicitly model the preferential pathways, the PF
method is incorporated into the coupled HM
framework for porous media. The governing equation
for PF is implemented in COMSOL Multiphysics® by
using the Coefficient Form PDE interface. In addition,
the combination of a Domain ODE and a Previous
Solution node is used to record the historical
maximum value of elastic tensile strain energy. The
coupled HM framework for porous media consists of
a two-phase flow process and a deformation process.
The two-phase flow process is modelled in
COMSOL Multiphysics® by using two Darcy’s Law
interfaces (one for water flow and the other for gas
flow). Moreover, the rate of volumetric strain is
included in the source term of each Darcy’s Law
interface to account for the mechanical effects. The
deformation process is modelled by the Solid
Mechanics interface, in which the constitutive model
for the Linear Elastic Material is modified in the
Equation View to account for the damage effects
caused by the PF. The average pore pressure is
included in the Solid Mechanics interface by using the
node of External Stress. The developed coupled HM-
PF equations are solved in segregated steps by the time
dependent solver.

Numerical simulation results show that the developed
preferential pathway primarily passes through the area
of low resistance to gas flow and fracturing, which is
consistent with the physical nature and experimental
results. The developed HM-PF model has been
successfully implemented into COMSOL
Multiphysics® and can satisfactorily capture the
preferential gas flow in initially saturated bentonite.
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Introduction

Bentonite based materials (BBM) are considered as
ideal barrier materials for engineering barrier system
of the deep geological repository (DGR) that is used
for disposing high-level nuclear waste [1, 2]. This type
of barrier material has several desirable properties,
including low permeability, high retention capacity
and self-sealing ability [1]. However, during the
lifespan of DGR, a large volume of gas is expected to
be generated from three basic physicochemical
processes, i.e. water radiolysis, metal corrosion and
biodegradation [3]. The transport of the generated gas
would have negative impact on the desirable
properties. Previous experimental studies showed that
the dominated mechanism of gas transport in bentonite
is a coupled hydromechanical (HM) behavior that is
characterized by the development of preferential
pathways [4]. Thus, modelling the preferential
pathways from a more physical viewpoint is important
for gaining a deep understanding about the gas
migration process in bentonite.

In most of numerical studies, the development of
preferential pathways was mainly simulated in an
implicit way. To account for the effects of the
developed pathways on the HM properties of the
studied porous media, some nonlinear mechanical
models, such as plasticity [5] and damage [6], have
been used. Though these models can successfully
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capture some experimentally observed behaviors, they
are still limited with respect to simulating the
preferential pathways from a more physical viewpoint.
Currently, the widely used numerical tools to
explicitly simulate fracture propagation mainly
include finite element method (FEM) enriched by
interface element, extended finite element method
(XFEM) and discrete element method (DEM).
Generally, these models suffer from either complex
numerical treatments or limitations in simulating the
kinking and branching of fractures [7]. In contrast, the
phase field (PF) model is numerically convenient to be
implemented by the standard FEM, and more capable
of modeling the fracture branching and kinking [8]. In
recent years, the PF method is widely used to simulate
hydraulic fracturing [9, 10] and desiccation cracking
[11]. Inspired by these works, this paper will
incorporate the PF method into the conventional
coupled HM framework, resulting in a coupled HM-
PF model, to explicitly simulate the development of
preferential pathways during the gas migration process
in the saturated bentonite. It should be noted that the
detailed model development and results analysis can
be found in [7]. This paper mainly focuses on the
procedures of implementing the model into COMSOL
Multiphysics®.

Conceptual Coupled HM-PF Model

A conceptual coupled HM-PF model is first proposed
to construct a basic framework for the numerical
model to be given in the next section. The main
coupling processes of the coupled HM-PF model are
illustrated in Figure 1 [7].

Tensile strain energy

Stiffness degradation

Figure 1. Couplings between different physical fields
(Modified from [7]) (Note: u is displacement vector; d is
phase field variable; pw and pw are water pressure and gas
pressure, respectively; WRC denotes water retention curve;
PF: Phase field; H: Hydraulic process; M: Mechanical
process)

Phase Field Method

The PF method is a continuous approach to model the
fracturing process in an explicit way. The sharp

discontinuity is smeared by the PF variable to its
surrounding area, as seen in Figure 2.

Figure 2. Smeared fracture by phase field (Note: A smeared
fracture 'y in domain Q with boundary 6Q where d =0

, 0<d <1, and d =1 denote the intact, transition and fully
fractured zones, respectively)

Then, the areal integral is converted to the volume
integral that can be easily implemented in the standard
FEM. The functional for smearing the sharp fracture is
expressed as [8]

A =[ dA~[ Ty (d,vd)V @
d? |1 2
ry(d,vd) ="+ [V @)

where T" and I, represent the sharp and the smeared

fractures in the domain Q , respectively, 1 is a
characteristic length and d is the PF variable.

Coupled HM Process

As seen in Figure 1, the water pressure interacts with
the gas pressure through the water retention curve.
Then, the averaged pore pressure influences the
effective stress that governs the deformation in the
mechanical process. In an opposite way, the
deformation changes both the mass source and the
hydraulic properties in the hydraulic process. As for
the coupling between the mechanical process and the
phase field, the tensile elastic strain energy provides
the driving force for the development of phase field.
The increase of phase field variable in turn degrades
the stiffness, i.e. Young’s modulus. The evolution of
phase field influences the HM properties, including
intrinsic permeability, relative permeability and gas
entry value. The direct effects of hydraulic process on
the phase field are not considered in the current paper.
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Numerical Model and Implementation
Hydraulic Model

The mass balance equations for water and gas can be
derived from the mixture theory [12, 13]. The derived
governing equation for fluid x is expressed as
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where x denotes g and W for gas and water

respectively, «' denotes the other fluid different from
x, p, is the fluid density, ¢ is the porosity, S, is

the degree of saturation, S, is the effective degree of
saturation of water, p,=p,—p, is the capillary
pressure, K, is the bulk modulus of fluid «, ¢, is

the volumetric strain, v° is the Darcy’s velocity, S is
the storage term and Q is the mass source term.

The governing equation, i.e. Eqg. (3), is implemented
into the Darcy’s Law Modulus with the Storage Node

and the Mass Source Node input as the S term and

the Q term in the above equation respectively. The
interaction between the water pressure and the gas
pressure is described by the van Genuchten model.
More details of implementing the van Genuchten
model in COMSOL are given in Application Libraries
— Subsurface Flow Module — Two phase flow
column.

The fluid flow is described by the generalized Darcy’s
law that is expressed as

k k
V2 =—— (Vp_—p. ) (@)

K

where k,, is the intrinsic permeability tensor, Kk, is
the relative permeability, p, is the density of the fluid

and . is the fluid dynamic viscosity.

To differentiate the fluid flow in the porous matrix and
in the developed fracture, a transitional function is
defined with respect to the phase field as

T(d)= %{tanh[&t (d—d,,)]~tanh(~d, )} -

where 6, is a parameter controlling the slope of the
transitional function, and d, is a critical value of the

PF. To get an intuitive understanding, the profiles of
the transitional function with different parameters are
presented in Figure 3.
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Figure 3. Profiles of transitional function with different
parameters (Modified from [7])

Then, a specific hydraulic property in the transitional
zone, H,, e.g. the degree of saturation, the intrinsic

and the relative permeability, can be determined by
H, =T (d)H, +[1-T(d)]H, (6)

where H, and H  are the corresponding hydraulic

properties in the developed fractures and the porous
matrix, respectively.

To alleviate the computational effort, the intrinsic
permeability in the developed fracture is set as a
constant value that is several orders of magnitude
larger than the permeability in porous matrix. The
relative permeability for water/gas in the porous
matrix/the developed fracture can be found in [7]. The
van Genuchten model [14], as expressed by Eq. (7), is
used to simulate the water retention behavior of both
the porous matrix and the developed fracture.

S,. = 1+(—p° J @)
pfgev

where & represents f and p for the fracture and the
porous matrix, respectively; P, is the gas entry

pressure, N is a shape parameter and n=1/(1-m).
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In this paper, the gas entry value for the developed
fracture is set as a small value to allow the gas
preferentially flows through the fracture.

Mechanical Model

Neglecting the inertial and viscous forces, the
momentum balance equation is expressed as [7]

V.[g(d)a’+(£)+a’f(8)—ﬁ|}+pg=0 ®)

where g(d)=(1-k)@1-d)’+k is the degradation
function, k is a small positive value to ensure
convergency, ¢'* (&) is the positive or negative part
of the effective stress, p=S,p, +S,p, is the average
pore pressure, | is a second order identity tensor, p
is the average density of the mixture and g is the
gravitational acceleration vector.

To avoid the fracturing process caused by compressive
load, the degradation function is only applied to the
positive part of the effective stress tensor. The positive
and negative part of the effective stress tensor, which
are expressed as Eq. (9), can be determined by using
the spectral decomposition technique [15, 16].

3

o (2)=Y [ A{tr(2)), +2u(e,), J,®n,

©

where (x), =(x%[x|)/2 is the Macaulay bracket,

{2} 41,5 are the principal strains, {n,} ., arethe

principal vectors, tr(g) is the trace of the strain
tensor, ¢ is the strain tensor, 4 and u are the Lamé
parameters.

The momentum balance equation, i.e. Eq. (8), and the
mechanical constitutive model, i.e. Eq. (9), are
implemented in the Structure Mechanics Modulus.
The average pore pressure is accounted for by setting
the Pore Pressure under the External Stress Node as

P and the Biot-Willis coefficient as 1. Moreover, the
principal strains and their corresponding principal
vectors used in Eq. (9) have been given by the
Modulus. Users can use these values, as well as Eq.
(8) and (9), to define the six components of the
damaged effective stress tensor. Then, the calculated
stress components are used to replace the six default
stress components, i.e. solid.SI11, solid.SI12,

solid.SI33, under the Equation View Node of Linear

Elastic Material. By far, the mechanical constitutive
model is successfully implemented into COMSOL.

Phase Field Method

The governing equation for phase field is generally
derived by using the variational principle of free
energy minimization [16] or the microscopic force
balance law [17]. These two approaches result in a
same format of the governing equation for phase field.
The derived governing equation for phase field is
expressed as

(1-d)H}, —(d=1’V*d)=0 (10)

where H,, is the maximum historical value of the
fracture driving force, which is defined as [16]

N 7%
H,, =maxq{—-1 11
M TE[O,I]{< l//cr >+ } ( )

Ve (o) =2 (e a2 (e.)’ 12)
1.
Vo = Eacr (13)

where ;" is the tensile elastic strain energy, v, is
the critical fracture energy and o is the critical
tensile stress.

The governing equation for phase field, i.e. Eq. (10),
is implemented in a new added Physics, i.e.
Coefficient Form PDE, by modifying the
corresponding coefficients according to Eq. (10). The

maximum historical value, H,, , can be recorded by

using the Physics of Domain ODEs and DAEs and the
Previous Solution Node under the Time-Dependent
Solver. More details about the implementation are
given in an article of COMSOL BLOG, which is titled
as ‘Using the Previous Solution Operator in Transient
Modeling’.

Solver Settings

The developed coupled HM-PF model is a highly
nonlinear model, as it consists of four governing
equations and a nonlinear mechanical model.
Therefore, solving the coupled model needs some
appropriate settings to the Time Dependent Solver. In
order to reduce the required memory and enhance the
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computational efficiency, the Segregated solver is
selected to solve the developed model. More details
about the fully coupled and the segregated approach
can be found in a COMSOL BLOG article
(“Improving  Convergence  of  Multiphysics
Problems”) and an article (with solution number of
1258) in Support Knowledge Base in the official
website of COMSOL. The whole model is divided into
three segregated steps. In each iteration, the coupled
HM model, i.e. Eq. (3) and (8), is solved first based on
the phase field calculated in the previous iteration.
Then, the maximum historical fracture driving force,
i.e. Eg. (11), is evaluated based on the displacement
just calculated in the previous step. Finally, the phase
field variable is determined by the calculated
maximum historical fracture driving force. If the
calculated results fulfill the defined convergency
criterion, the solver goes to the next time step.
Otherwise, the solver switches to the next iteration
until the convergency criterion is fulfilled.

Simulation Results
Initial and Boundary Conditions

The meshing strategy, boundary conditions and the
size of the simulated domain are presented in Figure 4.
The domain of interest is the square domain that is
finely meshed by the mapped element with the size of
0.25mm. The outer domain that is meshed by coarse
triangular elements is added to avoid convergence
issue. Note that the outer domain is only applied with
the mechanical model. Boundary 5 with a length of 2
mm is prescribed as the initial fracture by setting the
PF variable as 1. A constant gas flux, i.e. 2108
kg/(m?=s), is applied on the initial fracture. A mass flux
boundary as defined in [1] is applied on Boundary 3.
The initial gas pressure (0.02 MPa) is slightly higher
than the initial water pressure (0 MPa) to avoid
convergence issue. Readers can refer to [7] for more
details about the HM properties, initial and boundary
conditions.

150mm

d=],qg=qgl

9g=G g0 qv=Gwo
44=0

Figure 4. Meshing strategy and boundary conditions
(Modified from [7]) (g4, Gw. qq are the flux boundaries for
gas, water and phase field; q4; and g4, are the values of
mass flux of gas at injection and outflow boundaries,
respectively; q,,, is the value of mass flux of water at
outflow boundary)

To describe the effects of heterogeneous distribution
of HM properties on the fracture patterns, a spatially
auto-correlated Gaussian random field is generated by
using the Cholesky decomposition technique. The
random field is first created by using Matlab, and then
imported into the Interpolation Function under the
Node of Global Definitions. The created interpolation
function can be used to define the heterogeneous HM
properties that follow the log normal distribution law.

Results Analysis

Figure 5 presents the fracture trajectory (the gray area)
developed during gas injection and the Gaussian
random field (the contour lines). In the darker (or
lighter) areas, the gas entry value, the critical tensile
stress and the Young’s modulus are lower (or higher),
while the intrinsic permeability is higher (or lower,
respectively). Therefore, the darker areas are less
resistant to both the fluid flow and the fracturing
process than the lighter areas. As Figure 5 shows, the
fracture preferentially propagates through the areas of
low resistance (darker areas) and bypass the areas of
high resistance (lighter areas). This is consistent with
the physical nature. Thus, the effects of heterogeneous
distribution of HM properties on the fracture trajectory
can be successfully captured by the developed coupled
HM-PF model.
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Figure 5. Fracture trajectory (Phase field) in the studied
domain

Figure 6 shows the distribution of gas pressure scaled
by its degree of saturation in the studied domain. The
pressurized gas is localized in the developed fracture,
while the pressure in the surrounding area remains
close to zero. As the fracture propagates towards the
bottom boundary, the opening of the developed
fracture has significantly reduced the gas entry value.
Therefore, the gas preferentially flows through the
fracture, while leaving the porous matrix in fully
saturated state. This numerical result is consistent with
the experimentally observed result that the specimen
kept almost saturated after gas injection test [2].

Figure 6. Distribution of gas pressure (scaled by its degree
of saturation) in the studied domain

Figure 7 shows the distribution of water pressure in the
studied domain. Clearly, the pore water pressure in the
porous matrix surrounding the developed fracture has
increased due to the compressive load exerted by the
pressurized gas in the fracture. Moreover, the pore
water pressure at the left side of the fracture is higher
than that at the right side, as the fracture mainly
propagates in the left side. Therefore, the developed
coupled HM-PF model can reflect the rise and the
heterogeneous distribution of water pressure during
the fracturing process. This behavior is also commonly
observed in experiment [2].

Figure 7. Distribution of water pressure in the studied
domain

Conclusions

A coupled HM-PF model is successfully developed
and implemented in COMSOL to simulate the
preferential gas flow in bentonite barrier materials.
Two Darcy’s Law Modules are used to model the two-
phase flow process. The Structure Mechanics Module
is adopted to govern the deformation of the studied
material. The governing equation for phase field is
developed based on a Coefficient Form PDE, a
Domain ODEs and DAEs and the Previous Solution
Node. The coupled equations are solved by using the
Segregated approach. The developed model has
satisfactorily described some HM behaviors observed
in experiments, such as the development of
preferential pathways, the localized gas flow and the
rise of water pressure.
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