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Effects of anisotropic shale creep on the stress and permeability evolution 
of a geological nuclear waste repository 

Tsubasa Sasaki *, Jonny Rutqvist 
Earth Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA   
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A B S T R A C T   

To ensure long-term safety and performance, geological nuclear waste repositories require low-permeability 
barriers such as bentonite buffers and/or shale host rock. Shale is not only known for its low permeability but 
also for its trend to undergo time-dependent deformation (i.e., creep), which could heal damage, but the effects 
of shale creep on the long-term performance of nuclear waste repositories have not been clearly understood. In 
particular, the anisotropic nature of shale (i.e., bedding) could have a significant effect on its creep behavior, and 
consequently, on the long-term performance of nuclear waste repositories. In this research, numerical simula
tions were carried out with the objective of showing the effects of anisotropic shale creep on the stress and 
permeability evolution of a generic geological nuclear waste repository in shale. The TOUGH-FLAC simulator, a 
thermo-hydromechanically (THM) coupled numerical code, was used for the simulations. To achieve the 
objective, comparisons were performed between the results of anisotropic shale creep simulations and those of 
different simulation cases, namely, no creep (i.e., elastic), isotropic creep, and long-term creep shale cases. 
Results of the comparisons show that the elastic and isotropic creep shale cases respectively led to the over
estimation and underestimation of stress and permeability in the repository, whereas the long-term creep shale 
case, which accumulated greater creep in later periods than in earlier periods, helped to keep large shear and 
tensile stresses from developing while maintaining compressive spherical stress, resulting in consistently low 
permeability levels. These results indicate that performance assessments with elastic and isotropic creep for
mation models will provide the upper and lower bound estimates of stress and permeability, while more 
reasonable estimates will be given by an anisotropic creep formation model, and that shale with long-term creep 
characteristics will be beneficial in many aspects of the safety and performance of nuclear waste repositories.   

1. Introduction 

Geological nuclear waste repositories have been proposed as a per
manent solution for storing and disposing of high-level radioactive 
waste and spent fuel (IAEA, 2003). It is designed to isolate high-level 
radioactive waste from the biosphere with a multi-barrier system 
(Apted and Ahn, 2010). The barrier system comprises a natural barrier 
(i.e., bedrock) and an engineered barrier system (EBS); the former 
provides secondary protection as low-permeability formations impedes 
the transport of radionuclides if they are released, and the latter is the 
primary protection in which compacted clay (e.g., bentonite) that fills 
the gap between the waste packages emplaced in subsurface drifts and 
the surrounding formation provides hydromechanical stability for both 
the waste packages and the formation. 

A potential issue about the multi-barrier system is the development 

of the excavation damaged zone (EDZ) in the formation around waste 
emplacement drifts. As the EDZ is typically highly fractured, it could 
provide pathways for the transport of radionuclides if they are released 
from the waste packages (Tsang et al., 2005). The behavior of the EDZ 
and the surrounding formation is strongly thermo-hydromechanically 
(THM) coupled (Tsang, 1987), which could not only induce further 
damage but also some healing in the EDZ, in which case the permeability 
recovers toward that of an intact formation with time (Blümling et al., 
2007). 

Coupled processes associated with geological nuclear waste re
positories have been studied at underground research laboratories 
(URL) (Bechthold et al., 1999; Bossart et al., 2002; Conil et al., 2020; 
Thomas et al., 2014; Yu et al., 2014). Results from URLs have been 
utilized in numerical modelling, which indicates the potential failure of 
the EDZ and EBS (Rutqvist, 2020; Rutqvist et al., 2014; Sasaki and 
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Rutqvist, 2021). The main causes of EDZ damage are stress changes 
during not only excavation but also the post-closure period where 
thermal pressurization and thermal stress development occur. Thermal 
pressurization causes pore pressure buildup owing to the thermal 
expansion of pore fluids being greater than that of rocks, whereas 
thermal stress is due to the thermal expansion of rocks under mechanical 

Fig. 1. The geometry, components, and boundary conditions of the repository model.  

Table 1 
The thermo-hydrological parameters of the nuclear waste repository model.   

Rock Buffer Canister 

Grain density (kg/m3) 2700 2700 7800 
Porosity (-) 0.15 0.41 0.001 
Absolute permeability (//) (m2) 5 E-20 2 E-21 2 E-21 
Absolute permeability (⊥) (m2) 2 E-20 2 E-21 2 E-21 
Thermal conductivity (//) (W/(m⋅oC)) 2.2 1.26 12.0 
Thermal conductivity (⊥) (W/(m⋅oC)) 1.4 1.26 12.0 
Grain specific heat (J/(kg⋅oC)) 900 800 500 
Linear thermal expansivity coefficient (1/oC) 45 E-6 100 E-6 0 
Diffusion coefficient for water vapor (m2/s) 1.73E- 

5 
1.73 E- 
5 

1.73 E-5 

van Genuchten parameter, λk (-) 0.41 0.32 0.32 
Residual liquid saturation for relative 

permeability, Slr (-) 
0.2 – – 

Residual liquid saturation for capillary pressure, 
Slr (-) 

0.1 0.1 0.1 

Saturated liquid saturation, Sls (-) 1.0 1.0 1 
Residual gas saturation, Sgr (-) 0.01 0 0 
Capillary pressure parameter, P0 (Pa) 4.76E7 3E7 3E7 
Maximum capillary pressure, Pmax (Pa) 1E8 5E9 5E9  

Table 2 
The mechanical parameters of the canister and bentonite buffer.   

Buffer Canister 

Young’s modulus (GPa) 20E-3 200 
Poisson’s ratio (-) 0.35 0.30 
Swelling coefficient (-) 0.238 N/A  

Table 3 
The parameters and their values of the permeability function.  

Parameter Value 

Residual permeability (//), kr (m2) 5E-20 
Residual permeability (⊥), kr (m2) 2E-20 
Permeability increment, △kmax (m2) 1E-17 
Mean effective stress parameter, β1 (1/MPa) − 1 
Deviatoric stress parameter, γ(1/MPa) 0.3 
Critical deviatoric stress, σd, crit (MPa) 5  

Fig. 2. The global and local coordinates defined with respect to the bedding 
of shale. 
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confinement (e.g., limited lateral displacement in deep subsurface for
mations). Thermal stress, for example, could concentrate near waste 
emplacement drifts (Rutqvist, 2020), leading to further damage in the 
EDZ. 

Although damage in the EDZ has been featured in much research 
work, research on its long-term evolution, especially healing and sealing 
that may occur due to creep (i.e., time-dependent deformation), is 
relatively rare. Numerical studies considering geological disposal in rock 
salt found that damage in the EDZ could heal and seal due to creep 
(Blanco-Martín, et al., 2015a; Blanco-Martín et al., 2015b; Blanco- 
Martín et al., 2018; Tounsi et al., 2023). Also, laboratory experiments 
showed that creep decreased the permeability of shale (Zhang et al., 
2021). 

Shale is attractive as host rock for the geological disposal of nuclear 
waste considering its low permeability. Creep of shales has been found 
to follow the so-called power-law (Sone & Zoback, 2011; Li & Ghassemi, 
2012; Nopola & Roberts, 2016; Rybacki et al., 2017; Benge et al., 2021), 
in which rates of creep strain increments increase and decrease with the 
deviatoric stress and time (or cumulative creep strains), respectively, 
raised to the power of some constants. To model power-law creep, the 
Norton-Bailey model (Bailey, 1935; Norton, 1929), which is equiva
lently referred to as the Lemaitre-Menzel-Schreiner model (Lemaitre, 
1979; Menzel & Schreiner, 1977), can be used; this creep model is 
considered suitable if expected deviatoric stress levels are below a 

certain level (e.g., <60 MPa), and such a deviatoric stress level is not 
expected to be reached in geological nuclear waste repositories during 
the post-closure period (e.g., Rutqvist, 2020). 

Our previous work using the Norton-Bailey model showed that shale 
creep could significantly decrease stress levels in a geological nuclear 
waste repository in the long term, leading to decreased permeability in 
the EDZ, and it could also enhance the compaction of bentonite in the 
EBS (Sasaki & Rutqvist, 2022). This numerical work was, however, 
carried out with the assumption that shale creep is isotropic, i.e., it ig
nores the presence of bedding in shale. The Norton-Bailey model also 
implicitly assumes no creep-induced volumetric deformation (i.e., no 
compaction or expansion due to creep), which is against some experi
mental data (Chang & Zoback, 2009; Li & Ghassemi, 2012; Sone & 
Zoback, 2013b, 2014). These commonly applied but somewhat unreal
istic assumptions might have had a significant impact on the simulation 
results. Note that an anisotropic creep model could produce no volu
metric deformation, as anisotropic creep simply means creep magnitude 
varying with the loading direction with respect to the bedding; an 
additional term is required to incorporate volumetric deformation. 

In order to understand the effects of these assumptions, an aniso
tropic power-law creep model is needed. Choo et al. (2021) developed a 
bi-layer model for simulating anisotropic creep in which so-called 
Duvaut-Lions approach (Duvaut & Lions, 1976) was implemented with 
the Cam-Clay plastic potential function (Roscoe & Burland, 1968; 
Schofield & Wroth, 1968), which is suited for simulating volumetric 
compaction of soils and rocks, while Borja et al. (2020) developed a 
heterogenous two-material model in which either the Duvaut-Lions or 
Perzyna approach (Perzyna, 1966) was implemented with the Cam-Clay 
potential function. Their models are not, however, equipped with ca
pabilities to generate creep strain increments that obey the power-law 
creep. Another model developed by Barla et al. (2012) obeys the 
power-law creep but lacks anisotropic characteristics. A simpler 
approach to modeling anisotropy was proposed by Mánica et al. (2016, 

Table 4 
The mechanical properties and their values of the Haynesville-1 V and Barnett- 
1H shales.   

Haynesville-1 V Barnett-1H 

Young’s modulus (//) EP* (GPa) 40 40 
Young’s modulus (⊥) EN* (GPa) 20 20 
Poisson’s ratio (//) νP* (-) 0.3 0.3 
Poisson’s ratio (⊥) νN* (-) 0.2 0.2 
Shear modulus (⊥) GN (GPa) 8.3 8.3 
cV (-) 1 1 
cH (-) 0.4 0.8 
cS (-) 1 1 
n (-) 1 1 
m (-) 0.16 0.16 
A (s− 1) 4.9E-12 1.1E-12 
eshift (-) 1E-6 1E-6 
σref (-) 1 1 
tref (-) 1 1 
M** (-) 0.8 1.5 
p0 (MPa) 30 20 
ϕ* (%) 6 6 
(λ − κ) ≈ λ*** (-) 0.01 0.01 

* (Sone & Zoback, 2013a). 
** (Sone & Zoback, 2013b). 
*** (Miranda et al., 2020). 

Fig. 3. Results of the model calibration for two shales: Haynesville-1 V and Barnett-1H shales.  

Table 5 
The parameters modified for the long-term creep case.   

Haynesville-1 V Barnett-1H 

m (-)  0.60  0.60 
A (s− 1)  4.9E-15  1.1E-15  

Table 6 
The parameters modified for the isotropic creep case.   

Haynesville-1 V Barnett-1H 

cH (-) 1 1 
M (-) 0 0  
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2017), who modified components of the Cauchy stress tensor with co
efficients to defined the anisotropic stress tensor. This approach is 
equipped with a strain-hardening power-law creep formulation (and 
capacity to incorporate creep-induced volumetric deformation), and it 
was implemented by them and also by Jung et al. (2022) to simulate the 
mechanical behavior of a drift excavated in a claystone formation. 

The present research extends our previous work with an anisotropic 
shale creep model based on the concepts of Mánica et al. (2016, 2017) 
incorporated with the Cam-Clay potential function for creep-induced 
volumetric deformation. The objective is to understand the effects of 
anisotropic shale creep on the long-term, THM coupled behavior of a 
geological nuclear waste repository, especially on the evolution of stress 
and permeability in the formation near waste emplacement drifts. The 
outcome of this research will benefit the performance assessment (PA) of 

geological nuclear waste repositories by increasing its reliability and 
robustness. Numerical simulations were carried out with a THM coupled 
simulator, TOUGH-FLAC (Rinaldi et al., 2022; Rutqvist, 2011), with the 
new anisotropic shale creep model calibrated against experimental data. 
Using the results of the anisotropic creep simulations as the base case, 
comparisons were performed between the base case and the no creep (i. 
e., elastic), isotropic creep, and long-term anisotropic creep simulation 
cases, in order to gain insights into the effects of anisotropic shale creep 
on the PA of a geological nuclear waste repository in shale. Note that 
‘long term’ in this study is arbitrarily defined as time after 1,000 years 
after canister emplacement in a geological repository, where tempera
tures and pore pressure are expected to start coming down to the initial 
in-situ levels. Details of the numerical model, the governing equations of 
the TOUGH-FLAC simulator, and the anisotropic shale creep model are 
provided in the following section. 

2. Numerical modeling 

2.1. Model geometry 

Fig. 1 shows an overview of the numerical model of a generic nuclear 
waste repository with horizontal drifts for nuclear waste emplacement. 
Although it is actually a three-dimensional (3D) model, the third 
dimension (in the out-of-plane direction) is constrained, namely, there is 
no displacement, fluid flow, or thermal flux in this direction; hence, the 

Fig. 4. Calculated axial creep compliance of the (a) Haynesville-1 V and (b) 
Barnett-1H shales in the simulation of the triaxial testing (“mod” and “iso” in 
the figure legends indicate the long-term and isotropic creep cases, 
respectively). 

Fig. 5. The time-varying heat source assigned to each of the sixteen canister 
elements, representing the decay heating of nuclear waste packages. 

Fig. 6. The vertical (V1-4) and horizontal (H1-4) locations in the formation 
where results were extracted. 
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model is effectively a 2D plane-strain model. The model consists of 
canister, bentonite buffer, and rock (i.e., a shale formation) components. 
The canister was assumed to be disposed of in a subsurface drift that is 
located at a depth of 500 m from the ground surface, and the space in the 
drift between the canister and rock was assumed to be filled with the 
bentonite buffer to form the engineered barrier system (EBS). The di
ameters of the concentric canister and drift are 0.9 m and 2.28 m, 
respectively. The total depth and lateral length of the model are 1,000 m 
and 50 m, respectively. Because the entire repository was assumed to 
consist of multiple drifts drilled parallel to one another at the same depth 
with fixed lateral spacing, this model represents a single ‘slice’ of the 
entire repository with a drift-to-drift spacing of 50 m. To make this 
model representative of the entire repository, relevant boundary con
ditions were applied, namely, the displacements, fluid flow, and thermal 
flux normal to the lateral boundary surfaces were assumed to be 
nonexistent. Other boundary conditions included a pore pressure and a 
temperature of 0.1 MPa and 10 ◦C at the ground surface and of 9.91 MPa 
and 40 ◦C at the bottom of the model, respectively, and constant gra
dients of pore pressure and temperature along the depth. Mechanically, 
the displacements normal to the bottom boundary were fixed, while on 
the top boundary (i.e., the ground surface) a constant surface pressure of 
0.1 MPa was applied. Last but not least, the rock/bentonite and 
bentonite/canister interfaces were assumed to be bonded at all times, i. 
e., the displacements remain continuous across these interfaces. 

2.2. Thermo-hydromechanically coupled simulator 

A THM coupled simulator, TOUGH-FLAC (Rutqvist, 2011; Rinaldi 
et al., 2022), was used to create the repository model shown in Fig. 1. It 
is a sequentially-coupled simulator where the thermo-hydrological (TH) 
calculations are performed in the TOUGH3 code, whereas the mechan
ical (M) calculations in the FLAC3D software. TOUGH3 controls the 
coupling sequence, as in each time step, it first completes a TH calcu
lation and passes the converged values of TH variables, such as pore 
pressure and temperature, to FLAC3D. FLAC3D then performs a me
chanical (M) calculation to obtain the converged values of M variables, 
such as stress and strain increments, using the fixed values of TH vari
ables received from TOUGH3. Finally, some TH parameters that are 
dependent on the values of M variables, such as permeability and 
porosity, are updated before TOUGH3 performs TH calculation for the 
next time step, and the simulation continues in this sequentially coupled 
way. More details of the sequential coupling approach adopted in 
TOUGH-FLAC are provided in the literature (Kim et al., 2011, 2012a, 
2012b; Rinaldi et al., 2022). 

A summary of the governing equations solved by the TOUGH3 and 
FLAC3D are provided in the following subsections. A brief explanation 
of the THM coupling among the governing equations is also provided, 
followed by the introduction of the anisotropic creep constitutive model, 
and finally by the modelling steps for simulating the construction and 
post-closure periods of the repository. 

Fig. 7. The evolution of temperature, pore pressure, and liquid-phase saturation at selected locations in the formation with (a) the Haynesville and (b) the Barnett 
shale properties (anisotropic creep vs. no creep cases). 
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2.2.1. Thermo-hydrological governing equations 
The mass- and energy-balance equations handled by TOUGH3 are of 

the same form as shown below: 

d
dt

∫

V
MκdV =

∫

Γ
f κ • ndΓ+

∫

V
qκdV (1)  

where V (m3) is a closed finite control volume of the system under study, 
Γ (m2) is the boundary surface of the closed volume, n (-) is the surface 
normal vector of an infinitesimal area (dΓ) of the boundary surface, Mκ 

(kg/m3 or J/m3) is the mass of component κ(κ = 1, 2,⋯) (e.g., water, air, 
etc.) or energy (κ = h), f κ (kg/s/m2 or W/m2) is a vector denoting mass 
flux (κ = 1, 2,⋯) or heat flux (κ = h), and qκ (kg/s/m3 or W/m3) is a 
sink/source of mass or energy. 

The accumulation (Mκ) and flux (f κ) terms of the mass balance are 
expressed as follows: 

Mκ = ϕ
∑

β
SβρβXκ

β +(1 − ϕ)ρSρlX
κ
l Kd (2)  

where ϕ (-) is porosity, Sβ (-) is the degree of saturation of phase β (=gas 
or liquid), ρβ (kg/m3) is the density of phase β, Xκ

β (-) is the mass fraction 
of component κ in phase β, ρS (kg/m3) is the solid-phase grain density, ρl 
(kg/m3) is the density of liquid phase, Xκ

l (-) is the mass fraction of 
component κ in liquid phase, Kd (m3/kg) is the liquid phase distribution 
coefficient, and 

f κ =
∑

β
Xκ

βf β (3)  

where f β (kg/s/m2) is the mass flux of phase β, which is given by a 
multiphase version of Darcy’s law expressed in the following form: 

f β = − k
krβρβ

μβ

(
∇Pβ − ρβg

)
(4)  

where k (m2) is the absolute permeability, krβ (-) is the relative perme
ability of phase β, μβ (Pa⋅s) is the dynamic viscosity of phase β, Pβ (Pa) is 
the fluid pressure of phase β, which is calculated as the sum of a refer
ence pressure, P (Pa) (i.e., usually, gas pressure), and capillary pressure, 
Pcap (Pa) (i.e., Pβ = P + Pcap), and g (m/s2) is a vector denoting gravi
tational acceleration. 

The following relative permeability and capillary pressure functions 
were used in this study. 

krl =

⎧
⎪⎨

⎪⎩

̅̅̅̅̅
S*

√ (

1 −
(

1 − (S*)
1/λk

)λk
)2

if Sl < Sls

1 if Sl ≥ Sls

krg =

{ 1 − krl if Sgr = 0

(1 − Ŝ)2( 1 − Ŝ
2)

if Sgr > 0

(5)  

where 

S* = (Sl − Slr)/(Sls − Slr) (6)  

Ŝ = (Sl − Slr)
/(

1 − Slr − Sgr
)

(7)  

Fig. 7. (continued). 
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where krl (-) and krg (-) are the relative permeability of the liquid and gas 
phases, respectively, λk (-) is a van Genuchten parameter (which is 
expressed as m in the original notation in van Genuchten (1980)), Sl (-) is 
the liquid-phase saturation, Slr (-) is the residual (i.e., minimum) liquid- 
phase saturation, Sls (-) is the saturated (i.e., maximum) liquid-phase 
saturation, Sgr (-) is the residual gas-phase saturation, and 

Pcap = − P0

(
(S*)

− 1/λk − 1
)1− λk

(8)  

where P0 (Pa) is a parameter related to the air entry pressure. Note that 
the maximum capillary pressure value, Pmax (Pa), was specified such that 
− Pmax ≤ Pcap ≤ 0. 

Mass transport is driven not only by Darcy flow but also by diffusion, 
f κ

diff (kg/s/m2), which is expressed as follows: 

f κ
diff = − ϕ

∑

β
τ0τβρβdκ

β∇Xκ
β (9)  

where τ0τβ (-) is a tortuosity factor, which is the product of a porous 
medium factor (τβ) and a phase-saturation factor (τβ), dκ

β (m2/s) is the 
molecular diffusion coefficient of component κ in phase β, ∇Xκ

β (m
− 1)is 

the gradient of the mass fraction of component κ in phase β. Note that in 
this study, τ0τβ = Sβ was assumed. 

Finally, vapor pressure lowering due to capillary pressure and phase 
adsorption was considered via the following equation: 

Pv = Psatexp
(

MwPcap

ρlR(T + 273.15)

)

(10)  

where Pv (Pa) is vapor pressure, Psat (Pa) is the saturation vapor pres
sure, Mw (kg/mol) is the molecular weight of water, R (J/mol/oC) is the 

Fig. 8. The evolution of stresses at selected locations in the formation with the Haynesville shale properties (anisotropic creep vs. no creep cases): (a) total stress; (b) 
mean effective and deviatoric stresses. 
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universal gas constant, and T (oC) is temperature. 
The accumulation (Mh) and flux (fh) terms of the energy balance are 

expressed as follows: 

Mh = (1 − ϕ)ρSCST +ϕ
∑

β
SβρβUβ (11)  

where CS (J/kg/oC) is the specific heat of solid grains, Uβ (J/kg) is the 
specific internal energy of phase β, and 

f h = − λ∇T +
∑

β
hβf β + fσσ0∇T4 (12)  

where λ (W/(m⋅oC)) is the effective thermal conductivity, hβ (J/kg) is the 
specific enthalpy in phase β, fσ (-) is the radiant emittance factor, and σ0 
(W/m2/K4) is the Stefan-Boltzmann constant. Note that, in this study, 
radiation heat transfer was ignored by setting fσ = 0. 

Table 1 lists the thermo-hydrological parameters and their values 
assumed in this study. Note that anisotropic permeability and thermal 

conductivity (i.e., parallel (//) and normal (⊥) to bedding) were 
considered only in the rock component. 

2.2.2. Mechanical governing equations 
The mechanical governing equation solved by FLAC3D is the equa

tion of motion as shown below: 

∇ • σ + ρbg = ρb
dvR

dt
(13)  

where σ (Pa) is the Cauchy stress tensor, ρb (kg/m3) is the bulk density 
(= ϕ

∑
βρβSβ + (1 − ϕ)ρR), and vR (m/s) is the velocity vector of the solid 

phase. 
Stress is usually updated in an incremental way so as to incorporate 

any nonlinearity during mechanical deformation. Stress increments are 
related to strain increments via a mechanical constitutive model, a 
general form of which can be represented as follows: 

dσ = ℂ • • d∊e (14) 

Fig. 8. (continued). 
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where dσ (Pa) is the second-order tensor of stress increments, C (Pa) is 
the fourth-order tensor of elastic moduli, and d∊e (-) is the second-order 
tensor of elastic strain increments, which are defined as total strains 
minus thermal strains (i.e., d∊e = d∊T − d∊th). The canister (steel) and 
bentonite were assumed to follow the isotropic linear elasticity, which 
has only two independent elastic parameters: Young’s modulus and 
Poisson’s ratio. Their values are provided in Table 2. Note that any 
plasticity in either the canister steel or bentonite buffer was not 
considered in this study. 

For the bentonite, swelling was assumed to occur due to changes in 
the liquid-phase saturation as described in the following equation: 

d∊s = βsΔSlE (15)  

where d∊s (-) is the second-order tensor of swelling strain increments, βs 
(-) is a swelling coefficient, ΔSl (-) is an increment in the liquid-phase 
saturation, and E (Pa) is the unit tensor of order two. Stress updates 
are performed as shown in Eq. (14) with elastic strain increments 
calculated by d∊e = d∊T − d∊s − d∊th. 

For the rock, cross-anisotropic (i.e., transverse isotropic) elasticity 
and creep are considered. Their details are presented in one of the 
following subsections. 

2.2.3. Thermo-hydro-mechanical coupling 
Herein some of the equations that couple the governing equations 

are presented. First, the coupling from the thermal to mechanical pro
cess is performed via thermal strain as shown earlier (e.g., d∊e =

d∊T − d∊th), while the coupling from hydrological to mechanical process 
via the effective stress shown below: 

σ′ = σ − αBW PE (16)  

where σ′ (Pa) is the effective stress tensor of order two, σ (Pa) is the total 
stress tensor of order two, αBW (-) is the Biot-Willis coefficient, P (Pa) is 

pore pressure, which is defined in this study as P = max
(

pl, pg

)
where pl 

and pg are the liquid- and gas-phase pressure, respectively. Note also that 
αBW = 1 was assumed for all the model components including the shale 
formation. Also note that this study assumes an isotropic Biot-Willis 
coefficient; in reality, it is anisotropic for transversely isotropic (i.e., 
cross-anisotropic) material like shale, having two independent compo
nents. The difference between the values of the two components are, 
however, usually small as shown in Cheng (1997). Hence, the assump
tion of an isotropic Biot-Willis coefficient should be valid. Since the 
effective stress governs the mechanical behavior of porous material, it is 
used, instead of the total stress, in the mechanical constitutive equations 
for the rock and bentonite. 

Another essential coupling from the mechanical to thermo- 
hydrological process is performed via porosity changes as shown in 
the equation below: 

dϕ =

(
α2

BW + (αBW − ϕ)(1 − αBW)

K

)

dP+ 3αSϕdT − Δϕc (17)  

where dϕ (-) is an increment in porosity, K (Pa) is the bulk modulus of 
porous material, αS (1/oC) is the linear thermal expansion coefficient of 
solid grains, and Δϕc (-) is the porosity correction specifically needed for 
the implementation of the sequential coupling between TOUGH3 and 
FLAC3D (Kim et al., 2011; 2012a, 2012b; Xu et al., 2020; Rinaldi et al., 
2022), which is expressed as follows: 

Δϕc = −
αBW

K
(Kd∊V − αBW dP − 3αKdT) (18)  

where d∊V (-) is an increment in the volumetric strain (= tr
(

d∊T
)

where 

d∊T (-) is the total strain increment tensor), and α (1/oC) is the linear 
thermal expansion coefficient of porous material, which was assumed to 
be equal to that of the solid grains in this study (i.e., α = αS). 

Finally, permeability was assumed to be a function of mechanical 
stresses as follows (Rutqvist et al., 2009): 

k =
(
kr + Δkmaxexp

(
β1σ’

m

) )
exp

(
γ
〈
σd − σd,crit

〉)
(19) 

Fig. 9. Distributions of the deviatoric stress in the formation with the Haynesville shale properties (no creep cases vs. anisotropic creep cases) at different times (100 
vs. 1,000 vs. 10,000 years). 
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where kr (m2) is the residual permeability, Δkmax (m2) is the maximum 
permeability increment (which is achieved at zero mean effective 
stress), β1 (Pa− 1) is a mean effective stress factor, σ′

m (Pa) is the mean 
effective stress (= tr(σ′)/3), γ (Pa− 1) is a deviatoric stress factor, σd (Pa) 
is the deviatoric stress (=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(3/2)S : S

√
where S = σ − tr(σ)E/3), and 

σd,crit (Pa) is a critical deviatoric stress. The 〈〉 operator denotes the 
Macaulay bracket, where 〈f〉 = f if f > 0 and 〈f〉 = 0 in all other cases. 
The values of the permeability parameters are listed in Table 3. Note that 
this permeability function was applied only to the excavation damaged 
zone (EDZ) in the formation around the drift. The area of EDZ was 
assumed to be bounded by a cylinder coaxial to the drift with its radius 
being twice that of the drift. Although this assumption is based on the 
findings of Bossart et al. (2002), the shape of the EDZ could be non- 
circular, which could have some impacts on the simulation results. 
Permeability was assumed to remain constant in the canister, bentonite, 
or the formation outside of the EDZ. 

2.3. Anisotropic creep constitutive model 

This section introduces an anisotropic creep constitutive model for 
shale. The model assumes that shale is cross-anisotropic (i.e., trans
versely isotropic) owing to its bedding as shown in Fig. 2. The figure also 
shows two sets of coordinates: the local and global coordinates. The 
local coordinates are aligned with the shale bedding, while the global 
coordinates with the direction of gravity. 

The formulation of the anisotropic creep model begins with defining 
the stress tensor for an infinitesimally small element. As the mechanical 
behavior of porous material, including shale, is governed by the effective 
stress (rather than the total stress), the effective stress tensor is defined 
herein. Shown below using a matrix notation are the components of the 
effective stress tensor defined in the global Cartesian coordinates (x, y, 
z). 

(
σ′

G,ij

)
=

⎛

⎜
⎜
⎝

σ′
xx σ′

xy σ′
xz

σ′
xy σ′

yy σ′
yz

σ′
xz σ′

yz σ′
zz

⎞

⎟
⎟
⎠ (20) 

Fig. 10. The evolution of permeability at selected locations in the formation with the Haynesville shale properties (anisotropic creep vs. no creep cases).  
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where 
(

σ′
G,ij

)
represents the components of the effective stress tensor, 

σ′(Pa), in the global Cartesian coordinates. 
As the global coordinates are not aligned with the bedding, they need 

to be rotated (Fig. 2) to obtain the components in the local Cartesian 
coordinates (1, 2, 3). Note that the y-axis of the global coordinates is 
assumed to align with the 2-axis of the local coordinates. 

(
σ′

L,ij

)
=

⎛

⎜
⎜
⎝

σ′
11 σ′

12 σ′
13

σ′
12 σ′

22 σ′
23

σ′
13 σ′

23 σ′
33

⎞

⎟
⎟
⎠ (21)  

where 
(

σ′
L,ij

)
represents the components of the effective stress tensor,σ′ 

(Pa), in the local Cartesian coordinates. Coordinate transformation (i.e., 
rotation) is carried out as shown in the following equation: 

σ′
L = Q • σ′

G • QT (22)  

where σ′
L (Pa) and σ′

G (Pa) are the effective stress tensor in the local and 
global coordinates, respectively, and Q (-) is a coordinate transformation 
tensor and its components are expressed as follows for the rotation 
shown in Fig. 2. 

(
Qij

)
=

⎛

⎝
cosβ 0 sinβ

0 1 0
− sinβ 0 cosβ

⎞

⎠ (23)  

where β (o) is a rotation angle. 
To define the cross-anisotropic stress tensor (Mánica et al., 2016), the 

components of the local effective stress tensor are scaled with co
efficients (cV, cH, cS) as shown below. Note that the coordinates for the 
anisotropic tensor remains the local Cartesian coordinates (1, 2, 3). 

(
σ′

A,ij

)
=

⎛

⎜
⎜
⎝

cHσ′
11 σ′

12 cSσ′
13

σ′
12 cHσ′

22 cSσ′
23

cSσ′
13 cSσ′

23 cV σ′
33

⎞

⎟
⎟
⎠ (24)  

where 
(

σ′
A,ij

)
represents the components of the cross-anisotropic effec

tive stress tensor,σ′
A (Pa). 

Next, an anisotropic viscoplastic (i.e., creep) potential function is 
defined using the modified Cam-Clay plastic potential function (Roscoe 
& Burland, 1968; Schofield & Wroth, 1968) as shown below: 

f 2 = q2
A +M2p′

A

(
p′

A + p0
)

(25)  

where M (-) is the critical state frictional constant, which is a function of 
the internal friction angle of porous material, p0 (Pa) is the so-called 
preconsolidation pressure, which is related to the maximum compres
sive stress experienced by porous material, and qA (Pa) and p′

A (Pa) are 
the anisotropic deviatoric and mean effective stresses defined as follows: 

qA =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3
2

SA : SA

√

(26)  

p′
A =

1
3

tr
(
σ′

A

)
(27)  

where SA (Pa) is the anisotropic deviatoric stress tensor shown below: 

SA = σ′
A − p′

AE (28)  

where E (-) is the unit tensor of order two. Note that the ‘:’ operator in 
Eq. (26) represents the scalar product of two second-order tensors (e.g., 
a⨂b : c⨂d = (a • c)(b • d) where a, b, c, d are arbitrary vectors). 

We selected the Cam-Clay model since it can capture the volumetric 
deformation of soil/rock. In shale, the Cam-Clay model should be 
particularly suitable, as the compaction supposedly occurs mainly in the 
soft clay layers. Using the above-defined anisotropic Cam-Clay potential 
function, anisotropic creep strain increments are calculated following 
the Perzyna approach (Perzyna, 1966), which can be expressed in the 
following form (Chang & Zoback, 2010): 

d∊̇vp
L = 〈φ(f )〉

∂f
∂σ′

L
(29)  

where d∊̇vp
L (-) is the viscoplastic (i.e., creep) strain increment tensor of 

order two (defined in the local coordinates), and φ(f) is an arbitrary 
function of f . The 〈〉 operator is the Macaulay bracket, where 〈φ(f)〉 =
φ(f) if φ(f) > 0 and 〈φ(f)〉 = 0 in all other cases. The function, φ(f), was 
determined such that the creep strain increments follow those of the 
power-law creep, which has been found suitable for modelling shale 
creep (Sone & Zoback, 2011; Li & Ghassemi, 2012; Nopola & Roberts, 
2016; Rybacki et al., 2017; Benge et al., 2021). Consequently, the creep 
strain increment tensor for cross-anisotropic shale was determined as 
follows: 

d∊̇vp
L = mA

1
m

(
∊cr + ∊shift

tref

)m− 1
m
〈

f
σref

〉
(

n
m

)

∂f
∂σ′

L
(30)  

where m (-) and n (-) are power-law exponents, A (s− 1) is a power-law 
coefficient, ∊cr (-) is the cumulative creep strain, ∊shift (-) is a creep 
strain shift that is introduced to avoid division by zero when ∊cr = 0 at 
t = 0, tref ( = 1) (s) and σref ( = 1) (Pa) are coefficients that are required 
merely to make the units of both sides of Eq. (30) consistent with each 
other. Note that the above anisotropic formulation reverts to the 
isotropic power-law creep formula (Sasaki & Rutqvist, 2022), which is 
often referred to as the Norton-Bailey model or the Lemaitre-Menzel- 
Schreiner model when cV = cH = cS = 1 and M = 0 are specified. 
Moreover, note that the shear components of strains calculated by Eq. 
(29) and (30) are engineering shear strains; they need to be multiplied 
with 0.5 to convert them into scientific shear strains as follows. 

Fig. 11. The evolution of stresses in the bentonite buffer in the formation with 
the Haynesville shale properties (anisotropic creep vs. no creep cases). Note 
that the solid and dashed lines for the effective stress are on top of each other. 
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(

d∊̇vp
L,ij

)

= mA
1
m

(
∊cr + ∊shift

tref

)m− 1
m
〈

f
σref

〉
(

n
m

)

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

∂f
∂σ′

L,11

1
2

∂f
∂σ′

L,12

1
2

∂f
∂σ′

L,13

1
2

∂f
∂σ′

L,12

∂f
∂σ′

L,22

1
2

∂f
∂σ′

L,23

1
2

∂f
∂σ′

L,13

1
2

∂f
∂σ′

L,23

∂f
∂σ′

L,33

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(31)  

where 
(

d∊̇vp
L,ij

)

represents the components of the cross-anisotropic creep 

strain increment tensor,d∊̇vp
L (-). 

The creep strain increments in the local coordinates are then con
verted into those in the global coordinates as follows. 

d∊̇vp
G = QT • d∊̇vp

L • Q (32)  

where d∊̇vp
G (-) is the creep strain increment tensor in the global co

ordinates. Finally, stress increments are calculated using Hooke’s law. 

dσ̇G = CA • •

(

d∊̇T
G − d∊̇vp

G − d∊̇th
G

)

(33)  

where CA (Pa) is the fourth-order tensor of cross-anisotropic elastic 
moduli, which have five independent components (i.e., Young’s moduli 
and Poisson’s ratios in the bedding parallel and bedding normal di
rections (EP,EN, νP, νN), and a shear modulus in the bedding normal di
rection (GN)), dσ̇G (Pa) is the effective stress increment tensor, d∊̇T

G (-) is 
the total strain increment tensor, and d∊̇th

G (-) is the thermal strain 
increment tensor, all of which are defined in the global coordinates. 
Note that the ‘••’ operator signifies double dot multiplication (e.g., a⨂ 
b • •c⨂d = (a • d)(b • c) where a, b, c, d are arbitrary vectors). 

In shale creep, creep strain increments per unit time (i.e., creep strain 

Fig. 12. The evolution of mean effective and deviatoric stresses at selected locations in the formation with (a) the Haynesville and (b) the Barnett shale properties 
(anisotropic creep vs. isotropic creep cases). 
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increment rates) decrease with increasing cumulative creep strains, 
which is often referred to as strain hardening. It is incorporated into the 
developed anisotropic creep model through increases in the ∊cr param
eter: 

d∊̇cr =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3

d∊̇vp
L : d∊̇vp

L

√

+

⃒
⃒
⃒tr
(

d∊̇vp
L

) ⃒
⃒
⃒ (34)  

Also, the strain hardening of the Cam-Clay function is implemented via 
increases in the p0 parameter: 

dṗ0 =
νp0

λ − κ

⃒
⃒
⃒tr
(

d∊̇vp
L

) ⃒
⃒
⃒ (35)  

where ν (-) is the specific volume (ν = 1+e = 1+ϕ/(1 − ϕ) where e (-) 
and ϕ (-) are the void ratio and porosity, respectively), and λ (-) and κ (-) 
are Cam-Clay parameters often referred to as the slope of compression 
and swelling lines, respectively. Note that the operator signifies taking 
the absolute value of what is inside of it. Also, note that the initial value 
of ∊cr is zero, whereas that of p0 is nonzero, as the initial value of p0 is 

related to the maximum compressive stress that formations have expe
rienced. 

2.3.1. Model parameter calibration 
In order to calibrate the developed anisotropic creep model, a one- 

element simulation was carried out with the FLAC3D simulator. The 
simulation modelled the triaxial creep testing of shales in the laboratory 
(Sone & Zoback, 2013b) where shales retrieved from different forma
tions in the US were subjected to axial loading under confining pressure. 
The testing duration was up to three hours, which might be too short to 
capture the long-term creep characteristics of shales. This testing pro
vides, however, unique measurement data that few other experiments 
have: radial strain data for varied bedding directions. Such data are 
essential for the calibration of anisotropic creep models; hence, data 
from this testing was used. 

Specifically, data for the ‘Haynesville-1 V’ and ‘Barnett-1H’ shales 
were selected, because these data were also used for the calibration of 
another anisotropic creep model (Borja et al., 2020). The Haynesville-1 

Fig. 12. (continued). 
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V shale was axially loaded in the direction normal to the bedding, while 
the Barnett-1H shale parallel to the bedding. The testing (and the cor
responding modelling) procedures were as follows. First, confining 
pressures of 30 MPa and 20 MPa was applied (i.e., σ11 = σ22 = σ33 = pC 

and σ12 = σ23 = σ13 = 0 where pC is the confining pressure) for the 
Haynesville-1 V and Barnett-1H shales, respectively; then, the axial 
stress was respectively increased by 29 MPa and 48 MPa (i.e., 
σ33 = pC +pdiff where pdiff is the axial stress increment). Note that pore 

Fig. 13. Distributions of the deviatoric stress in the formation with (a) the Haynesville and (b) the Barnett shale properties (anisotropic creep vs. isotropic creep 
cases) at different times (100 vs. 1,000 vs. 10,000 years). 
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pressure was set to zero, and temperature was not considered in this 
simulation of the laboratory experiments, as the shales were room-dried 
before they were tested under room temperature and pressure 
conditions. 

The cross-anisotropic mechanical (i.e., elastic and creep) properties 
and their values used in the simulation are listed in Table 4. The bedding 
angle (measured from a horizontal plane), β, was set to 0◦ and 90◦ for the 
Haynesville-1 V and Barnett-1H shales, respectively. Although it might 
seem that there were many parameters needing calibration, it was 
actually only four parameters (cH, m, A, eshift) that were calibrated. All 
the other parameter values were either simply set to unity (cV, cS, n, σref, 
tref), or given relevant values from the initial condition (p0) or from the 
literature (all the remaining parameters). Note that it was assumed in 
Eq. (35) that (λ − κ) ≈ λ, as it is often the case that λ≫κ for most soils and 

rocks; also, the shear modulus was approximated by GN = EN/(2(1+

νN)). 
Results of the calibration are shown in Fig. 3. The experimental data 

show that the axial creep strains of the Haynesville-1 V shale are much 
greater than those of the Barnett-1H shale, even though the axial dif
ferential stress was much greater in the latter than in the former shale 
(29 MPa vs. 48 MPa). This shows the effect of the loading direction being 
normal (Haynesville-1 V) or parallel (Barnett-1H) to the bedding, 
namely, shale accumulates a significantly greater amount of creep 
strains when loaded normal to the bedding. Note that the clay content of 
each shale was in the same range (36–39% in volume); also, the values of 
the elastic properties were in similar ranges (Sone & Zoback, 2013a). 
Hence, the effect of the bedding direction was substantial. This applies 
to the radial strains as well. 

Fig. 14. The evolution of permeability at selected locations in the formation with(a) the Haynesville and (b) the Barnett shale properties (anisotropic creep vs. 
isotropic creep cases). 
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These trends in creep strains were captured by the numerical simu
lation. As it was not disclosed whether the radial strains of the Barnett- 
1H shale was measured in the bedding normal (BN) or parallel (BP) 
direction (Sone & Zoback, 2013b), numerical results show creep strains 
in both radial directions. It was found that the numerical radial strains in 
the BN direction were slightly greater than those in the BP direction, but 
this requires further validation as more experimental data become 
available. Also, note that, although the numerical radial strains of the 
Haynesville-1 V shale appear to match the experimental data, the nu
merical strains continue to grow, whereas the experimental data show 
no significant growth after about an hour. This might turn out to be true 
in longer-term testing (than this relatively short-term, three-hour 
testing). An upgrade of the developed model needs to be carried out if 
data from such longer-term testing shows the same trend, but for now, 
the current anisotropic creep model is sufficient to assess the effects of 

anisotropic shale creep on the behavior of a geological nuclear waste 
repository. 

2.3.2. Simulation of different shale creep cases 
Although the anisotropic creep model with the calibrated parameter 

values was able to capture the (short-term) creep testing results of the 
Haynesville-1 V and Barnett-1H shales, there are other testing results 
that show different creep characteristics. For example, shales with a 
large power-law coefficient (A) and a small power-law exponent (m) 
accumulated a lot of short-term creep but not so much in the long term. 
The opposite was true for shales with a small A and a large m (Benge 
et al., 2021). The Haynesville-1 V and Barnett-1H shales are more of the 
former type (i.e., short-term creep with a large A and small m); hence, 
the long-term effect might be limited in the selected two shales. As such, 
long-term creep versions of the Haynesvill-1 V and Barnett-1B shales 

Fig. 14. (continued). 
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were created by assigning power-law coefficient and exponent values 
based on those of Caney Shale examined by Benge et al. (2021). Note 
that precise calibration of the anisotropic creep model was not feasible 
for Caney Shale, as only axial strain data are available in Benge et al. 
(2021). 

In addition to simulating the long-term creep, it was also necessary to 
simulate isotropic creep versions of the Haynesville-1 V and Barnett-1H 
shales so that the effect of anisotropic creep could be clarified. Isotropic 
creep versions of the two shales were created by ignoring the anisotropic 
stress tensor (i.e., by using the original Cauchy stress tensor) and also by 
ignoring the Cam-Clay parameters. 

The parameter values for the long-term and isotropic shale creep 
cases are provided in Table 5 and Table 6. Only those parameters that 
were modified for creating each case are listed in the tables (i.e., the 

remaining parameter values are the same as those in Table 4). 
Fig. 4 shows axial creep strains developed in the long-term and 

isotropic creep cases in comparison with the original, calibrated aniso
tropic creep case. Note that the creep compliance is defined as the axial 
creep strain (i.e., creep strain in the z-axis direction in Fig. 2) divided by 
the applied differential stress; also, this simulation is identical to the 
calibration simulation except for the modified parameter values listed in 
Table 5 and Table 6. It is shown that, compared to the calibrated 
anisotropic case, the long-term creep case (“Haynesville_mod” & “Bar
nett_mod”) develops much less creep strains in the short term. It de
velops, however, much greater creep strains in the long term. The 
isotropic case (“Haynesville_iso” & “Barnett_iso”), on the other hand, 
might appear nearly identical to the original anisotropic case. That is 
true except for the isotropic case ignoring the bedding direction and 

Fig. 15. The evolution of stresses at selected locations in the formation with the Haynesville shale properties (short-term creep vs. long-term creep cases): (a) 
effective stress; (b) mean effective and deviatoric stresses. 
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developing zero volumetric creep strains, which are not captured in 
Fig. 4. 

In the simulation of the repository, a comparison between the 
anisotropic and isotropic creep cases will show the effects of more pre
cise, realistic modelling of shale creep vs. approximate, simplified 
modelling of shale creep, whereas a comparison between the short-term 
and long-term anisotropic creep cases will literally show the effects of 
short-term vs. long-term shale creep, on the behavior of the repository. 

2.4. Modelling steps 

2.4.1. Initial state 
In the initial state, the repository model was assumed to consist only 

of the rock (shale formation) (i.e., the drift is not excavated yet). The 
initial THM state was set by calculating TH equilibrium in TOUGH3 and 
M equilibrium in FLAC3D with the boundary conditions and parameter 

values previously shown in Fig. 1 and Table 1, respectively. As a result, 
constant vertical gradients of temperature (0.03 (oC/m)), pore pressure 
(9.81 (kPa/m)), and total stresses (24.0 (kPa/m)) were achieved. The 
initial stress state was isotropic, namely, the stresses in the vertical and 
horizontal directions were equal to one another. 

2.4.2. Drift excavation 
Following the initial state, the rock zones inside of the drift area were 

removed while simultaneously a constant temperature, pore pressure, 
and surface pressure of 25 ◦C, 0.1 MPa, and 0.1 MPa were applied to the 
drift’s boundary surface, respectively, to initiate the drift excavation 
stage. In this stage, in which the simulated duration was 1.5 years, 
TOUGH3 and FLAC3D were coupled (i.e., TOUGH-FLAC) to simulate the 
THM-coupled behavior of the repository. Note that the rock was 
assumed to be anisotropic elastic during this stage (i.e., no creep). Also, 
the failure of shale, especially the EDZ, was not considered in this study, 

Fig. 15. (continued). 
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which should have had tangible impacts on the stress field following the 
excavation. This is a limitation of this study. 

2.4.3. Post-closure 
After the 1.5-year excavation stage, the canister and bentonite zones 

were activated inside of the drift and their initial temperature, pore 
pressure, and total stresses were set to 25 ◦C, 0.1 MPa, and 0.2 MPa, 
respectively; also, an initial gas-phase saturation of 0.35 was assigned, 
which generated corresponding initial capillary pressure according to 
Eq. (8). Moreover, the preconsolidation pressure, p0, of the anisotropic 
creep model was given the values equal to the mean effective stress 
values (= tr(σ′)/3) of the formation at each depth (i.e., p0 was depth- 
varying). Note that other parameters were assumed to be constant 
along the depth, which might have some impacts on the modelling re
sults. To simulate the decay heating of nuclear waste, the time-varying 
heat source shown in Fig. 5 was assigned to each of the sixteen 
canister zones that form the outer surface of the canister. The combined 
heat sources represent nuclear waste packages each of which contains 
four PWR (pressurized water reactor) spent fuels after 60 years of 
interim storage placed at a center-to-center spacing of 9 m in the drift’s 
axis direction. 

3. Results 

Results of the post-closure stage of the simulation were extracted 
from selected locations in the formation as shown in Fig. 6 for analysis 
and comparison, which were made between three different cases: 
anisotropic creep vs. no creep (i.e., anisotropic elastic) cases; anisotropic 
creep vs. isotropic creep cases; and anisotropic short-term creep vs. 
anisotropic long-term creep cases. Each comparison was aimed at 
providing insights into the effects of anisotropic shale creep on the 
performance of the repository. 

3.1. Anisotropic creep vs. no creep cases 

3.1.1. Temperature, pore pressure, and saturation 
Fig. 7a shows the evolution of temperature, pore pressure, and 

liquid-phase saturation at the selected locations in the formation with 
the Haynesville-1 V shale properties, while Fig. 7b shows the results 
corresponding to the Barnett-1H shale properties. Temperatures 
increased rather gradually and a peak of slightly less than 80 ◦C was 
computed near the drift wall (at V1, H1) toward 100 years since the 
closure of the drift. Temperature peaks at the other locations occurred 
with some delay in proportion to the distance from the drift. Pore 
pressure, on the other hand, remained at near zero values in early pe
riods before it increased abruptly to a peak of approximately 16 MPa 
slightly after 1,000 years. This is because the formation was not fully 
saturated near the drift in early periods while the gas initially trapped in 
the bentonite continued to escape into the formation. Also, it was found 
that there was no delay in pore pressure peaks. The synchronized pore 
pressure peaks were driven by fluid flow; as soon as local pore pressure 
peaks developed due to thermal pressurization, they dissipated via fluid 
flow to an average (common) pore pressure level in the respective region 
of the formation. Had fluid flow been restricted, for example, by setting 
the permeability of the formation to zero, delayed pore pressure peaks 
would have appeared just as the delayed temperature peaks did. 

Both Fig. 7a and b show that it was only for pore pressure that any 
difference was found between the anisotropic creep and no creep cases. 
The anisotropic creep case resulted in pore pressure peaks of less 
magnitude than the no creep case. For example, the difference was as 
much as 3.5 MPa and 1 MPa (at about 1,000 years) in the formation with 
the Haynesville and Barnett shale properties, respectively. The reduced 
pore pressure was caused by creep-induced stress relaxation in the for
mation, especially near the drift, i.e., creep strains decrease elastic 
strains as shown earlier in Eq. (33), leading to reduced effective stresses 
near the drift, which in turn helps to relax broader areas of the forma
tion. Such stress relaxation expanded the pore volume of the formation; 
as a result, pore pressure decreased. The pore pressure reduction was 

Fig. 16. Distributions of the mean effective stress in the formation with the Haynesville shale properties (short-term creep vs. long-term creep cases) at different 
times (100 vs. 1,000 vs. 10,000 years). 
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greater in the formation with the Haynesville shale properties than that 
with the Barnett shale properties, as the former shale developed greater 
creep strains than the latter shale. 

It is noted that although anisotropic shale creep affected the pore 
pressure development, the effect was relatively minor (and it was 
nonexistent in the temperature and saturation development). Also, it is 
not pore pressure that compromises formations mechanically; it is the 
effective stress that matters. Hence, in this and the other comparison 
cases, results for temperature, pore pressure, and saturation are omitted, 
and instead, the results are focused on stresses and permeability. 

3.1.2. Stresses 
Fig. 8 shows the evolution of total, mean effective, and deviatoric 

stresses in the formation with the Haynesville shale properties. Results 
for the Barnett shale properties are omitted because only similar trends 
were identified. The general trend in terms of total stress was that it 
increased with increasing temperature and pore pressure at the vertical 
locations (V1-4), whereas circumferential total stress decreased to or 
below zero at the horizontal locations (H1-4). This is because tensile 
strains were generated at these locations, as the drift deformed in an 

ellipsoidal shape (where the minor axis is aligned with the horizontal 
plane) due to the lateral boundary displacement constraint. Note that 
positive stress values indicate compression, and negative values tension. 

A comparison between the anisotropic creep and no creep cases 
shows that the effect of creep was to decrease total, mean effective, and 
deviatoric stresses. This was the case regardless of the directions of stress 
(e.g., σrr, σθθ , σyy), locations in the formation (i.e., V1-4, H1-4) or shale 
types (i.e., Haynesville, Barnett). This indicates that simulations with 
elastic (i.e., no creep) constitutive models for the formation would 
consistently overestimate stress levels relative to more realistic simula
tion cases where creep is considered. This claim is corroborated with the 
contours of deviatoric stress shown in Fig. 9. 

A remark on the total stress evolution: in a longer term (>10,000 
years), total stress levels are expected to converge toward overburden 
stress levels; since vertical total stress levels are essentially constant (i.e., 
the self-weight of the formation), horizontal total stress levels should 
approach them as creep strains continue to develop. Note that this might 
not be true near the drift (e.g., V1, H1), because total vertical stress 
levels are disturbed by drift excavation, and they might thus not 
approach values specified by the self-weight of the formation. 

Fig. 17. The evolution of permeability at selected locations in the formation with the Haynesville shale properties (short-term creep vs. long-term creep cases).  
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3.1.3. Permeability 
Fig. 10 shows the evolution of permeability in the formation with the 

Haynesville shale properties. Because similar results were obtained in 
the results for the Barnett shale properties, they are omitted. Note that 
permeability values differed between the anisotropic creep and no creep 
cases only at the V1, V2, H1, and H2 locations, since they were located 
inside of the EDZ where permeability was assumed to follow the 
empirical function (Eq. (19)). The general trend was found to be similar 
to that of the stresses, i.e., permeability values peaked between 
approximately 100 and 1,000 years. The largest permeability value was 
over 10-15 m2 at the H1 location, where mean effective stress was small 
and deviatoric stress was large, reflecting the tendency of such stress 
conditions to open and/or generate fractures. 

A comparison between the anisotropic creep and no creep cases 
shows that the no creep case overestimated permeability levels at ver
tical locations (V1, V2) while it underestimated permeability values at a 
horizontal location (H2). Permeability values at the H1 location did not 
differ much between the two cases. Although not shown here for brevity, 
a consistent trend (i.e., the overestimation of permeability levels at 
vertical locations in the no creep case) was found in Barnett shale re
sults; thus, that is the insight obtained from this comparison. Note, 
however, that the permeability values provided in Fig. 10 were esti
mated from the particular permeability model (Eq. (19)); had another 
permeability model been used, estimated permeability levels could have 
been significantly different. Also, the failure of shale and the corre
sponding permeability change were not considered in this study; had 
they been considered, the permeability levels should have changed not 
only within the EDZ but also outside of it (i.e., V3, V4, H3, H4). Hence, 
the above finding is dependent on the validity of the permeability model 
and the omission of shale failure, although it does anyway indicate that 
creep has a significant impact on the permeability evolution in the EDZ. 

3.1.4. Stresses in the bentonite buffer 
Fig. 11 shows the evolution of mean total and effective stresses in the 

bentonite buffer extracted at the middle radius of the bentonite along 
the vertical axis. Results differed only in total stress between the two 
cases, which was due to the difference in pore pressure explained earlier 
(Fig. 7). The effective stress levels were identical (the solid and dashed 
lines are on top of each other) not only between the two cases but also 
between the cases with different shale types (not shown here for brev
ity), indicating that shale creep would not affect the evolution of 
effective stress in the bentonite buffer. However, the outcome could be 
attributed to the simple linear elasticity (and linear swelling) employed 
for the bentonite. Use of more elaborate constitutive models might have 
produced different results. 

It is noted that because the same results were obtained in terms of 
mean effective stress in the bentonite in the other comparison cases, they 
are not shown in the following sections. 

3.2. Anisotropic creep vs. isotropic creep cases 

In this comparison, only results for certain types of stress (and 
permeability) are provided, as results for the other stress measures were 
found not to be the essence of the comparison. 

3.2.1. Stresses 
Fig. 12a and b show the evolution of mean effective and deviatoric 

stresses in the formation with the Haynesville and Barnet shale prop
erties, respectively. They show that the isotropic creep case consistently 
underestimated (compressive) stress levels relative to the anisotropic 
creep case. Especially, in the Haynesville shale results at the V1 location 
at approximately 1,000 years, a mean effective stress of 0 MPa was 
reached in the isotropic case, whereas a mean effective stress of over 20 
MPa was still sustained in the anisotropic case. Although an extreme 
example, it indicates the trend that isotropic shale creep could (signifi
cantly) underestimate stress levels in the formation around the drifts of a 

geological nuclear waste repository during the post-closure period. This 
seems, however, dependent on shale types, as the underestimation of 
stresses was much less in the Barnett shale formation. These claims are 
also supported by the contours of deviatoric stress shown in Fig. 13. 

3.2.2. Permeability 
Fig. 14a and b show the evolution of permeability in the formation 

with the Haynesville and Barnet shale properties, respectively. The 
general trend is that permeability values in the isotropic creep case were 
significantly underestimated relative to those in the anisotropic creep 
case, which is a direct result of the stress underestimation discussed 
earlier. This could fictitiously indicate a favorable performance of the 
repository. Some permeability values were, however, higher in the 
isotropic creep case at certain locations at certain times. For example, at 
the V1 and V2 locations between 1,000 and 1,000 years in the Hay
nesville shale results, permeability values in the isotropic creep case 
were greater by roughly an order of magnitude. This was because mean 
effective stress levels decreased to zero or negative values in the 
isotropic creep case, which significantly increased permeability values 
according to Eq. (19) by reflecting potential fracture opening. Although 
such an outcome was dependent on the particular permeability function, 
zero or tensile mean effective stress levels should certainly increase 
permeability levels regardless of the choice of permeability functions. 
Hence, the overestimation of permeability increases in the long term 
(>1,000 years), which is equivalent to predicting a fictitiously less 
favorable performance of the repository, would be another (minor) 
shortcoming of using an isotropic creep constitutive model. 

3.3. Short-term creep vs. long-term creep cases 

In this comparison, only results for the Haynesville shale properties 
are provided, because similar trends were obtained from results for the 
Barnett shale properties. The essence of this comparison is to provide an 
insight into whether shale formations with short- or long-term creep 
characteristics are more beneficial for the repository performance. 

3.3.1. Stresses 
Fig. 15a and b show the evolution of effective, mean effective, and 

deviatoric stresses, respectively. It was found that the long-term creep 
case (i.e., shown as “Haynesville_mod” in the figure legends) not only 
resulted in smaller (compressive) stress levels but also prevented large 
tensile effective stresses from developing at horizontal locations. For 
example, at the H1 location in the short-term creep case, a tensile 
circumferential effective stress of over 15 MPa was generated at 1,000 
years, whereas it was just 1–2 MPa in the long-term creep case. Although 
not shown, this was also the case in the Barnett shale formation. Also, 
due to the significant reduction in tensile stress, mean effective stress 
levels consistently remained compressive (i.e., above zeros) in the long- 
term creep case, with the smallest values being at least 2–3 MPa 
throughout the simulated post-closure period. This is also supported by 
the effective stress contours shown in Fig. 16. A large drop in tensile 
effective stress and maintained compressive mean effective stress levels 
should in general lead to a significantly increase in the performance of a 
geological nuclear waste repository by preventing potential generation 
and opening of fractures. 

3.3.2. Permeability 
Fig. 17 shows the evolution of permeability in the formation with the 

Haynesville shale properties. Since mean effective stress levels remained 
compressive, the large increases in permeability previously shown in the 
anisotropic (short-term) and isotropic creep cases at the V1 and H1 lo
cations did not repeat themselves in the anisotropic long-term creep 
case. As a result, permeability values significantly decreased relative to 
the short-term creep case by, for example, three orders of magnitude at 
the H1 location at roughly 100 years. This indicates the potential of 
shales with the long-term creep characteristics, namely, a large creep 
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exponent value (e.g., m = 0.16 and 0.60 for the short- and long-term 
creep cases, respectively), to achieve strong long-term performance as 
part of the barrier system of a geological nuclear waste repository. 
Although, such an insight would only be valid if the choice of perme
ability functions was appropriate, it does not change the fact that the 
long-term creep case resulted in consistently lower deviatoric stress 
levels while maintaining compressive mean effective stress levels as 
discussed earlier. This should lead to significant decreases in perme
ability relative to the short-term creep case even if different permeability 
functions are employed. Hence, it is argued that shales with the long- 
term creep characteristics would be suitable for hosting a geological 
nuclear waste repository from the perspectives of its long-term safety 
and performance. 

4. Conclusions 

In this research, thermo-hydromechanically (THM) coupled simula
tions of a generic geological nuclear waste repository were carried out 
with an anisotropic creep constitutive model for shale. The objective 
was to compare the long-term stress and permeability evolution of the 
repository among different shale creep cases, such as no creep (i.e., 
elastic), isotropic creep, and long-term creep shale cases, in order to 
better understand the effects of anisotropic shale creep on the perfor
mance of a geological nuclear waste repository. Results of this research 
provided the following insights:  

• The no creep (i.e., elastic) shale creep case overestimated stress 
levels in the formation by as much as 10 MPa between 100 and 1,000 
years in the post-closure period, which resulted in overestimated 
increases in permeability. Hence, simulations with an elastic for
mation model will lead to conservative performance assessment of 
geological nuclear waste repositories.  

• The isotropic creep shale case underestimated stress levels but the 
magnitudes of underestimation were dependent on shale types (e.g., 
Haynesville vs. Barnett). Permeability levels were also under
estimated at early times of the post-closure period (e.g., before 100 
years), but they were significantly overestimated by roughly an order 
of magnitude at later times (e.g., after 100 years) where mean 
effective stress levels decreased to zero or negative (i.e. tensile) 
values. This indicates that simulations with an isotropic creep for
mation model could provide inaccurate estimates of permeability 
evolution, and hence, an inaccurate performance assessment of 
geological nuclear waste repositories.  

• In the long-term creep shale case, tensile stress did not develop in the 
formation while deviatoric and mean effective stress levels respec
tively decreased and remained compressive, which were all benefi
cial for the performance of the repository, because under such stress 
conditions permeability levels consistently remained low. A long- 
term creep shale is characterized by a large value of the power-low 
exponent (denoted as m in this research), and hence such shale 
would be favorable for hosting a geological nuclear waste repository. 

In this research, permeability levels were estimated from stress levels 
via an empirical permeability function. In order to estimate more ac
curate permeability evolution, however, many other effects than just 
stress need to be considered, such as creep- and chemically-induced 
fracture healing, damage- and failure-induced fracture development, 
etc. Also, not considered was shale failure, which should have had 
tangible impacts on the stress and permeability evolution of the 
modelled shale repository. Such aspects may be addressed in the future 
research. 
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