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ARTICLE INFO ABSTRACT

Keywords: Controlling brine flow is important for the safe disposal of radioactive waste in salt rocks. Thermal and
Numerical modeling mechanical processes can have a significant impact on brine flow, although this has never been thoroughly
THM coupling investigated. In this study, we conduct fully coupled THM modeling for analyzing brine flow in rock salt,
Rock salt

considering non-isothermal two-phase flow through deformable porous media. To rigorously represent rock
salt behavior, we incorporate suitable phenomenological models for creep and shear and tensile-induced
dilatancy/damage, and their effect on the flow properties. To validate such a complex model, we use it to
analyze an experiment on a meter-scale salt block subjected to multistage heating and cooling under controlled
laboratory conditions. The experimental data and our model predictions of temperature and brine inflow show
good agreement. Our modeling shows that it is important to consider the coupling between the heating- and
cooling-induced damage and the flow properties for rigorously estimating brine inflow. Based on our modeling,
a cooling-induced brine inflow spike is caused by a permeability increase due to tensile dilatancy. Thus, our
modeling will be useful for a proper design of a cooling phase in the salt repositories to avoid or minimize
damage and the resulting brine inflow.

Brine inflow
Heating/cooling damage
Permeability increase

1. Introduction that result in an increase of permeability and porosity as well as a
decrease of air-entry pressure (Stormont et al., 1992; Stormont, 1997;
Beauheim and Roberts, 2002). The result is a short-term redistribution
of brine and gas saturations and a brine inflow into the excavation,
which magnitude is controlled by the competition between the creation
and creep closure of dilation-induced micro-fractures.

Tensile fracturing associated with high pore pressure or sharp tem-
perature drops are known processes in a number of geoengineering
applications. Thermal fracturing is sometimes used deliberately, for
example, to enhance the permeability and injectivity of geothermal

Rock salt has long been recognized as a promising medium for
geologic disposal of nuclear waste because of its naturally low perme-
ability, relatively high thermal conductivity and its self-sealing capacity
(Sweet and McCreight, 1983; Cosenza et al., 1999; Winterle et al.,
2012; Chen et al., 2013). However, the formation of micro-fractures in
the salt host rock may compromise the short-term hydraulic integrity
of the disposal facility since they are prone to coalesce and can,
therefore, provide pathways for brine migration (Hansen and Leigh,
2011). Multiple laboratory and in situ tests have shown that rock salt

micro-fracturing is often initiated by the two following phenomena:
shear-induced dilatancy (Stormont, 1997; Schulze et al., 2001) and/or
tensile stresses exceeding the tensile strength of salt, which is relatively
low, around 1 MPa (Hoffman and Ehgartner, 1998; Wisetsaen et al.,
2015).

Micro-fracturing by shear-induced dilatancy initiates upon the ex-
cavation of drifts and boreholes, around which a disturbed rock zone
(DRZ) develops and grows (Hansen, 2008). This zone is characterized
by low pore pressure and large deviatoric stresses that exceed the so-
called dilatancy boundary, leading to dilation-induced micro-fractures
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system reservoirs (Zhang et al., 2020). In cases when the host rocks
are intended for a barrier or seal against fluid migration, such as in
subsurface gas storage and nuclear waste disposal, tensile fracturing
is highly undesirable. In the case of gas storage in underground salt
caverns, for instance, it has been demonstrated that thermal cycling
associated with frequent fluid injection and withdrawal can lead to
the appearance of tensile zones that could jeopardize the mechanical
stability and sealing capacity of the caverns (Rouabhi et al., 2017). For
nuclear waste disposal in salt formations, several lab and field tests
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have been conducted to characterize the macroscopic movement of
brine in rock salt under isothermal and heated conditions (e.g., Avery
Island in situ brine inflow test (Krause, 1983), brine inflow experiments
in a potash mine in New Mexico (Ewing, 1981; Shefelbine, 1982), 1-kg
lab test (Hohlfelder and Hadley, 1979), Salt Block (SB) lab experiment
II (Hohlfelder, 1980), Waste Isolation Power Plant (WIPP) in situ mois-
ture release experiments (McTigue and Nowak, 1987; Finley et al.,
1992) and Asse mine in situ brine migration tests (Coyle et al., 1987)).
Kuhlman and Malama (2013) provides a comprehensive historical re-
view of these tests and confront their key findings. In the absence of
heating, the brine inflow response varies from one experiment to the
other mainly due to the heterogeneity of the tested rock salt formation
that the excavation intersects, as observed in the small-scale brine
inflow experiment conducted at WIPP (Finley et al., 1992). This WIPP
experiment provided brine inflow measurements over three years for
17 unheated vertical and horizontal boreholes intersecting different
geologic units. Analysis of the collected data showed that boreholes
located in a pure halite unit remained dry. In all other boreholes, inflow
generally peaked after drilling and slowly decayed before reaching a
nearly constant inflow rate that correlated with the type and width
of non-salt layers (clay and anhydrite). In the presence of a heating
phase, all the experiments show that brine inflow rates increase with
an increasing borehole temperature (Hohlfelder and Hadley, 1979;
Hohlfelder, 1980; Ewing, 1981; McTigue and Nowak, 1987). Also, and
perhaps most importantly, several of these tests have shown that a
considerable, if not the largest, amount of brine was released during the
heater shut-down (Hohlfelder and Hadley, 1979; Ewing, 1981; Coyle
et al., 1987) or sometimes during a cooling phase following the heating
phase (Hohlfelder, 1980). A portion of this accumulated brine could be
due to fluid inclusions that may migrate towards the heat source (Hu
and Rutqvist, 2020).

In brief, fluid flow is particularly complex in salt host rocks, whether
it be in isothermal conditions or in the presence of high thermal
gradients, and cannot be accurately predicted without considering the
creep of salt, which is a result of complicated microscale mechanical
and chemical processes (Hu et al.,, 2021), and the strong coupling
between thermal, hydraulic and mechanical processes.

Although several brine-flow experiments have been conducted in
salt, most of the attempts to simulate them were not combining the
knowledge gained from the geomechanical, hydrological and chemical
characterization of rock salt behavior. Indeed, these are mostly experi-
ments that took place in the 1990s or earlier, before the advancement
of salt coupled processes models and computers necessary for modeling
these computationally demanding, highly non-linear coupled processes.
The numerical modeling task was further complicated by the poor data
quality due to power fluctuations (Krause, 1983), or brine leaks (Coyle
et al., 1987), especially in field tests. Hence, uncoupled or loosely
coupled models were applied but limited to a qualitative approximation
of subsets of the brine inflow data under normal operating conditions.
For instance, brine inflow measurements from the isothermal small-
scale flow experiment at WIPP were matched using calibrated Darcy’s
law-based models without integrating geomechanical processes even
if they were deemed important (Finley et al., 1992). There were also
some attempts to model brine movement under thermal gradients.
Coyle et al. (1987) used a liquid and vapor transport model, with a
permeability that is several orders of magnitude higher than in situ
permeability, to simulate the heated brine migration test in Asse mine.
As a result, the amount of collected water was overpredicted. Hadley
and Faris (1981) also used a water and vapor transport model to match
water-release data from the 1-kg salt block test (Hohlfelder and Hadley,
1979). They qualitatively reproduced the brine inflow peaks associated
with an increase in heater power level and manually imposed a step
increase of permeability/porosity at cooling to reproduce the inflow
spike when the heater was shut-down. Besides Hadley and Faris (1981),
the cooling phase was generally disregarded in all the other brine
migration experiment modeling.
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Though a rapid cool down may not occur in a nuclear waste repos-
itory environment, a study of cool-down experimental results allows
for an enhanced understanding of salt brine flow mechanisms and
parameters, especially those describing how permeability changes with
mechanical dilation.

The present paper addresses this need for a modeling framework
that integrates the knowledge gained in hydrological and geomechan-
ical fields to provide a more rigorous explanation of the experimental
data during all the phases, including heating and subsequent cooling.
For this purpose, the salt block II laboratory experiment (Hohlfelder,
1980; Hadley, 1981) was chosen given the good quality of the collected
temperature and brine inflow data, not only during heating, but also
during cooling. Moreover, compared to field tests, it is carried out in a
controlled setting that allows to isolate some physical processes and to
parametrize the numerical model more effectively. Still, it is challeng-
ing to simulate and the two previous attempts to do so : McTigue using
a linear thermoporoelastic model (Sherer, 1987), and Ratigan (1984)
using a hydraulic model including fluid inclusions movement under
thermal gradients, were very limited in terms of results. The model by
McTigue (Sherer, 1987) succeeded in reproducing the early stage of the
test before heating, whereas Ratigan (1984) presented two scenarios
that either highly overestimate or underestimate brine inflow. Again,
the cooling phase was not tackled by either of them.

The paper is divided into two main sections. Section 2 presents the
THM modeling formalism, implemented in the TOUGH-FLAC simulator
(Rutqvist et al., 2002; Rutqvist, 2017; Blanco-Martin et al., 2017),
including balance and constitutive equations. In Section 3, the SB II
experiment is described as well as the approach used to model it. The
effects of heating and cooling on the THM behavior of salt rock are
discussed and experimental measurements of temperature in the block
and brine inflow at the borehole wall are compared with numerical
predictions obtained using the TOUGH-FLAC simulator.

2. THM equations of two-phase flow in a deformable porous
medium

In this section, mass, energy and momentum balance equations are
recalled for a two-phase flow in a deformable porous medium, as well
as commonly used constitutive equations and those previously derived
to characterize the THM behavior of rock salt barriers in the contexts
of storage caverns and radioactive waste disposal in salt rock (Wolters
et al., 2012; Blanco-Martin et al., 2015a,b).

We consider that the porous medium (rock salt) is isotropic and
composed of an insoluble solid skeleton o encompassing connected
intergranular voids through which a liquid phase A, and a gaseous
phase y circulate. The liquid phase contains two components: water
(w) and dissolved air (a) and the gaseous phase is comprised of air (a)
and water vapor (w).

In what follows, T is the absolute temperature of all the phases
(local thermal equilibrium assumption) and ¢ is the eulerian porosity of
the porous medium. For each phase a« = {4,7}, p, denotes its pressure,
p, its density, S, its saturation degree, with S, + 5, = 1, u, its specific
internal energy and A, its specific enthalpy. The density of the solid
skeleton is designated by p, and its heat capacity by C,,.

2.1. TOUGH-FLAC simulator

The numerical code used in this work is the TOUGH-FLAC simula-
tor. It links TOUGH2 (Pruess et al., 2012), an integral finite difference
multiphase flow and heat transport simulator, and FLAC3P, a finite-
difference geomechanical code (Itasca FLAC3D, 2012). The fixed-stress
sequential method (Kim et al., 2011) is used to solve coupled problems.
In this method, the energy and mass transfer problem is solved first,
under a constant total stress field. Then, the geomechanical problem is
solved using the newly calculated fluid phase pressures and saturations
and temperature fields (Rutqvist et al., 2002).
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Table 1
Mass, energy and momentum balance equations.
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Balance equation M
¢ (sz}” + S,p,x,w)

¢ (sz? + S,pyx,“)

Mass of component w
Mass of component a

Energy

Momentum 0

(1 - ¢>ﬂacpa + ¢<S/1p/1“/l + Syﬂy'l,)

F o
0,2V, +p, (1?7, + ﬁ) -
P d iV, +0p, (szy - T,W) -
V40,0V, 40, V] -
c 124

TOUGH-FLAC has been extended to consider large deformation
of the solid (Blanco-Martin et al., 2017), which is of importance in
studying the THM behavior of rock salt. Large deformation is taken
into account by using the updated Lagrangian approach in which the
domain grid is updated at each time step. After every FLAG3P call, the
newly calculated strain tensor is used to update the flow properties and
the geometrical data in TOUGH2.

The thermodynamic state of liquid and gas phases is calculated
using EOS4 module of TOUGH2 (Pruess et al., 2012).

2.2. Balance equations

Mass, energy and momentum balance equations can be written
under the following general differential form:

oM =

M _ Sr.0 M
where M is the conserved quantity per unit volume, F its surface flux
density and Q a sink or source term per unit volume. Their expressions
are gathered in Table 1.

The mass balance equations introduce the mass fractions of com-
ponents k = {a,w} in phases « = {A,y}: yX with ¥, _.  ¥X = 1. The
mass flux of each component is the sum of advective and diffusive
terms proportional to ¥, and Vy, the filtration velocities of phases A
and y, and ﬁ, the diffusive velocity of water vapor in the gas phase
v, respectively. Diffusion of air in liquid water is neglected. Heat flux
is also given by the sum of an advective flux, related to the filtration
velocities ¥, and a diffusive flux . The balance of momentum is
derived in terms of the total Cauchy’s stress tensor g, under the quasi-
static approximation. In the source term p = (1 — ¢)p, + ¢S, p, is the
bulk density and g is the gravity acceleration vector.

The discretization of the mass and energy balance equations using
the integral finite difference method in TOUGH2 consists in integrating
Eq. (1) over V,, the volume of a grid-block n. By using the divergence
theorem, the flux term can be rewritten as an integral over the grid-
block surface. And, by replacing the volume integrals with volume
averages and the surface integrals with discrete sums over surface
averaged segments A, common to volume ¥V, and adjacent volumes
V4, the mass/energy balance equations read:

d (M,V,)
T = ; Aannm + Qn ()]

Grid-block volumes V,, and areas A, are updated after each geome-

chanical calculation in FLAC3P and the term M, —= is computed only

at the first iteration of the TOUGH Newton-Raphson run.

2.3. Constitutive equations

The balance equations in Section 2.2 need to be supplemented with
constitutive equations and state laws.

2.3.1. Complementary equations

We consider that convective fluid flow is induced by pressure
gradients only. The phenomenon of intracrystalline fluid inclusions
movement under thermal gradients is neglected. Hence, the filtration

velocity vectors are given by the following generalized multiphase
Darcy’s law:

k(S — -
Va:—k%(Vpa—pag), a= Ay 3)
a

where k is the intrinsic permeability tensor, 7, is the dynamic viscosity
of the a-phase and k., is the relative permeability of the a-phase. The

latter is expressed using Corey’s curves model (Corey, 1954).
~ A2 N

key =84 5 k= (1-8)7(1-$7) @

S=(8—Su)/(1=S;—S,)

The diffusive velocity vector of water vapor is proportional to the
gradient of water mass fraction in gas according to Fick’s law :

TV = DYV 5)

with DY the molecular diffusion coefficient for component w in phase
Y.
As for the conductive heat flux, Fourier’s law is used:

¥ = —AVT (6)

where A is the thermal conductivity of rock salt.

2.3.2. Mechanical constitutive model

To express the stress—strain constitutive relation, the concept of
effective stress is used, combined with the partition of the total strain
tensor ¢ into an elastic component €¢, a non-elastic one £ and a

thermal component . This gives:

o' =g+ Bul=H: (-~ A;T1) @)

where ¢ is the effective stress tensor, Ay is the drained linear thermal
expansion coefficient, B is the Biot coefficient, H is the drained elastic-
ity tensor and w is the equivalent pore pressure. The latter is defined
as the sum of the product of saturation and pressure of the fluid phases
and the interfacial energy (Coussy, 2004), as follows :

1
w:(l—Sﬂ)p7+S/1pA4+/ p(S)dS (8)
S
with p. = p, — p, the capillary pressure.
The Lux/Wolters constitutive model is used to describe the mechan-
ical behavior of rock salt (Wolters et al., 2012; Blanco-Martin et al.,
2016). It defines the drained elasticity tensor as follows:

H=(1- D)H, )

where H, is the Hooke’s elasticity tensor of the undamaged rock salt
and 0 < D <1 is the damage variable.
The inelastic strain rate tensor in the Lux/Wolters model is the

sum of three main components: constant-volume viscous strain rate £
:vp
due to transient and steady-state creep, damage-induced strain rate £

resulting from shear or tensile failure and healing-induced strain rate
£

e +E +E 10
=p E:cl gh ( )
The viscous component is modeled using a modified version of the
constitutive model Lubby2 and includes as well the damage-induced
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reduction of the load-bearing cross-sectional area. The parameters char-
acterizing the viscoplastic response vary with the stress state and
temperature.

Damage of rock salt occurs when the von Mises equivalent effective
stress o, exceeds the dilatancy boundary fg;;, which is a function of the
minimum principal stress (least compressive) ag and the Lode angle 6,
or in the presence of tensile stresses:

F =6 — gy (6}.0) >0 or FU'=6(-c})>0 an

where (.) are the Macauley Brackets.
Also, the Lux/Wolters model does not include a tensile cut-off mech-
anism that prevents tensile stresses from exceeding tensile failure
strength (equal to zero in Eq. (11)).

The resulting damage rate is proportional to the sum of the cdon-

s t

tributions of the shear and tensile yield functions <I;—*> + <%>
(F* =1 MPa).

Shear and tensile damage strain rates are proportional to their
respective yield function and to a potential function that dictates the
direction of the viscoplastic flow: 0% = ¢/ — (g (tr (¢’),6) and Q% =
Ft,

This damage can be reduced if the stress state falls below the healing
boundary FM which is expressed as follows:

v

Fh=r (0g.0",.0",) — ol 12)

The parameters 6g, ¢, and ¢/, are used to characterize the micro-
fissures formed as a result of thermo-mechanical damage. They denote,
in order, the micro-fissure geometry angle and the stresses within the
coordinate system defined by the orientation of the micro-fissures.

The damage rate reduction due to healing is not only a function of
FP but also of the time-dependent variation of micro-fissures angle and
direction-oriented stresses. Also, another potential function Q", solely
dependent on 6y, o-’ll and a’u, is used to define the direction of the
healing strain rate component.

The full expressions of the yield functions, the potentials, the dam-
age rate and the different strain rate components can be found in
Blanco-Martin et al. (2016) and in Wolters et al. (2013). In total,
34 parameters were used to describe all the stages of deformation:
elasticity, transient and stationary creep, shear and tensile damage
and healing. All these parameters come from Clausthal University of
Technology laboratory database based on creep tests and conventional
and unconventional triaxial tests conducted on salt samples coming
from different salt formations, domal and bedded, from the US and
Germany, in wide ranges of stress, strain rate and temperature (Lux
et al., 2018).

2.3.3. Porosity evolution

In a flow simulation that is not coupled with geomechanics, the
mass and energy balance equations in Table 1 are usually supplemented
with a simple porosity evolution law featuring the pore volume com-
pressibility C, and the pore thermal expansivity ar, allowing for a
simplified way to account for the deformation of the porous medium
due to pore pressure and temperature changes:

8¢/d = C,ép+ apsT 13)

However, this simplified approach may lead to inaccurate results for
highly nonlinear coupled problems. When the flow and geomechanics
equations are solved sequentially and the domain grid is updated after
each geomechanical calculation, the eulerian porosity ¢ in the energy
and mass balance equations needs to be substituted by its equivalent
Lagrangian form @&, which represents the ratio of the pore volume
to the bulk volume in the initial configuration. Moreover, the term
proportional to dV,,/dt in mass/energy balance Eq. (2) is computed
only in the first iteration of each flow calculation. Hence, to include
the volume changes in the other iterations an additional term is added
to the variation of the Lagrangian porosity to correct the inconsistency
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between the flow and the geomechanical problem and to ensure the
mass conservation, as follows:

(B + (Bl - ¢') (1- BY)

ot i — i
Ky
XY S, = ) 43¢ AR (T — T — Adp, 14)
a=Ay
(BY)? i el i i el
A, = —= N 5,0, —pi ) +3B AT - T

dr a=4y

- (wr() () ) as)

where the superscript i indicates time level in time discretization. Ky, is
the drained bulk modulus and tr (g ) is the total volumetric strain. They

are both updated after each geom_echanical calculation in FLAC3P.
The details of the establishment of this porosity variation formula-
tion can be found in Kim et al. (2012).

2.3.4. Evolution of Biot’s coefficient, permeability and capillary pressure

The Biot coefficient is one of the most important parameters to
describe the coupling between pore pressure variations and the rock
deformation. Due to the low porosity and permeability of undisturbed
rock salt, attempts to measure this parameter are scarce. Laboratory
experiments conducted by Cosenza et al. (2020) to determine the
Skempton’s coefficient of undisturbed rock salt of 1% porosity sug-
gested that its Biot’s coefficient would be very small, ranging between
2x 1073 and 8 x 10~3. However, experimental evidence of the existence
of a non negligible hydromechanical coupling characterizing rock salt
behavior has been obtained and correlated with micro-fracturing occur-
rence. Biot’s coefficient of rock salt under a stress state in the vicinity of
the dilatancy boundary can be as high as 0.25 (Alkan et al., 2007). But,
to our knowledge, the evolution of the Biot coefficient of rock salt with
the damage level has not been experimentally characterized yet. Hence,
in this paper, we assume that the Biot coefficient of undisturbed salt is
very low and we consider the following analytical formula to describe
its increase with damage (Hou, 2002; Kansy, 2007):

D
B = max 2’ 1-— exp Ovim >> (16)
D, D,-D

where m is a parameter of the Lux/Wolters constitutive model con-
trolling the influence of the equivalent stress on Maxwell viscosity
coefficient (Wolters et al., 2012). The Damage variable D in Eq. (16) is
normalized by a value D,, representing the onset of a severely damaged
state in a laboratory test, in order to allow B to become equal to 1
when rock salt becomes highly dilated. D, is taken equal to 0.1 as in
Hou (2002).

Thermo-mechanically induced damage leads also to an increase of
the intrinsic permeability k that we take into account through the
following permeability—dilatancy relationship (Wolters et al., 2012):

log(k) = log(ky) + <log (e,) —log (£,0)

i exp (s0,) (i (1e,) ~ Ei (te,0)) ) 5 &> 600 - a7

k=ky ; g, < £,0

where k) is the initial/minimum salt rock permeability, ¢, = tr (g + &
is dilatancy, ¢, is the dilatancy limit at which damage induced micro-
fissures start to coalesce, ”iz is the effective stress perpendicular to
the orientation of the micro-fissures, Ei(x) is the exponential integral
function, and r, s and ¢ are material constants.

Note that healing of rock salt can lead to a restoration of the
undisturbed values of intrinsic permeability and Biot’s coefficient.

Furthermore, intrinsic permeability can also increase in the case of
a fluid infiltration due to an equivalent pore pressure w that exceeds
the minimum principal stress o3 (Wolters et al., 2012). This is likely
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to happen when the fluid-saturated rock salt is subjected to high fluid
pressure as a result of thermal pressurization in response to high
temperatures (e.g. Blanco-Martin et al., 2015a). An empirical formula
has been established by Wolters et al. (2012) to describe permeability
evolution with pore pressure:

log(k) = i| + iparctan(i;APq) + isexp(isdPq) , APq >0 (18)

where APy = w + 03 and iy, iy, i3, i, and i5 are material parameters.

The changes in permeability and porosity affect the magnitude of
capillary pressures. To take account of this, they are scaled using the
following formula (Leverett, 1941):

k 1
Pe = Pe, ( It;?) 19)

Pe, is the unscaled capillary pressure, expressed using the van Genuchten
model:

e 1-
c(]:PO([S*] I/M_l) g 5 pcOZPmax (20)

where $* = (S, - .S),) / (1 - S;). Parameters Py, y, S;;, Ppay and [ are
material constants and ¢, is the initial porosity of the porous medium.

2.3.5. State laws and saturated/unsaturated state transition

The primary variables used to define the thermodynamic state of
the porous medium changes depending on the phase state of the pore
fluids. For single phase conditions, the primary variables are pressure
Dy @ir mass fraction y2 and temperature 7. In a two-phase condition,
the second primary variable is replaced by gas phase saturation S,. The
transition from fully saturated to unsaturated porous medium happens
when the liquid pressure becomes lower than the sum of the air and
vapor partial pressures p, + p,.

Air partial pressure p, is related to the mass fraction of air in liquid
phase y% through Henry’s law:

pa =25 /He (21)

where H, = 107! Pa~! is Henry’s constant for air dissolution in water.

Water vapor partial pressure p, is expressed by Kelvin’s equation
as a function, not only of temperature, but also of capillary pressure,
which is itself a function of saturation (Eq. (20)):

M

py = exp ( p;f;“ ) Psae(T) (22)
where R = 8314.56 J kmol™' K~! is the universal gas constant, M,, is
the molar mass of water and p,, is the saturated vapor pressure, which
is a function of temperature. The liquid density in Eq. (22) is evaluated
at (p; = psae(T), T).

All the thermodynamic properties of water in its liquid or vapor
form (density, specific enthalpy and internal energy, viscosity) are
calculated based on the steam table equations as given by International
Formulation Committee (1967). The viscosity of the air-vapor mixture
is computed from a formulation given by Hirschfelder et al. (1954).

With regard to the density of the gaseous phase, it is calculated as
the sum of the densities of dry air and water vapor. Air is assumed to
behave as an ideal gas, which allows to derive the following expression
of air density p, as a function of temperature T and air partial pressure
Pa:

M

=2
= (23)

Pa

where M, = 28.96 kg kmol™! is the air molar mass.

The internal energy of the gaseous phase is the sum of the internal
energies of air and water vapor weighted by their respective mass
fractions, with the change in internal energy of air directly proportional
to the change in temperature at constant volume. Their ratio is the
specific heat at constant volume Cy,, = 733 J kg~!.
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3. Application to the SB II experiment

In order to investigate the ability to accurately model multiphase
flow induced by heating and cooling in rock salt, the SB II experiment
has been chosen. The SB II experiment showed a significant increase
of the mass flow rate not only during rock salt temperature increase
but also during temperature decrease, and provided temperature and
mass inflow measurements of fairly good quality. However, the few
numerical studies that attempted to model this experiment provided
qualitative interpretations and did not model the cooling phase. To our
knowledge, simulations integrating the creep of rock salt and the evolu-
tion of the hydromechanical properties have never been undertaken to
explain the observed flow surge following both heating and subsequent
cooling.

In this section, the experiment is further investigated using a more
advanced numerical simulator to provide a better explanation of tem-
perature and inflow measurements. A summary of the experiment is
first provided before presenting our numerical simulation approach and
the results obtained.

3.1. SB II experiment: test description

The Salt Block II experiment was conducted on a cylindrical block,
approximately 1 m in diameter and 1 m in height, manufactured out
of a large salt block from the Mississippi Chemical Company’s potash
mine in Southeastern New Mexico. A visual examination of the salt
block’s outer surface by Lambert (1980) revealed that it was composed
primarily of halite (88%), polyhalite (8%), and sylvite (4%). But, the
mineralogical analysis of two separate small specimens from the same
big block gave different results indicating that this salt deposit has
mineralogical variability. Moreover, the block contained between 0.1
and 0.5 weight percent of total volatiles (mainly water) (Hohlfelder,
1980).

A heater emplacement borehole of 0.13 m diameter and 0.8 m depth
was drilled from the top center of the cylindrical block and the space
between the heater and the borehole walls, was filled with crushed salt.
The salt block was then placed in a gas-tight stainless-steel container
equipped with cooling coils around its outside circumference, as shown
in Fig. 1.

During the test, temperature and heat flux were measured inside
the salt block, around the cooling jacket and near the heater using
thermocouples (TC) and heat flux gauges. Furthermore, a moisture col-
lection system was used to record brine inflow into the borehole. This
system consists of a flow of dry nitrogen gas across the annular space
between the heater and the borehole walls, to carry the moisture out in
order to collect it. Two methods were used to measure the amount of
water carried out by the nitrogen gas. In the first method, temperature,
pressure, dew point and flow rate of nitrogen gas were continuously
measured at the inlet and exhaust valves in order to calculate the
salt block water loss rate. An integration over time of the water loss
rate gives the cumulative water loss. The second method consisted
of collecting the gas exhaust in downstream desiccant canisters that
were regularly weighted before and after each use, and the measured
weight difference corresponds to the amount of water carried out by the
nitrogen gas. In this case, the water loss rate was obtained through a
numerical differentiation of the total water mass over 0.5 day intervals.

The first method was abandoned in the middle of the experiment
because of the failure of several dew point measurement gauges. Nev-
ertheless, the comparison of the water loss measurements obtained
using the two different methods in the first half of the test showed a
fairly good agreement between them and allowed the calibration of the
gauges.

The test lasted from November 28, 1978 to April 16, 1979 and
comprised five heating stages and a shutdown phase during which
heater power was reduced gradually, in three stages, approximately
over a month. Over the 4.5 months of the test, two system failures
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Fig. 2. Heater power in SB II experiment (power outage event is not represented).

were reported. The first one was due to a power outage that lasted
about 30 min during the 1 kW power stage and entailed an abrupt
decrease of the temperature in the salt block. The second one happened
15 days later, during the 1.5 kW stage, due to an interruption of
the circumference cooling system that lasted about 16 h and induced
a sudden increase of temperature in the salt block. Fig. 2 gives a
smoothed history of the heater power, deduced from the chronological
order of experimental events given by Hohlfelder (1980). The brief
power outage event is not represented in this figure.

3.2. Numerical simulations

In this subsection, we present the numerical simulations of the SB
II experiment and the comparison between temperature and inflow
modeling and experimental results. It is worth mentioning that water
inflow in these simulations is solely due to the movement of water
through the connected porosity. Fluid flow induced by the movement of
fluid inclusions has been neglected in accordance with a mineralogical
analysis performed on the salt block at the end of the experiment that
indicated a low contribution of intragranular fluid to the total fluid
mass loss except within 2 cm of the heater (Lambert, 1980). It also
showed that only the larger fluid inclusions located within 7 to 11 cm
from the heater are likely to move and change their shape, but they
rarely cross grain boundaries and contribute in the collected moisture.

3.2.1. Geometry, initial and boundary conditions and material parameters

Numerical modeling of the SB II experiment has been conducted
using an axisymmetric model geometry: a 9° sector model. The dis-
placements in the vertical direction are constrained to plane-strain.
Fig. 3 shows a horizontal cross-section of this geometry and the mesh
details. In TOUGH-FLAC, the inner boundary is at a radius of 0.065 m
(borehole radius), whereas in TOUGH the heater and the annular space
are also represented.

We assume that the block is initially brine saturated at 99% and
has a uniform initial temperature of 20 °C, a pressure equal to p,, =
0.1 MPa and a total stress of —0.15 MPa. Indeed, because the initial
stress state was not measured, its absolute value was set to be somewhat
greater than the initial pressure to avoid any infiltration in the first
stage of the simulation before the heater is turned-on.

Regarding the boundary conditions, top, bottom and outer bound-
aries are no-flow. At the borehole wall, relative humidity is equal to
99%, which is equivalent to a capillary pressure of —1.2 MPa. Top and
bottom boundaries are thermally insulated whereas temperature at the
outer boundary is controlled by the water jacket system which can be
best simulated using the following Newton’s law of cooling:

wia=nT-T,) 24)

where 4 is the convective heat transfer coefficient (W m=2 K~1), T, is
the coolant temperature, equal to 20 °C, T is temperature of rock salt
and 7 is the outward unit vector normal to the outer boundary.

To simulate this thermal boundary condition, an additional grid
block is added next to the outer boundary in the TOUGH mesh, with the
distance between the centers of the two last grid blocks being e = 2 cm.
Temperature is set constant in this new element and thermal conduc-
tivity equal to 0.1 W m~! KL, The convective heat transfer coefficient
h would be approximately equal to 1/e =5 W m~2 K1, Since the heat
transfer coefficient between the water cooling system and the salt block
was not provided, the value of the thermal conductivity of the outer
element was determined based on the maximum temperature that was
measured at the surface of the heater hole: 200 °C (Hohlfelder, 1980).

For the mechanical boundary conditions, the inner and outer bound-
aries are stress and displacement free. The assumption of a free outer
boundary is justified by the presence of a 5 mm gap between the salt
block and the steel jacket.

Numerical simulations were carried out using parameter values in
Table 2. These were identified based on previous research on rock salt
(Wolters et al., 2012; Blanco-Martin et al., 2015a, 2016). Remaining
parameters of Egs. (17) and (18) can be found in Wolters (2014).
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Fig. 3. Horizontal cross section of the geometry/mesh. Dashed lines are used to delineate the contour of the geometry in TOUGH.

Table 2

Parameters used in numerical simulations.
Property (unit) Value
Solid density p, (kg/m?) 2154
Initial porosity ¢, 0.001
Initial permeability k, (m?) 1x1072!
Dilatancy limit ¢, 9% 107
Initial Biot’s coefficient 0.0014
Initial drained bulk modulus K, (GPa) 20
Linear thermal expansion coefficient A, (K™') 40x 107°
Corey’s residual liquid saturation .S, 0.05
Corey’s residual gas saturation S, 0
Van Genuchten’s y 0.6
Van Genuchten’s P, (MPa) 5.7
Van Genuchten’s S, 0.01
Parameter / of Eq. (19) 0.4

Note that we assigned the salt block a non-zero permeability to
account for the damage caused by the mining and drilling processes.

The initial value of the Biot coefficient is assumed to be equal to
the lower bound derived by Zimmerman et al. (1986) as a function

of porosity: 2—¢ This gives a Biot’s coefficient initial value that is

slightly higher than porosity.

To express the evolution with temperature of rock salt heat capacity
at constant pressure and thermal conductivity, we use the following
empirical formula derived within the BAMBUS project (Bechthold et al.,
2004):

C,, =855+0.1777T
(25)
A=5734-1838x1072T +2.86x 107572 — 1.51 x 107373

According to these formula, heat capacity at constant pressure increases
linearly with temperature and thermal conductivity decreases with an
increase of temperature. Moreover, this thermal conductivity expres-
sion agrees well with experimental values of the thermal conductivity
of the salt block material derived by Hohlfelder (1980) from the
measured temperatures and heat fluxes along the mid-plane of the salt
block (Fig. 4).

The value of the initial permeability k, has been fitted to the mass
inflow rate in the first stage before the heater was turned on.

The dilatancy limit ¢, above which intrinsic permeability of rock
salt starts to increase with further thermo-mechanical damage and the
maximum value of permeability that can be reached after damage have
been fitted to the mass inflow rate measurements.

3.2.2. Numerical results and comparison with experimental data

In this section, the computed temperatures and water inflow are
discussed and compared with the experimental measurements.

Fig. 5 shows the measured and simulated temperatures for four
thermocouples located along the mid-plane of the salt block (see Fig. 1):
TC11 (9.2 cm), TC12 (16.8 cm), TC13 (29.5 cm) and TC14 (49.7 cm),
for the full duration of the experiment. The agreement between the
measurements and the predictions is satisfactory both for heating and
cooling, except for the brief variations of temperature due to power

Mid-plane measurements (Hohlfelder, 1980) o
Equation 25 —

Thermal conductivity (W.m~1. °C~1)

3 L L 1 L L 1 L L
20 40 60 80 100 120 140 160 180 200

Temperature ( °C)

Fig. 4. Thermal conductivity of rock salt.

outage events during the 4th and 5th heating plateaus which were
not simulated. After the interruption of the circumference cooling
system at around 60 days, the quality of the temperature predictions
in TC14 location deteriorates. Indeed, the impact of any variations in
the coolant temperature and in the convective heat transfer coefficient
are most noticeable in this thermocouple since it is very close to the
outer boundary. It is thus possible that the values of T, and A prior to
this interruption were not exactly restored.

The water inflow rate at the borehole resulting from heating and
cooling is shown in Fig. 6. A spike of inflow rate is observed and
predicted by the model following any increase or decrease of heater
power. The magnitude of the inflow spikes increases with the increase
of heater power and is much higher during the cooling phase. After
each spike, the inflow rate gradually decreases while temperature has
stabilized.

The numerical modeling reveals that the magnitude of the spikes
and the subsequent decreasing inflow rate are controlled by a combi-
nation of several physical mechanisms. These mechanisms include (1)
thermal pressurization generating pressure gradients in the block, (2)
fluid viscosity variation with temperature, (3) evolution of relative per-
meability with temperature-induced desaturation and (4) permeability
enhancement due to thermo-mechanical damage.

Figs. 7 and 8 depict the evolution of the change of the equiva-
lent pore pressure (Eq. (8)), the gas pressure and the gas saturation,
respectively, in three different points located 6.8 c¢cm, 16.7 cm and
35.7 cm from the center of the borehole. Before heating, the hydraulic
boundary condition at the borehole wall is responsible of the changes
in the equivalent pore pressure. During heating, the magnitude of the
equivalent pore pressure peaks becomes important as we move further
away from the borehole. The maximum pore pressure peak amplitude
at the 35.7 cm radius is of 0.75 MPa approximately. The simulation
results suggest that the desaturation of the salt block is minimal during
the heating phase. The most important changes of gas saturation and
pressure happen in the point closest to the borehole where the gas
saturation reaches 8.2% and the gas pressure 1.6 MPa during the last
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Fig. 7. Evolution of the change of the equivalent pore pressure with time at three
different locations.

heating step. In the point located 35.7 cm away from the borehole
center, the gas saturation starts to visibly increase at around 50 days,
but in a way that is not directly correlated with temperature evolution,
and gas pressure starts to decrease, contrary to what is predicted in the
two other points. The most significant increase of the equivalent pore
pressure and the gas saturation in the three points happens when the
heater power was decreased for the first time. At the 6.8 cm radius, the
gas saturation reaches about 55% and pore pressure increases by 1 MPa,
approximately. The equivalent pore pressure immediately starts to
decrease which is not the case of the gas saturation. This indicates that
the salt block might be irreversibly damaged. Gas pressure decreases, as
expected, due to cooling. During the next two cooling steps, small gas
saturation peaks are predicted accompanied by small negative peaks of
pore pressure.

In order to better understand and complement the information
provided by pressure and gas saturation predictions, we need to analyze
stress and damage evolution in the salt block. Figs. 9-11 depict the
evolution of o, o,, and the minimum principal stress and Figs. 12
and 13 show the evolution of the damage parameter D and dilatancy.
During the heating phase, o,,, 0, in the vicinity of the borehole (3 mm)
and 10 cm away from the borehole wall are compressive and show a
peak each time the heater power is raised, with the peak magnitude
increasing with the heater power. Note that any increase of stress is
followed by a time-dependent stress relaxation due to salt creep, which
is also temperature dependent. Moreover, near the borehole wall, o,
peaks are considerably higher in magnitude than o,, peaks and the
opposite is true 10 cm away from the borehole. This big difference
between o,, and ¢, in both locations is indicative of the presence
of important heating-induced shear stresses that would lead to the
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onset of dilatancy and damage near the borehole wall. Indeed, Fig. 12
shows that damage near the borehole wall starts concomitantly with the
second stress peak and a little bit later 10 cm away from the borehole
wall. At 50 days, simultaneously with the highest heater power level,
Figs. 12 and 13 show a reduction of damage and a decrease of dilatancy
below zero near the borehole wall, indicating that the stress state in this
location has fallen below the sealing/healing boundary.

Due to the free outer boundary condition, the area located 30 cm
away from the borehole wall is subject to tensile stresses, as can be seen
in Fig. 11. This results in the onset of tensile-induced dilatancy which
is higher than the shear-induced dilatancy predicted in the compressive
adjacent area (see Fig. 13).
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Fig. 11. Simulated minimum principal stress evolution with time at three different
locations.
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Fig. 12. Simulated damage parameter D evolution with time at three different
locations.

Turning-off the heater resulted in strong tensile stresses near the
borehole (Figs. 9-11) leading to the tensile failure of rock salt and
an extensive damage and dilatancy (Figs. 12 and 13) that contributed
in a large part to the water loss peaks observed following heater
power decreases. A post-mineralogical analysis of the salt block, by
Lambert (1980), indicated that the zone most perturbed by temperature
variations and from which water was dragged towards the borehole
wall occurred within 15 cm of the heater hole. Simulation results
show that tensile damage decreases further away from the borehole
but extends beyond 30 cm from the borehole wall, as can be seen in
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Fig. 12. Indeed, o, at 0.357 m radius is compressive during cooling
(Fig. 10) but the minimum principal stress remains positive (Fig. 11).
In the model simulations, shear and tensile induced damage resulted
in an increase of the Biot coefficient by a factor of 60 (see Eq. (16))
near the borehole by the end of the experiment, as depicted in Fig. 14.
Naturally, most of this increase happened during the cool-down phase.
Furthermore, when the dilatancy exceeds ¢, (see Eq. (17)), perme-
ability increases. Fig. 15 shows that the dilatancy threshold ¢,, was
exceeded first during heating, 35.7 cm away from the borehole center.
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Fig. 16. Effect of permeability changes and Leverett scaling of capillary pressure on
water inflow.

As a result, permeability increased by a factor of 20, approximately,
in this location. This also explains the increasing desaturation and the
decreasing gas pressure between 50 and 120 days, shown in Fig. 8 in
the same location. Tensile microfracturing of the salt rock during the
first cooling step led to a higher dilatancy of the rock (see Fig. 13)
and, hence, a substantial increase of permeability in the vicinity of the
borehole and an additional increase of permeability in the predamaged
areas during heating (35.7 cm radius). A maximum permeability of
1 x 107! m? allowed to match the experimental inflow rate which
corresponds to an increase of permeability by a factor of 100 at the
first cooling step. In the two other cooling steps, permeability remains
constant, but rock salt keeps dilating, as can be seen in Fig. 13,
which implies changes in porosity and gas saturation, and consequently
variations in the capillary pressure (Eq. (19)) and in the equivalent pore
pressure.

In order to investigate the contribution of permeability changes and
Leverett scaling to the flow rate magnitude, two additional simulations
were performed: in the first one, the exponent / in Eq. (19) was reduced
from 0.4 to 0.2 which leads to a stronger capillary action, and, in
the second one, permeability was kept constant, equal to k. Fig. 16a
and b display the resulting mass inflow rate and cumulative flow
together with experimental data and numerical predictions obtained in
the fully coupled simulation with variable permeability and / = 0.4.
The predicted total released water in this reference simulation is in
agreement with the experimental observation, which is around 111 g.
Also, the cumulative inflow predictions in the heating phase could
be enhanced if the power outage event at around 43 days had been
properly modeled.
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The two verification simulations show that a constant permeability
or a reduction of the Leverett exponent affect the simulated inflow
rate starting from about 40 days, time at which permeability increase
begins in the reference simulation due to tensile dilatancy. They both
lead to a rapid decrease of inflow rate following the 4th and 5th
heating inflow spikes. Obviously, no inflow spike happens during cool-
down phase if permeability is assumed to remain constant which would
result in a significant underestimation of the total released water mass,
as shown in Fig. 16b. Leverett scaling also may highly affect water
inflow predictions. Indeed, the salt block undergoes a desaturation
when porosity and permeability are enhanced due to damage. This is
particularly important in the absence of hydrostatic confinement as is
the case for the Salt Block experiment.

In addition to that, the impact of the Biot coefficient evolution and
the dilatancy limit for the onset of permeability enhancement on the
inflow results has also been investigated through two other simulations.
Their results are displayed in Fig. 17. In the first simulation the Biot
coefficient was kept constant and the inflow results showed that the
impact of its evolution with damage is minimal. Indeed, even if the
Biot coefficient increased by a factor of 60 in the cooling phase of the
reference simulation, its value remained lower than 0.1. In the second
simulation, a lower value of the dilatancy limit at which permeabil-
ity starts to increase was used. This resulted in an early increase of
permeability compared to the reference simulation which led to an
overestimation of the inflow rates starting from the 3rd peak and an
overestimation of the total water mass released in the borehole.

This parametric analysis shows how complex and interrelated the
different mechanisms are and the importance of experiments to identify
the most predominant mechanisms to consider.
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4. Conclusion and perspectives

In this paper, we propose a methodology to accurately simulate
brine migration in rock salt under heating/cooling induced temperature
gradients. For this purpose, the TOUGH-FLAC formulation of non-
isothermal multi-component multi-phase flow in deformable porous
media was supplemented by appropriate constitutive models that in-
clude, in addition to deviatoric creep, viscoplastic volumetric strains
and tensile strains, and relationships linking the flow properties to the
stresses and the strains. This extended formulation was used to per-
form thermo-hydro-mechanical simulations of a salt block multistage
heating and cooling laboratory test. Simulations allowed to evaluate
the predictive capabilities of the TOUGH-FLAC updated formulation
and showed the importance of accounting for thermally-activated salt
damage and permeability alteration when salt dilates, in both compres-
sion and tension, to interpret the brine inflow observations, especially
during cooling. Indeed, tensile rock salt failure during cooling entails a
significant increase of permeability and a spike of brine inflow with a
magnitude exceeding the inflow spikes observed during heating.

However, there are a number of uncertainties in the input material
parameters that were either fitted to the inflow rates or determined
using salt historical data that is not necessarily representative of the
rock salt used in the experiment. More specifically, the increase of the
Biot coefficient with damage and its low initial value would benefit
from thorough laboratory tests.

Based on our simulations, we highlight the importance of planning
and designing a cooling phase instead of a sudden heater turn-off.
Indeed, a more gradual reduction of heat power is more representative
of the in situ conditions in nuclear waste salt repositories. Also, varying
cooling rates can help enhance our understanding of cooling-induced
damage processes and provide data to constrain the parameters of
constitutive models.

Finally, future tests that can represent in situ stress and pore pressure
conditions will be useful for understanding and controlling repository
processes, because tensile failure and damage onset are expected to be
less significant under high confining stress.
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