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Abstract
This research paper focuses on the thermo-hydro-mechanical (THM) modeling of brine migration in a heated borehole test 
conducted as part of the ongoing Brine Availability Test in Salt (BATS) at the Waste Isolation Pilot Plant (WIPP) in New 
Mexico. It is a component of the international collaboration project DECOVALEX-2023 (DEvelopment of COupled models 
and their VALidation against EXperiments), which aims to understand the THM processes governing brine flow in heated 
rock salt repositories through collaborative analysis by multiple research teams. Using the TOUGH–FLAC simulator, THM 
simulations were performed and compared with data from the BATS phase 1a. This experiment involved two identical 
horizontal-borehole arrays, one heated and one serving as a control, both equipped with sensor arrays. Analysis of meas-
urements revealed water flow rate surges during heater power transitions, with the highest jump observed during cooling. 
Acoustic emission activity exhibited distinct patterns in response to heater power changes, suggesting that damage to rock 
salt is particularly pronounced during the cooling phase. The THM simulations successfully captured these phenomena, 
highlighting the significance of thermal effects, brine migration, and mechanical behavior in predicting brine availability in 
heated and damaged rock salt. Our modeling also revealed the critical interplay between heating and cooling-induced damage 
and its influence on flow properties, particularly affecting brine inflow estimation. Notably, we found that cooling-induced 
brine inflow spikes result from increased permeability due to tensile dilatancy. These findings have important implications 
for the development of robust containment strategies and enhance our understanding of the complex processes involved in 
repository performance.

Highlights

• Numerical modeling study accurately replicates the thermal-hydromechanical behavior of rock salt surrounding a heated 
borehole.

• Jumps in brine flow rate during transitions in heater power are observed, with the highest jump during cooling.
• Acoustic emission patterns suggest pronounced damage to rock salt during the cooling phase.
• Thermal pressurization and tensile-induced damage are identified as the primary contributors to brine inflow spikes.
• Findings improve predictions of brine availability, aiding the development of robust containment strategies for radioactive 

waste disposal.

Keywords Numerical modeling · THM coupling · Rock salt · Brine availability · Heated borehole experiment · Cooling 
damage
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1 Introduction

The safe and effective disposal of heat-emitting radioac-
tive waste is of utmost importance, leading to the need for 
reliable geological repositories for long-term containment. 
Among the potential host rocks, undisturbed rock salt has 
gained significant attention due to its ultra-low permeabil-
ity and porosity, high thermal conductivity, and self-sealing 
capacity, making it an excellent natural barrier for confining 
hazardous materials (Sweet and McCreight 1983; Cosenza 
et al. 1999; Winterle et al. 2012; Chen et al. 2013). However, 
it is important to recognize that rock salt is not completely 
devoid of water. Water exists within the salt in various forms 
but lacks the ability to circulate freely.

Excavation activities associated with mining under-
ground rooms or boreholes can induce fractures in the salt 
formation, creating a damaged rock zone around the exca-
vated structures. Consequently, the presence of brine in the 
vicinity of the excavation becomes a concern, as it has the 
potential to migrate toward the heat source (Stormont 1997; 
Beauheim and Roberts 2002; Hansen 2008). Additionally, 
the fracturing of salt caused by temperature changes and 
the resulting pore pressure changes, particularly in the pres-
ence of high-heat-emitting waste packages, can enhance the 
transport of gas and brine toward the heat source (Hansen 
and Leigh 2011). Such migration has the potential to com-
promise the integrity of nuclear waste disposal facilities, as 
brine can corrode metal waste containers and facilitate the 
transport of radionuclides if released.

To address these challenges and ensure the safe disposal 
of nuclear waste in salt repositories, it is crucial to quantita-
tively predict brine flow and its evolution with time and tem-
perature under representative stress and pressure conditions.

Previous field tests conducted in the 1990s or earlier have 
characterized the movement of brine in rock salt under dif-
ferent temperature conditions (Ewing 1981; Krause 1983; 
McTigue and Nowak 1987; Coyle et al. 1987; Finley et al. 
1992). These tests demonstrated that without heating, the 
brine inflow response varied due to the heterogeneity of the 
tested rock salt formations (Finley et al. 1992). When heat-
ing was applied, the experiments showed that brine inflow 
rates increased with increasing borehole temperature, and 
significant brine release occurred during heater shutdown 
(Ewing 1981; Coyle et al. 1987). However, previous efforts 
to simulate these experiments faced significant challenges 
in accurately predicting brine inflow. Uncoupled or loosely 
coupled models utilized in these attempts could only pro-
vide a qualitative approximation of certain aspects of the 
data, limiting their predictive capabilities. Other limitations 
stemmed from data quality issues caused by power fluctua-
tions or brine leaks (Kuhlman and Malama 2013). Moreover, 

the cooling phase was rarely properly planned for in the 
experiment or successfully reproduced by the modeling.

To address these gaps, the Brine Availability Test in 
Salt (BATS) is conducted at the Waste Isolation Pilot Plant 
(WIPP) in New Mexico by the US Department of Energy 
(Kuhlman et al. 2020; Guiltinan et al. 2020; Jayne and Kuhl-
man 2020; Kuhlman et al. 2021). The WIPP serves as the 
current US disposal facility for non-heat-emitting radio-
active waste. The BATS experiment involves a series of 
horizontal-borehole tests conducted in the salt formation 
approximately 650 m below the surface with the objective 
of providing clean data for developing and testing the pre-
dictive capabilities of existing simulators and constitutive 
models for rock salt at a repository scale (Kuhlman 2020).

To accurately model the BATS experiment, a coupled 
thermo-hydro-mechanical (THM) modeling framework 
is imperative, as it accounts for the complex interactions 
between thermal effects, brine migration, and mechanical 
behavior, specifically addressing the creep, and damage phe-
nomena exhibited by salt.

Building upon our previous work, where we successfully 
modeled a laboratory borehole heating/cooling experiment 
under zero initial stress and atmospheric pressure condi-
tions (Tounsi et al. 2023), we extend our modeling efforts 
to the BATS 1a experiment to investigate the challenges and 
complexities associated with brine migration under more 
realistic conditions. The insights gained from this study will 
contribute to a better understanding of the behavior of brine 
in salt repositories and improve the overall safety and effec-
tiveness of long-term nuclear waste disposal.

The remainder of this paper is organized as follows. In 
Sect. 2, the BATS experiment is briefly described. In Sect. 3, 
we provide an overview of the TOUGH–FLAC environment 
and the mechanical, thermal, and hydraulic constitutive 
models used to characterize the behavior of rock salt in the 
simulations. In Sect. 4, we present the results of the THM 
coupled modeling, including the analysis of temperature 
evolution, water flow rate, and damage in light of the meas-
urements from the BATS 1a experiment. Finally, the impli-
cations of the experimental and numerical modeling findings 
from the BATS experiment on repository-scale operations 
are discussed in Sect. 5.

2  The BATS 1a Experiment

This research paper focuses on BATS phase 1a, which refers 
to testing that occurred from January to March 2020. It com-
prised two identical horizontal-borehole arrays drilled in the 
wall of a drift at WIPP within the clean halite geological 
unit: one subjected to heating and the other serving as a 
control, as shown in Fig. 1.
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Both arrays operate in parallel and are equipped with 
similar instrumentation, including sensors in the central 
borehole and surrounding boreholes, enabling comparative 
analysis. The central borehole is equipped with an inflatable 
packer to isolate moisture, which is removed by flowing dry 
nitrogen, as can be seen in Fig. 2a. Gas mass flow rate is 
measured at 15-min intervals, and the cumulative mass of 
water leaving the system is derived from these observations. 
To validate the measurements, the output gas is periodically 
weighed after passing through a desiccant. In the heated 
array, a 750-watt heater is installed in the central borehole, 
enabling heating of a 60-centimeter interval. The duration 
of the heating phase is approximately one month, followed 
by a cooling phase.

The surrounding boreholes in the array, shown in Fig. 2b, 
are instrumented to measure temperature distribution and 
strain using thermocouples and fiber optics distributed sens-
ing. Acoustic emissions, indicative of rock salt damage from 
heating and cooling, are monitored, and electrical resistivity 
tomography is employed in select boreholes. More details on 
the instrumentation of the BATS 1a experiment can be found 
in Kuhlman et al. (2020), Kuhlman et al. (2021).

The measurements obtained from the BATS experiment, 
as reported in Kuhlman et al. (2020), Kuhlman et al. (2021), 
reveal jumps in water flow rate in the heated array during 
transitions in heater power, with the highest flow jump 
occurring during cooling. In contrast, the unheated array 
shows relatively constant water flow rate. Acoustic emis-
sion activity also demonstrates distinct patterns between the 
heated and unheated arrays. There are pronounced increases 
in response to changes in heater power, and turning off the 
heater leads to acoustic emission activity more than five 
times higher than that observed during the initial heating 
phase. In contrast, the unheated array exhibits more consist-
ent acoustic emission activity.

3  Numerical Methods

3.1  TOUGH–FLAC Simulator

In this study, a macroscopic formulation was employed 
to investigate the non-isothermal two-phase flow through 
deformable porous media, specifically rock salt. The model 
incorporated phenomenological models, including creep, 
shear and tensile-induced dilatancy/damage and healing to 
accurately capture the influence of these factors on the flow 
properties of the rock salt.

The TOUGH–FLAC simulator was utilized, which inte-
grates the capabilities of TOUGH2, an integral finite dif-
ference simulator for multiphase flow and heat transport, 
and FLAC3D , a finite difference geomechanical code (Pruess 
et al. 2012; Itasca FLAC3D 2012). To solve coupled prob-
lems, TOUGH–FLAC adopts the fixed-stress sequential 
method, whereby the energy and mass transfer phenomena 
are initially solved under a constant total stress field (Kim 
et al. 2011). Subsequently, the geomechanical problem is 
addressed using the updated fluid phase pressures, satura-
tions, and temperature fields (Rutqvist et al. 2002).

The thermodynamic state of the liquid and gas phases 
is determined using the EOS4/TOUGH module, which 
accounts for the vapor pressure reduction resulting from 
capillary pressure effects (Pruess et al. 2012).

To account for large deformations of the solid material, 
TOUGH–FLAC was extended by employing an updated 
Lagrangian approach, which involved updating the com-
putational grid at each time step (Blanco-Martín et al. 
2017). Additionally, the mechanical simulation enables 
the adjustment of flow properties, namely permeability, 
porosity, and capillary pressure, based on the computed 
stress and strain fields.

The stress–strain constitutive relationship was 
expressed in terms of effective stress, with the total strain 

Fig. 1  View of the drift wall showing the layout of boreholes and test equipment (Kuhlman et al. 2021)
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tensor � partitioned into elastic �e , viscoplastic �vp , and 
thermal �th components, as follows:

where � and �′ are, respectively, the total and effective stress 
tensors (negative values denote compressive stresses), AT 
is the drained linear thermal expansion coefficient, B is the 
Biot coefficient, H is the drained elasticity tensor and � 
is the equivalent pore pressure. The latter is defined as the 
sum of the saturation weighted sum of the pressures of the 
liquid ( � ) and gas phases ( � ) and an interfacial energy term 
(Coussy 2004):

(1)�̇
� = �̇ + B�̇�1 = H ∶

(
�̇ − �̇

vp − ATṪ1
)
, with pc = p� − p� the capillary pressure.

The balance equations solved in TOUGH and FLAC, 
together with Darcy’s law for the filtration velocity vector of 
fluid phases, Fourier’s law for the conductive heat flux, and 
Fick’s law for the diffusive velocity vector of water vapor, must 
be supplemented by constitutive equations of rock salt.

The evolution of porosity is governed by changes in tem-
perature and pressures of the liquid and gaseous phases via 
empirical coefficients that depend on the thermal expansion 
coefficient, the porosity, the Biot coefficient and the drained 
bulk modulus K.

(2)� = (1 − S�)p� + S�p� + ∫
1

S�

pc(S)dS

Fig. 2  Configuration of the 
central heated borehole and 
locations of the measurement 
boreholes (Kuhlman et al. 2020)
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The term Δ� is a porosity correction that was introduced to 
account for volume changes resulting from the geomechani-
cal calculations in FLAC3D , in the resolution of the mass and 
energy balance equations in the next time step. For a detailed 
derivation of this term as a function of temperature, phase 
pressures, and total volumetric strain, further details can be 
found in the work by Kim et al. (2012).

3.2  Constitutive Equations of Rock Salt

3.2.1  Mechanical Constitutive Model

The Lux/Wolters (LW) model (Wolters et al. 2012; Blanco-
Martín et al. 2016) is used in this study to characterize the 
mechanical behavior of rock salt.

The viscoplastic strain rate tensor, denoted as �̇vp , in the LW 
model is decomposed into three components: the viscous shear 
strain rate �̇vs , the damage-induced strain rate �̇d resulting from 
shear or tensile failure, and the healing-induced strain rate �̇h:

The viscous component is based on the modLubby2 con-
stitutive model (Lerche 2012), which solely accounts for 
deviatoric effects and considers both transient and steady-
state creep mechanisms. The expression of the damage strain 
rate component �̇d and the dependence of elastic parameters 
on damage can be found in Lux et al. (2018). The healing 
component �̇h is detailed in works by Lerche (2012) and 
Wolters (2014). A total of 40 parameters, obtained from the 
laboratory database of Clausthal University of Technology 
(Lerche 2012; Lux et al. 2018), were used to describe all 
deformation stages: elasticity, transient and stationary creep, 
shear and tensile damage and healing.

3.2.2  Hydraulic and Thermal Constitutive Models

Thermomechanically induced damage in rock salt results 
in the development of micro-fissures, which can lead to the 
generation of a secondary permeability when viscoplastic 
volumetric strain �vpv  exceeds a dilatancy threshold �vp

v,0
 and 

the coalescence of damage-induced micro-fissures occurs 
(Wolters et al. 2012). The permeability–dilatancy relation-
ship is expressed as follows:

(3)d� = Cp(B,K,�)
∑
�

S�dp� + CT (AT ,�)dT + Δ�.

(4)�̇
vp = �̇

vs + �̇
d + �̇

h.

(5)

⎧⎪⎪⎨⎪⎪⎩

log(k) = log(k0) +
�
log(𝜀

vp
v ) − log(𝜀

vp

v,0
)

+
r

ln(10)
exp(sσ�

⟂2
)
�
Ei(t𝜀

vp
v ) − Ei(t𝜀

vp

v,0
)
��

;

𝜀
vp
v ⩾ 𝜀

vp

v,0

k = k0; 𝜀
vp
v < 𝜀

vp

v,0

,

where k0 represents the initial/minimum permeability of 
rock salt, σ�

⟂2
 denotes the effective stress perpendicular to 

the micro-fissure orientation, Ei(x) stands for the exponential 
integral function, and r, s, and t are material constants.

Furthermore, hydraulically induced damage can result in 
an increase in intrinsic permeability when the equivalent 
pore pressure � exceeds the minimum (i.e., least compres-
sive) principal stress σ3 , leading to the opening of grain 
boundaries and fluid infiltration Wolters et al. (2012). This 
relationship is expressed as:

where ΔPfl = � + σ3 and i1 , i2 , i3 , i4 and i5 are material 
parameters.

The Biot coefficient of undisturbed rock salt, initially very 
low, is assumed to increase with the level of damage using 
the following analytical formula (Hou 2002; Kansy 2007):

where D represents the damage variable, ranging between 
0 and 1, and m is the LW model parameter controlling the 
influence of the equivalent stress on the Maxwell viscos-
ity coefficient. When the shear stress exceeds the dilatancy 
boundary, the time derivative of D is proportional to the sum 
of the shear and tensile yield functions. If the stress state 
falls below the sealing/healing boundary, the time deriva-
tive of D is expressed as a function of the healing boundary. 
Furthermore, if rock salt has fully healed, the initial values 
of the intrinsic permeability and Biot’s coefficient will be 
restored.

Changes in permeability and porosity influence the mag-
nitude of capillary pressure. To account for this, the capil-
lary pressure is scaled using the following formula (Leverett 
1941):

pc0 denotes the unscaled capillary pressure, expressed using 
the van Genuchten model:

where S∗ =
(
S� − S�r

)
∕
(
1 − S�r

)
 . Parameters P0 , � , S�r , 

Pmax and l are material constants and �0 represents the initial 
porosity of the porous medium.

Corey’s curves are used to express liquid and gas relative 
permeabilities.

Regarding the thermal parameters, the evolution of 
thermal conductivity and heat capacity of rock salt with 

(6)
log(k) = i1 + i2arctan(i3ΔPfl) + i4exp(i5ΔPfl) , ΔPfl > 0,

(7)B = max

(
D

0.1
, 1 − exp

(
σvMmD

D − 0.1

))
,

(8)pc = pc0

(
k0∕�0

k∕�

)l

(9)pc0 = −P0

(
[S∗]−1∕� − 1

)1−�
; pc0 ≥ Pmax,
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temperature is described using the following empirical 
expressions derived within the BAMBUS project (Bechthold 
et al. 2004):

4  Numerical Modeling of the BATS 1a 
Experiment

4.1  Model Setup: Geometry, Boundary and Initial 
Conditions, and Simulation Phases

The model geometry used in this study is a 9 ◦ cylindrical 
sector with an outer radius of 20 m and a height of 20 m, as 
illustrated in Fig. 3. A borehole measuring 3.73 m in length 
and 0.061 m in radius is excavated from the top center of the 
cylinder; it is equipped with a heater and an impermeable 
packer. Only the TOUGH mesh contains the borehole grid 
elements, including the heater and the packer elements. The 
dimensions of the cylindrical sector were chosen to ensure 
that the temperature, pore pressure, and stress near the bot-
tom and the right boundary are undisturbed by changes 
around the borehole.

Boundary and initial conditions play a crucial role in 
simulating the THM system accurately. An atmospheric 
pressure boundary condition with a humidity level of 70% 
is applied to the top boundary, to represent the drift, and to 

(10)

⎧⎪⎨⎪⎩

Cp = 855 + 0.1777 T

�salt = 5.734 − 1.838 × 10−2T + 2.86 × 10−5T2

−1.51 × 10−8T3

the borehole grid elements. All other boundaries are set to 
no-flow. The right boundary maintains a constant normal 
stress of − 14 MPa and all the other boundaries are set to 
no-displacement normal to the boundary surfaces. Finally, 
the heat flux at all boundaries is zero.

Initially, the system is set to total stress, pore pressure, liq-
uid saturation, and temperature of − 14 MPa, 8 MPa (value 
comprised between the hydrostatic and lithostatic stress), 1, 
and 28◦ C, respectively, with the gravitational variation of 
stress and pore pressure neglected. It should be noted that 
the excavation of the drift is not simulated, and it is assumed 
that the near-drift damaged zone has fully healed when the 
borehole was excavated, maintaining the stress at -14 MPa.

4.2  Material Parameters and Simulation Phases

Table 1 lists the THM properties of rock salt. Many of these 
values come from prior research on natural salt (Bechthold 
et al. 2004; Blanco-Martín et al. 2016). Parameters of Eqs. 5 
and 6 can be found in Wolters (2014) and, hence, are not 
provided here.

The initial permeability of rock salt is representative of 
the permeability at WIPP.

The simulation starts with the excavation of the bore-
hole, after which the stress and pore pressure are allowed 
to redistribute for a period of 300 days. Figure 4 shows the 
distribution of pore pressure and permeability around the 
borehole, after 300 days. It is observed that the gradient 
of pore pressure around the borehole is now governed by a 
rock salt pressure that is significantly lower than the initial 
pressure of 8 MPa. Furthermore, the permeability which 
was initially equal to 5 × 10−22 m2 has become equal to 

Fig. 3  Geometry used for the 
THM simulation of brine inflow 
into a heated borehole in the 
BATS experiment
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2.3 × 10−21 m2 (roughly 5 times higher) over a radius equal 
to half the borehole’s radius. Indeed, excavation-induced 
shear stresses lead to shear dilatancy in the Excavation-
Damaged Zone (EDZ) around the borehole, which results 
in an increase in permeability.

Following this phase, a heating phase lasting a month is 
conducted, followed by a shutdown phase. Figure 5 shows 
the heat power function applied to the heater. Note that from 
here onwards, t = 0 will refer to post 300 days.

4.3  Results and Discussion

In this section, we present and interpret the results of 
our simulations in comparison to the measurements of 

temperature, brine inflow rate, cumulative brine inflow, and 
acoustic emissions activity in the BATS experiment, phase 
1a.

4.3.1  Evolution of Temperature

The evolution of temperature plays a critical role in the 
behavior of the rock salt during the BATS experiments, as 
it is a driving force behind various hydraulic and mechani-
cal changes. The accuracy of the temperature evolution pre-
dicted by our model was validated by comparing it with tem-
perature measurements at five monitoring points, as shown 
in Figs. 6 and 7 (the colors of the curves in Fig. 6 correspond 
to the colors representing the locations of the thermocouples 
in Fig. 7). The simulation results agreed well with the meas-
ured temperature evolution in all of the monitoring points. It 
should be noted that accounting for the temperature depend-
ency of thermal conductivity was necessary to accurately 
reproduce temperature measurements (see Eq. 10).

Moreover, as observed in the temperature contour maps, 
the temperature distribution was initially symmetrical dur-
ing heating but became asymmetric after 25 days due to the 
presence of the drift. Therefore, it is important to consider 
a model that goes beyond a one-dimensional representation 
to accurately predict temperature distribution and associated 
mechanical and hydraulic changes throughout the rock salt 
mass.

4.3.2  Evolution of Brine Inflow into the Borehole

Figure 8 shows the simulated and measured brine inflow rate 
and cumulative inflow. Results of the unheated case are also 

Table 1  Parameters of rock salt used in the numerical simulations

Property (unit) Value

Solid density �� (kg/m3) 2154
Initial porosity �0 0.001
Initial permeability k0 (m2) 5 × 10−22

Dilatancy limit �
v,0 9 × 10−4

Initial Biot coefficient 0.0015
Initial drained bulk modulus Kdr (GPa) 20
Linear thermal expansion coefficient A

T
 ( K−1) 40 × 10−6

Corey’s residual liquid saturation S�r 0.05
Corey’s residual gas saturation S�r 0
van Genuchten’s � 0.6
van Genuchten’s P0 (MPa) 5.7
van Genuchten’s S�r 0.01
Parameter l of Eq. 8 0.57

Fig. 4  Distribution of pore pres-
sure and permeability at the end 
of the open-borehole phase
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presented for comparison purposes. The inflow rate simula-
tion results cover the entire duration of the simulation for 
the heated array, including the initial 300 days for which no 
inflow measurements were available.

During the heating phase, the brine inflow rate exhibited a 
peak that closely aligned with our model predictions. Nota-
bly, this alignment improved after incorporating the 300-day 
open-borehole phase, which prevented an overestimation of 
the predicted brine inflow rate peak. Moreover, our model 
accurately predicts the peak of the brine inflow rate when 
the heater is shut down.

However, upon closer examination of the zoomed-in fig-
ure, discrepancies between the modeling results and field 
measurements become apparent. Specifically, there was a 
distinct change in the dry gas flow rate behind the packer 
in the central boreholes of the heated and unheated arrays 
at around 6 days, which explains the flow rate change in 
the unheated array (Fig. 8b). This change likely affected the 
accuracy of brine inflow measurements during the initial 

period in the heated array, contributing to the observed 
discrepancies.

Additionally, while the observed inflow rate stabilizes at 
the peak for a period of time before decreasing and then 
increasing again at 32 days when the heater is shut down, 
our simulation depicts an immediate decrease in the brine 
inflow rate following the peak. Addressing this discrepancy 
may involve adjusting the empirical evolution of the hydro-
mechanical coupling properties used in the model, such as 
the permeability and the Biot coefficient. These properties 
were initially calibrated using a different salt material under 
specific stress, pore pressure, and temperature conditions.

In the next two paragraphs, the factors contributing to 
brine inflow during each stage will be analyzed.

4.3.3  Evolution of Pressure

Figure 9 shows the pressure profiles within a 6 m radius 
around the borehole at mid-depth of the heater on differ-
ent dates. Pressure here designates the maximum of the gas 
phase pressure and the liquid phase pressure. The blue curve 
represents the initial pressure prior to the heating phase. One 
day after activating the heater, the green curve demonstrates 
an increase in pore pressure, reaching just below 3.5 MPa. 
This rise in pore pressure can be attributed to thermal pres-
surization of the pore fluid, which is the primary mecha-
nism controlling the increase in inflow when the heater is 
turned on. When the heater is turned off, the pore pressure 
has nearly returned to its initial pre-heating state. As the rock 
salt cools down, the pore pressure drops below atmospheric 
pressure around the borehole, signifying a gradual desatura-
tion of the rock.

4.3.4  Evolution of Stress, Dilatancy, and Permeability

The analysis of the total stress evolution in four locations 
(P1, P2, P3, P4) at mid-depth of the heater and within a 1 m 
radius from the borehole uncovers noteworthy patterns (see 
Fig. 10a). During the heating phase, the minimum princi-
pal stress exhibits negative values, indicating a compressive 
stress state. Notably, stress peaks occur when the heater is 
turned on due to the thermal expansion of rock salt. When 
the cooling phase starts, the stress state transitions to a ten-
sile state in the two locations situated within 16 cm from 
the borehole wall (P1 and P2), resulting in tensile failure of 
the rock salt.

Figure 10b and c show the simulated evolution of dila-
tancy and permeability ratio. The permeability ratio is 
defined as the current permeability divided by the initial 
permeability of undisturbed salt. These dilatancy and perme-
ability changes occur in response to stress variations in the 
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Fig. 7  Temperature ( ◦ C) 
contour maps at two dates. 
Locations of the temperature 
sensors are given (coordinates 
unit in meters)

Fig. 8  Comparison of simulated 
and measured brine inflow rate 
and cumulative brine inflow in 
the heated and unheated arrays
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two locations closest to the borehole wall (P1 and P2), which 
are highly susceptible to temperature and stress fluctuations.

Prior to heating, dilatancy, and permeability changes in 
location P1 can be attributed to the excavation-induced shear 
stresses, leading to shear dilatancy and subsequent perme-
ability increase. The simulations predict that the EDZ of 
the borehole extends to a radius approximately equal to half 
the borehole radius, with a permeability roughly five times 
higher than the initial permeability (Fig. 4).

Upon activation of the heater, a decrease in dilatancy is 
observed, indicating the occurrence of healing processes 
within the EDZ. Consequently, permeability instantane-
ously decreases. However, as stress relaxation occurs, rock 
salt undergoes dilation once again, driven by both heat-
ing-induced shear stresses and excavation-induced shear 
stresses. As a result, permeability increases, predominantly 
near the borehole wall where compressive stresses are rela-
tively lower in magnitude.

During the cooling phase, dilatancy induced by tensile 
stresses is predicted. This phenomenon exhibits the highest 
magnitude and leads to a substantial four-order-of-magni-
tude increase in permeability.

The extent of cooling-induced damage is illustrated in 
Fig. 11. The damaged zone symmetrically develops around 
the heater, with a maximum width of 22 cm, equivalent to 
three and a half times the heater’s radius, and a length of 
1.23 m, approximately twice the length of the heater.

To experimentally validate the simulated magnitude of 
thermo-mechanical damage, a comparison was conducted 
between the evolution of the damage variable D and the 
total number of acoustic emissions (AE) hits measured dur-
ing the BATS experiment. To achieve this, the maximum 
value standardization method was utilized to scale the com-
pared values between 0 and 1, with the maximum value of 
damage/acoustic emissions hits set as 1. Figure 12 presents 
the two standardized curves. A strong positive correlation 

is observed between the damage variable and the acoustic 
emissions activity. However, the increase in damage during 
the heating phase is more gradual and of lesser magnitude 
compared to the acoustic emissions activity. Both curves 
indicate that turning off the heater leads to a greater damage/
acoustic emissions activity than the initial heating phase, 
although the model overestimates this increase: the acoustic 
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emissions activity is 6.7 times larger compared to a tenfold 
increase in damage.

4.3.5  Effect of the Biot Coefficient

In this section, we compare the results of the previously pre-
sented simulation, which utilized a low Biot coefficient that 
increases with damage, reaching 10 times its initial value 
after the cooling phase, with a new simulation incorporat-
ing a Biot coefficient that is constant and 100 times higher, 
similar to the value used by McTigue (1986). The focus is 
on examining the brine inflow rate and pore pressure profiles 
during the heating and cooling phases, as shown in Figs. 13 
and 14.

Significant differences emerge between the two simulations. 
With the higher Biot coefficient, the thermal pressurization 
effect is considerably stronger, resulting in a pore pressure of 
20 MPa during the heating phase. This exceeds the minimum 
principal stress, resulting in hydraulic damage to the rock salt 
surrounding the borehole and an increase in its permeability. 
Consequently, the simulation predicts a higher inflow rate peak 
when the heater is turned on and a slower decline due to the 
presence of elevated pressure gradients.

Fig. 11  Evolution of permeabil-
ity (m2 ) during cooling
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A notable observation arises from the comparison of the 
brine inflow rate after the cooling peak. The dashed curve, 
representing the simulation with the higher Biot coefficient, 
demonstrates a closer adherence to the shape of the meas-
ured curve, particularly in capturing the post-peak increase 
in inflow rate. This finding suggests that while an initial low 
Biot coefficient may provide accurate results, it appears that 
the subsequent increase of the Biot coefficient with thermo-
mechanical damage in our model is lower than what the meas-
urements suggest.

5  Implications for Repository‑Scale 
Operations

The BATS test and its numerical modeling provide valu-
able insights into how rock salt behavior can be influenced 
by varying thermal and mechanical conditions, carrying 
several crucial implications for salt repositories: 

1. Excavation-Damaged Zone (EDZ): The EDZ plays 
a critical role in repository-scale operations. While 
smaller boreholes may result in a relatively modest EDZ, 
larger drift excavations generate higher shear stresses, 
leading to a more extensive EDZ. This expansion can 
significantly affect porosity and permeability in the sur-
rounding geological formation (Stormont et al. 1992).

2. Heating Effects: Understanding the effects of heating 
is essential for repository-scale operations, especially 
given the extended duration of the heating period. Ele-
vated temperatures during heating can have both posi-
tive and negative consequences. On one hand, heating 
can accelerate the closure of excavation-induced dilation 
in salt, reducing deviatoric stresses and permeability. 
However, it can also induce shear dilatancy and damage 
in areas where deviatoric stresses increase as a result 
of heating (Tounsi et al. 2023). Additionally, thermal 
expansion of the rock decreases its porosity and ther-
mal expansion of the pore fluid leads to thermal pres-
surization, resulting in increased fluid inflow into the 
excavation. If the EDZ has not fully healed when the 
temperature starts to increase, its lower liquid saturation 
and high permeability may limit thermal pressurization 
and liquid relative permeability near the excavation, 
potentially reducing brine inflow. These effects, particu-
larly in low-permeability geological formations found in 
repositories, must be addressed in design to ensure waste 
containment and overall safety.

3. Cooling Effects: During the cooling process, microfrac-
tures form within rock salt due to tensile failure induced 
by the contraction of the salt grains. This process leads 
to a rapid and notable increase in salt permeability in 
the proximity of the borehole, subsequently resulting 
in a surge of brine flow directed toward the borehole. 
Imposing a sufficiently low cooling rate could mitigate 
this substantial release of brine associated with cooling. 
At the repository level, radioactive decay rates lead to 
very gradual decrease of temperature, suggesting that 
the cooling effects may be of lesser concern.

4. Future Research and Testing: Enhancing our under-
standing of these intricate phenomena and their impli-
cations for repository-scale operations demands com-
prehensive research and testing. Experiments should 
investigate variable cooling rates to either confirm or 
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question the significance of cooling effects on brine 
migration in salt repositories. Furthermore, a broader 
range of temperature levels should be explored, along-
side assessments conducted across various geological 
units.

6  Conclusion

In summary, this paper presents a numerical modeling study 
of the BATS 1a experiment, focusing on the thermo-hydro-
mechanical behavior of rock salt surrounding a heated bore-
hole. The model successfully replicates key aspects of the 
experiment, including temperature distribution, brine inflow 
rate, cumulative inflow, and damage evolution, by incorpo-
rating relevant geometry, boundary and initial conditions, 
and constitutive equations.

The use of a 2D axisymmetric model and temperature-
dependent thermal conductivity improves the simulation’s 
accuracy, enabling the representation of temperature dis-
tribution asymmetry and validation against measured data. 
The analysis of brine inflow demonstrates good agreement 
during the heating and shutdown phases. However, further 
calibration and a better understanding of flow characteristics 
and their evolution with damage are necessary to address 
discrepancies between simulated and measured inflow rate 
and damage. Analysis of pressure and stress shows that ther-
mal pressurization and tensile-induced damage of rock salt 
are the primary contributors to observed brine inflow spikes 
during heating and cooling.

These insights into the THM behavior of rock salt 
have important implications for understanding brine flow 
in deep geological repositories. Future directions could 
involve incorporating additional experimental data, refin-
ing the model through further calibration, and analyzing new 
BATS phases that involve multistage variations in heater 
power and address the gas flow rate issues at the start of the 
heating stage.  This continued research will contribute to 
a more comprehensive understanding of rock salt behavior 
and enhance the predictive capabilities of THM models in 
various geotechnical applications, including nuclear waste 
disposal.
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