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1. INTRODUCTION 

In this report, we present FY2014 progress by Lawrence Berkeley National Laboratory (LBNL) 
related to modeling of coupled thermal-hydrological-mechanical-chemical (THMC) processes in 
salt and their effect on brine migration at high temperatures. LBNL’s work on the modeling of 
coupled THMC processes in salt was initiated in FY2012, focusing on exploring and 
demonstrating the capabilities of an existing LBNL modeling tool (TOUGH-FLAC) for 
simulating temperature-driven coupled flow and geomechanical processes in salt. This work 
includes development related to, and implementation of, essential capabilities, as well as testing 
the model against relevant information and published experimental data related to the fate and 
transport of water. An important component in this work is LBNL’s collaboration with a 
research group led by Professor Lux at Clausthal University of Technology (TUC) in Germany, a 
world-leading research institution in salt geomechanics. The DOE UFD campaign and LBNL 
greatly benefit from TUC’s experience in salt geomechanics and modeling of salt thermal-
mechanical (TM) processes using FLAC3D. Conversely, TUC benefits from LBNL’s expertise 
in modeling multiphase and heat transport processes at high temperature with TOUGH2 as well 
as LBNL’s experience with the TOUGH-FLAC simulator for the modeling coupled THM 
processes in nuclear waste isolation. By leveraging on existing complementary capabilities of the 
LBNL and TUC, we have within a few years been able to develop and validate an advanced 
numerical simulation tool for modeling of coupled THM processes in salt and have demonstrated 
its applicability to nuclear waste isolation.  

In FY2013, we implemented an advanced geomechanical constitutive model for rock salt (the 
Lux/Wolters model), a model that can handle creep, damage, sealing, and healing of the salt as a 
function of stress, temperature, and pore pressure. Moreover, we used the TOUGH-FLAC code 
with this newly implemented model together with other constitutive models for crushed salt 
backfill, and successfully completed model simulations of a generic salt-based repository over 
100,000 years of simulation time. Finally, we developed and tested alternative ways for 
modeling hydraulic and mechanical coupling under large strain, including compaction of crushed 
salt from 30% porosity to a state equivalent to the solid host rock.  

In FY2014, LBNL’s work has been focused on continued testing, application, and improvement 
of the computational models and tools to simulate high temperature coupled processes and its 
effect on brine accessibility and migration. This includes improvements to the TOUGH-FLAC 
simulator related to implemented constitutive models for both solid rock salt and crushed salt, as 
well as related to the use of a Voronoi discretization for improved accuracy in the flow 
subproblem. The Voronoi discretization is implemented to handle mesh deformation over time 
due to creep and the large strains associated with the mechanical behavior of the system. Based 
on these model improvements, we have updated and completed our study of long-term THM 
behavior of a generic repository, and this has been summarized and submitted for publication in 
a journal (Blanco Martin 2014d). 

In FY2014, we have also conducted benchmarking in collaboration with the TUC research team, 
focusing on comparison of the different approaches for sequential coupling of TOUGH2 and 
FLAC3D. Another benchmark calculation has been initiated involving modeling of the TSDE 
(Thermal Simulation for Drift Emplacement) test conducted in the Asse Mine, Germany. The 
TSDE analysis will be a major modeling effort that will provide the opportunity to validate the 
TOUGH-FLAC simulator for drift closure and backfill compaction at a large 3D field setting.  
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Finally, in FY2014 LBNL has initiated studies of constitutive relationships for brine migration, 
including a review of existing formulations for the various mechanisms that cause brine 
mobilization and migration in rock salt, as well as the development of a conceptual model for 
simulating the flow and transport of brine in salt formations. In particular, we are developing a 
dual-continuum approach that accounts for brine migration through both interconnected 
intergranular (i.e., intercrystalline) pore spaces and isolated fluid inclusions (i.e., intracrystalline 
brine inclusions), considering both pressure and temperature gradients. The plan is to implement 
such an advanced brine-migration dual-continuum model into the TOUGH2 and TOUGH-FLAC 
simulators, and then validate the brine-migration model and its implementation against 
experimental data.  

Within the Natural Barrier System (NBS) group of the Used Fuel Disposition (UFD) Campaign 
at DOE’s Office of Nuclear Energy, LBNL’s research activities have focused on understanding 
and modeling coupled processes and impacts of the EDZ and high-temperature on parameters 
and processes relevant to performance of a salt repository. This report documents results from 
some of these activities. These activities address key Features, Events and Processes (FEPs), 
which have been ranked in importance from medium to high, as listed in Table 7 of the Used 
Fuel Disposition Campaign Disposal Research and Development Roadmap (FCR&D-USED-
2011-000065 REV0) (Nutt, 2011). Specifically, they address FEP 2.2.01, Excavation Disturbed 
Zone, for salt, by investigating how coupled processes affect EDZ evolution; FEP 2.2.05, Flow 
and Transport Pathways; and FEP 2.2.08, Hydrologic Processes, and FEP 2.2.07, Mechanical 
Processes by studying near-field coupled THM processes in salt repositories. The activities 
documented in this report also address a number of research topics identified in Research & 
Development (R&D) Plan for Used Fuel Disposition Campaign (UFDC) Natural System 
Evaluation and Tool Development (Wang, 2011), including Topics S3, Disposal system 
modeling – Natural system; P14, Technical basis for thermal loading limits; and P15 Modeling 
of disturbed rock zone (DRZ) evolution (salt repository).  

In the following sections of this report, we provide more details on the FY2014 work, first 
presenting updated tools and improvements made to the TOUGH-FLAC simulator, and the use 
of this updated tool in a new model simulation of long-term THM behavior within a generic 
repository in a salt formation (Section 2). This is followed by the description of current 
benchmarking and validations efforts, including the TSDE experiment (Section 3). We then 
present the current status in the development of constitutive relationships and the dual-continuum 
model for brine migration (Section 4). We conclude with an outlook for FY2015, which will be 
much focused on model validation against field experiments and on the use of the model for the 
design studies related to a proposed heater experiment.   
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2. UPDATED TOOLS TO MODEL THM PROCESSES IN 
SALINIFEROUS MATERIALS 

A modified version of the TOUGH-FLAC simulator (Rutqvist and Tsang, 2003; Rutqvist, 2011) 
was developed during FY2013 (Rutqvist et al. 2013) to accommodate some aspects related to the 
modeling of THM processes in saliniferous formations. This version included an algorithm to 
update geometrical data in the flow simulator (due to the use of the large-strain mode in the 
geomechanics problem) and a porosity evolution function that takes into account the effect of 
both the different flow phases present and the geomechanical response. It also included dedicated 
constitutive models for natural salt and crushed salt, and material-specific coupling functions 
from mechanics to flow. 

During FY2014, we have continued working on this updated version of TOUGH-FLAC, and we 
now have an improved version. In this section, we explain the main improvements that we have 
made during this year. In addition, in FY2014 we have continued our beneficial collaboration 
with TUC, and we have included, in the constitutive model (referred to as Lux/Wolters) some 
recent improvements developed by Prof. Lux’s team. In parallel to this, we have developed an 
improved version of the constitutive model available in FLAC3D for crushed salt. All these 
improvements are detailed here. 

2.1 Updated TOUGH-FLAC simulator for large strain and creep 

The TOUGH-FLAC simulator, developed at LBNL (Rutqvist and Tsang 2003), is based on an 
explicit sequential method for coupling flow and geomechanics. The multiphase fluid and heat 
flows are computed by TOUGH2 (Pruess et al., 2011), and the geomechanical response of the 
system is calculated using FLAC3D (Itasca, 2011). The main advantages of sequential methods 
include the use of existing robust and well-established simulators for each subproblem, the 
resolution of smaller systems of equations, the use of different time-stepping algorithms, and the 
possibility to study different domains in each subproblem (Dean et al., 2006; Felippa and Park, 
1980; Thomas et al., 2003; Vijalapura et al., 2005). 

The coupling scheme between TOUGH2 and FLAC3D is based on the fixed stress-split method 
(Kim et al. 2011). In this method, the flow problem is solved first (with an explicit evaluation of 
the volumetric total stress), and the pore pressure and temperature are prescribed during the 
geomechanical calculation, which therefore requires drained rock-mechanical properties. 

In order to accommodate the large strains and time-dependent processes associated with 
saliniferous materials (creep, mesh distortions, crushed salt reconsolidation, etc.), TOUGH-
FLAC has required some updates. Indeed, FLAC3D has the capability to deal with large strains, 
but TOUGH2 does not. In FY2013, we developed an algorithm to update the mesh in the flow 
subproblem as the geomechanics mesh deforms (Rutqvist et al., 2013), and we implemented a 
recent formulation of coupled geomechanics and multiphase fluid and heat flows developed by 
Kim et al. (2012). This analytical formulation is an extension of the classic thermodynamic 
approach implemented in TOUGH2 and includes a porosity correction term that accounts for the 
geomechanical effect (via the volumetric component of the total stress tensor). 

In FY2014, we have reformulated the balance equations solved in TOUGH2 to account for 
geometrical changes and ensure mass conservation. This way, after every FLAC3D call, mass is 
conserved, but density is not. The geometrical update is made at the first iteration of the 
TOUGH2 Newton-Raphson process (Pruess et al., 2011). In this iteration, the primary variables 
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(pore pressure, temperature, and saturation) and porosity remain equal to those at the end of the 
previous time step (only geometrical data are different), and we check whether the system 
continues to be in thermodynamic equilibrium for a new time increment and new geometry. If 
the maximum residual exceeds a preset convergence tolerance, an iterative process is carried out. 
In this process, the geometry is kept unchanged (i.e., the geometry is updated in TOUGH2 after 
every FLAC3D call, but is constant during each TOUGH2 run) and consistency in the balance 
equations is ensured through the porosity-variation formulation, adapted from (Kim et al., 2012). 
The balance equations for a grid block n read: 
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for κ=1, NK (NK is the total number of fluid components [air, water, etc.]). In Equation (2.1), 
κ
nM  is the accumulation term, nV  is the volume of the grid block (new volume after FLAC3D 

call), κ
nq  represents the sink/sources, and κ

nmF  is the flow of component κ across surface nmA  

(new value after FLAC3D call). We note that for second and further iterations, the term 
Vdt

dV
M nκ

n  

is not computed. The accumulation terms read 







  SM n            (2.2) 

where  is porosity, S is the phase saturation,  is the density of phase , and κ
βχ  is the mass 

fraction of component κ in phase . Porosity changes during a time step (for second and further 
iterations) are calculated adding a porosity variation d, which includes a correction term, , 
from geomechanics (therefore, it includes volume changes). This term is constant for a given 
time step. This way, the geometrical data used during the iterations of a time step are consistent, 
and mass conservation is ensured. The porosity variation has the form 

  dTBdPKAd th )(),,(          (2.3) 

where  [-] is the Biot coefficient, th [K
-1] is the linear thermal expansion coefficient, K [MPa] 

is the drained bulk modulus, and Δ is the porosity correction from geomechanics. A detailed 
explanation of this formulation can be found in Kim et al. (2012). The Biot coefficient is defined 
as the ratio of the fluid-volume variation in a material element to the volume change of that 
element. It gives an indication of the grain compressibility with respect to the bulk 
compressibility, and of the coupling strength. It can take the values  1,0 ; a Biot coefficient 
close to 1 describes a high poromechanical effect (the grains are not compressible, so the pores 
take an important role), whereas a low value indicates that the poromechanical effect is low (the 
response of the grains and the bulk material is similar, so the coupling strength is low). 

Currently, the modeling sequence is as follows. TOUGH2 moves the simulation forward and 
FLAC3D is executed once within a TOUGH2 time step, just before the Newton-Raphson iteration 
process to solve the residual nonlinear equations. A schematic view of the coupled THM 
modeling sequence is displayed in Figure 2-1. The pressure, P n, temperature, T n, liquid 
saturation, Sl

 n, and porosity,  n, of each grid block computed at the end of the previous time step 
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(from t n-1 to t n) are transferred to FLAC3D. Note that the pressure transferred depends on the 
definition of pore pressure (Coussy 2004; Kim et al. 2013); more details will be given in 
Subsection 2.1.1.  

From flow to geomechanics, the pore-pressure change, ΔP=P n-P n-1, and the temperature change, 
ΔT=T n-T n-1, corresponding to two successive TOUGH2 time steps are accounted for as a 
correction to the total stress tensor, σij (direct coupling). These changes are computed internally 

in FLAC3D once the new values P n and T n are transferred. The corrected total stress tensor, c
ij , 

has the form 

ijthijij
c
ij TKP   3--         (2.4) 

where δij [-] is the Kronecker delta. Compressive stresses are defined negative here. From 
Equation (2.4), it can be inferred that the coupling from flow to geomechanics (TOUGH2 to 
FLAC3D) affects only the volumetric component of the stress tensor. Porosity and liquid 
saturation are used to update the body forces in the quasi-static governing equations of the 
geomechanical analysis (Kim et al. 2012). Note that these equations account for the thermal 
strains that result from the temperature change ΔT. 

 
Figure 2-1. Explicit sequential THM analysis scheme (adapted from (Rutqvist et al., 2002)). The highlighted zones 

correspond to the time step between time tn and tn+1. 

 

Once all the updates are made, FLAC3D runs in creep and large strain modes from time t n-1 to 
time t n. A new equilibrium mechanical state is obtained at time t n (stresses σ n and strains ε n in 
Figure 2-1). Recall that during the mechanical calculation, the flow data (P n, T n, Sl

 n, and  n) 
remain constant. In FLAC3D the new static equilibrium is established internally through a 
dynamic-solution approach, solving the equation of motion in which the inertial terms are used 
as numerical means to reach the equilibrium state of the system under consideration. The 
established new static equilibrium brings about a new strain tensor and a new effective stress 
tensor (i.e., a new mechanical state).  
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From geomechanics to flow, geometrical changes are first accounted for. The geometrical data 
updated in TOUGH2 are: volume of the elements, distances of the centroids of two connected 
elements to their common interface, common interface area, and cosine of the angle between the 
gravitational acceleration vector and the line between the centroids of two connected elements. 
Also, as explained before, in the first Newton-Raphson iteration, the accumulation terms in the 
balance equations are updated to account for possible volume changes. 

Additionally, the new mechanical state obtained at t n is used through several coupling functions 
to compute mechanically induced changes in permeability and capillary pressure (Δk and ΔPc in 
Figure 2-1). The coupling functions depend on each material (and the phenomena it goes 
through) and should be based on specific laboratory and theoretical results; they have been 
presented previously for the natural salt and the crushed salt (Rutqvist et al. 2013), and only the 
improvements will be discussed here. The mechanically modified flow properties (k’ n, ’ n and 
Pc

’ n in Figure 2-1) are used to solve the residual equations of the flow problem. Within a time 
step, the Newton-Raphson iteration process is continued until the residuals are reduced below a 
preset convergence tolerance. At the end of the current time step (time t n+1 in Figure 2-1), a new 
set of primary thermodynamic variables (P n+1, T n+1 and Sl

 n+1 in Figure 2-1) and new flow 
properties (k n+1,  n+1 and Pc

 n+1 in the figure) are obtained. 

Another improvement incorporated into TOUGH-FLAC during FY2014 consists in the use of a 
Voronoi discretization in the flow subproblem, even when the mesh deforms over time due to the 
creep and the large strains associated with the mechanical behavior of saliniferous materials. 
Since the resolution method used in TOUGH2 is based on the Voronoi partition (Pruess et al. 
2011), more accurate solutions will be obtained when the discretization of the flow subproblem 
conforms to this technique. If the domain under study deforms over time, the partition used in the 
flow subproblem should still comply with the resolution method of the code. Bearing this in 
mind, we use the software library Voro++ (Rycroft, 2009) to ensure that the mesh used in 
TOUGH2 conforms to the principles of the Voronoi tessellation. This is an innovation with 
respect to previous studies using TOUGH-FLAC. 

As the mesh deforms in the geomechanics subproblem, Voro++ is executed to compute the 
corresponding Voronoi tessellation. This operation is performed every time the mesh deforms 
with respect to strains a preset value, typically 2–5 % (Benz 2007). In the current approach, the 
centroids of the deformed geomechanical mesh are transferred to Voro++, which computes the 
corresponding Voronoi discretization. Geometrical data of the new Voronoi mesh (volumes, 
common interface area between two adjacent grid blocks, etc.) are then transferred to TOUGH2. 

Figure 2-2 shows a detail of two grids (flow and geomechanics) used in some of the THM 
simulations performed during FY2013 (initial mesh and deformed mesh after 20 years). As can 
be seen, the flow subproblem uses Voronoi cells, both in the initial and the deformed 
configurations. In addition, it can be seen in the figure that the grid blocks at the boundary 
between two different domains (waste package, backfill, and host rock) are slim and have the 
same thickness. This way, Voro++ will conserve the volume of each domain even when the 
mesh deforms (the generators of the Voronoi mesh are the centroids of the mesh used in 
FLAC3D). 
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Figure 2-2. Mesh update in large strain mode. Example of initial and deformed discretizations in the (left) flow sub-

problem and (right) geomechanics sub-problem. 

 

Finally, in order to reduce the simulation times (a 2D THM simulation of one backfilled drift, 
run to 100,000 years, takes between 3–5 weeks on a PC [mesh discretized into about 1000 grid 
blocks]), it was decided to perform the coupling between TOUGH2 and FLAC3D every two time 
steps after 10,000 years. Indeed, the most relevant coupled processes take place within the first 
1000 years, as will be shown in Section 3. Performing the coupling less often when relevant 
processes are attenuated lets us decrease the time needed to compute one simulation and conduct 
more simulations to explore the effect of different parameters on the long-term predictions. We 
recall that FLAC3D only runs on Windows-based OS, and that only two FLAC3D simulations are 
allowed simultaneously on a PC for license reasons. 

2.2 Pore pressure definitions in geomechanics 

Different pore pressure concepts are available to use in geomechanics when several fluid phases 
occupy the pores: 

 Maximum pore pressure (gas pressure in TOUGH2); 

 Saturation-weighted average fluid pressure, and 

 Equivalent pore pressure (Coussy, 2004). The equivalent pore pressure is defined as 
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where Pi is phase pressure, Si is phase saturation, U is the interfacial energy per unit of pore 
volume, and NPH is the number of phases present (Coussy 2004). Neglecting the temperature 
dependence of capillary forces, the interfacial energy can be determined from the capillary curve 
according to 

dSSPSU
wS capw )()(

1

           (2.6) 

where Pcap<0 is the capillary pressure. According to Coussy (2004), the equivalent pore pressure 
should be used in multiphase flow problems when capillary forces are non-negligible, which is 
the case with natural salt and the reconsolidated crushed salt, due to their very low porosity (<1-
2 %). In addition, this pressure is the proper definition of multiphase pore pressure, because it 
renders a formulation that is dissipative (Kim et al. 2013). 

In order to investigate the sensitivity of the THM predictions to the pore pressure used in 
geomechanics, we have conducted simulations using the three different concepts, but we have 
retained the equivalent pore pressure as our reference pore pressure (i.e., this is the pore pressure 
used in the base-case scenario presented in Section 3). The main differences between the three 
concepts arise when capillary effects are important, i.e., when liquid saturation and porosity are 
low. In the generic salt repository considered in this research, the host rock adjacent to the drift 
contour will be the most sensitive zone to the pore pressure used, particularly during the first 
years, when liquid saturation drops in this area. The backfill THM evolution may also be 
sensitive to the pore-pressure concept if the saturation is low by the end of the reconsolidation 
process; nonetheless, our simulation results show that saturation in the backfill approaches 1 
when porosity approaches the characteristic porosity of the natural salt (see Section 3 for a 
description of the results). 

Overall, the higher the pore pressure used in geomechanics, the higher the damage to the 
barriers, which leads to a higher porosity increase, higher permeability increase, and also an 
increase in coupling effects (through the Biot coefficient, which is damage-dependent, as will be 
explained below). Since salt damage is reversible, once the pore pressure drops, all these effects 
are reversed. However, in other situations, damage may not be reversed, and hence the choice of 
the pore pressure used in geomechanics may have a significant impact on the numerical 
predictions. We note that our results show that the use of the maximum pore pressure in 
geomechanics leads to the most conservative predictions. 

 

2.3 Improvements in the modeling of THM processes in natural 
salt 

Currently, we model the behavior of the natural salt using the Lux/Wolters constitutive model, 
developed at Clausthal University of Technology (TUC). This model has been under 
development and improvement since the 1980s (Hou 2003; Hou and Lux 2000, 1999, 1998; Hou 
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1. INTRODUCTION 

In this report, we present FY2014 progress by Lawrence Berkeley National Laboratory (LBNL) 
related to modeling of coupled thermal-hydrological-mechanical-chemical (THMC) processes in 
salt and their effect on brine migration at high temperatures. LBNL’s work on the modeling of 
coupled THMC processes in salt was initiated in FY2012, focusing on exploring and 
demonstrating the capabilities of an existing LBNL modeling tool (TOUGH-FLAC) for 
simulating temperature-driven coupled flow and geomechanical processes in salt. This work 
includes development related to, and implementation of, essential capabilities, as well as testing 
the model against relevant information and published experimental data related to the fate and 
transport of water. An important component in this work is LBNL’s collaboration with a 
research group led by Professor Lux at Clausthal University of Technology (TUC) in Germany, a 
world-leading research institution in salt geomechanics. The DOE UFD campaign and LBNL 
greatly benefit from TUC’s experience in salt geomechanics and modeling of salt thermal-
mechanical (TM) processes using FLAC3D. Conversely, TUC benefits from LBNL’s expertise 
in modeling multiphase and heat transport processes at high temperature with TOUGH2 as well 
as LBNL’s experience with the TOUGH-FLAC simulator for the modeling coupled THM 
processes in nuclear waste isolation. By leveraging on existing complementary capabilities of the 
LBNL and TUC, we have within a few years been able to develop and validate an advanced 
numerical simulation tool for modeling of coupled THM processes in salt and have demonstrated 
its applicability to nuclear waste isolation.  

In FY2013, we implemented an advanced geomechanical constitutive model for rock salt (the 
Lux/Wolters model), a model that can handle creep, damage, sealing, and healing of the salt as a 
function of stress, temperature, and pore pressure. Moreover, we used the TOUGH-FLAC code 
with this newly implemented model together with other constitutive models for crushed salt 
backfill, and successfully completed model simulations of a generic salt-based repository over 
100,000 years of simulation time. Finally, we developed and tested alternative ways for 
modeling hydraulic and mechanical coupling under large strain, including compaction of crushed 
salt from 30% porosity to a state equivalent to the solid host rock.  

In FY2014, LBNL’s work has been focused on continued testing, application, and improvement 
of the computational models and tools to simulate high temperature coupled processes and its 
effect on brine accessibility and migration. This includes improvements to the TOUGH-FLAC 
simulator related to implemented constitutive models for both solid rock salt and crushed salt, as 
well as related to the use of a Voronoi discretization for improved accuracy in the flow 
subproblem. The Voronoi discretization is implemented to handle mesh deformation over time 
due to creep and the large strains associated with the mechanical behavior of the system. Based 
on these model improvements, we have updated and completed our study of long-term THM 
behavior of a generic repository, and this has been summarized and submitted for publication in 
a journal (Blanco Martin 2014d). 

In FY2014, we have also conducted benchmarking in collaboration with the TUC research team, 
focusing on comparison of the different approaches for sequential coupling of TOUGH2 and 
FLAC3D. Another benchmark calculation has been initiated involving modeling of the TSDE 
(Thermal Simulation for Drift Emplacement) test conducted in the Asse Mine, Germany. The 
TSDE analysis will be a major modeling effort that will provide the opportunity to validate the 
TOUGH-FLAC simulator for drift closure and backfill compaction at a large 3D field setting.  
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Finally, in FY2014 LBNL has initiated studies of constitutive relationships for brine migration, 
including a review of existing formulations for the various mechanisms that cause brine 
mobilization and migration in rock salt, as well as the development of a conceptual model for 
simulating the flow and transport of brine in salt formations. In particular, we are developing a 
dual-continuum approach that accounts for brine migration through both interconnected 
intergranular (i.e., intercrystalline) pore spaces and isolated fluid inclusions (i.e., intracrystalline 
brine inclusions), considering both pressure and temperature gradients. The plan is to implement 
such an advanced brine-migration dual-continuum model into the TOUGH2 and TOUGH-FLAC 
simulators, and then validate the brine-migration model and its implementation against 
experimental data.  

Within the Natural Barrier System (NBS) group of the Used Fuel Disposition (UFD) Campaign 
at DOE’s Office of Nuclear Energy, LBNL’s research activities have focused on understanding 
and modeling coupled processes and impacts of the EDZ and high-temperature on parameters 
and processes relevant to performance of a salt repository. This report documents results from 
some of these activities. These activities address key Features, Events and Processes (FEPs), 
which have been ranked in importance from medium to high, as listed in Table 7 of the Used 
Fuel Disposition Campaign Disposal Research and Development Roadmap (FCR&D-USED-
2011-000065 REV0) (Nutt, 2011). Specifically, they address FEP 2.2.01, Excavation Disturbed 
Zone, for salt, by investigating how coupled processes affect EDZ evolution; FEP 2.2.05, Flow 
and Transport Pathways; and FEP 2.2.08, Hydrologic Processes, and FEP 2.2.07, Mechanical 
Processes by studying near-field coupled THM processes in salt repositories. The activities 
documented in this report also address a number of research topics identified in Research & 
Development (R&D) Plan for Used Fuel Disposition Campaign (UFDC) Natural System 
Evaluation and Tool Development (Wang, 2011), including Topics S3, Disposal system 
modeling – Natural system; P14, Technical basis for thermal loading limits; and P15 Modeling 
of disturbed rock zone (DRZ) evolution (salt repository).  

In the following sections of this report, we provide more details on the FY2014 work, first 
presenting updated tools and improvements made to the TOUGH-FLAC simulator, and the use 
of this updated tool in a new model simulation of long-term THM behavior within a generic 
repository in a salt formation (Section 2). This is followed by the description of current 
benchmarking and validations efforts, including the TSDE experiment (Section 3). We then 
present the current status in the development of constitutive relationships and the dual-continuum 
model for brine migration (Section 4). We conclude with an outlook for FY2015, which will be 
much focused on model validation against field experiments and on the use of the model for the 
design studies related to a proposed heater experiment.   
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2. UPDATED TOOLS TO MODEL THM PROCESSES IN 
SALINIFEROUS MATERIALS 

A modified version of the TOUGH-FLAC simulator (Rutqvist and Tsang, 2003; Rutqvist, 2011) 
was developed during FY2013 (Rutqvist et al. 2013) to accommodate some aspects related to the 
modeling of THM processes in saliniferous formations. This version included an algorithm to 
update geometrical data in the flow simulator (due to the use of the large-strain mode in the 
geomechanics problem) and a porosity evolution function that takes into account the effect of 
both the different flow phases present and the geomechanical response. It also included dedicated 
constitutive models for natural salt and crushed salt, and material-specific coupling functions 
from mechanics to flow. 

During FY2014, we have continued working on this updated version of TOUGH-FLAC, and we 
now have an improved version. In this section, we explain the main improvements that we have 
made during this year. In addition, in FY2014 we have continued our beneficial collaboration 
with TUC, and we have included, in the constitutive model (referred to as Lux/Wolters) some 
recent improvements developed by Prof. Lux’s team. In parallel to this, we have developed an 
improved version of the constitutive model available in FLAC3D for crushed salt. All these 
improvements are detailed here. 

2.1 Updated TOUGH-FLAC simulator for large strain and creep 

The TOUGH-FLAC simulator, developed at LBNL (Rutqvist and Tsang 2003), is based on an 
explicit sequential method for coupling flow and geomechanics. The multiphase fluid and heat 
flows are computed by TOUGH2 (Pruess et al., 2011), and the geomechanical response of the 
system is calculated using FLAC3D (Itasca, 2011). The main advantages of sequential methods 
include the use of existing robust and well-established simulators for each subproblem, the 
resolution of smaller systems of equations, the use of different time-stepping algorithms, and the 
possibility to study different domains in each subproblem (Dean et al., 2006; Felippa and Park, 
1980; Thomas et al., 2003; Vijalapura et al., 2005). 

The coupling scheme between TOUGH2 and FLAC3D is based on the fixed stress-split method 
(Kim et al. 2011). In this method, the flow problem is solved first (with an explicit evaluation of 
the volumetric total stress), and the pore pressure and temperature are prescribed during the 
geomechanical calculation, which therefore requires drained rock-mechanical properties. 

In order to accommodate the large strains and time-dependent processes associated with 
saliniferous materials (creep, mesh distortions, crushed salt reconsolidation, etc.), TOUGH-
FLAC has required some updates. Indeed, FLAC3D has the capability to deal with large strains, 
but TOUGH2 does not. In FY2013, we developed an algorithm to update the mesh in the flow 
subproblem as the geomechanics mesh deforms (Rutqvist et al., 2013), and we implemented a 
recent formulation of coupled geomechanics and multiphase fluid and heat flows developed by 
Kim et al. (2012). This analytical formulation is an extension of the classic thermodynamic 
approach implemented in TOUGH2 and includes a porosity correction term that accounts for the 
geomechanical effect (via the volumetric component of the total stress tensor). 

In FY2014, we have reformulated the balance equations solved in TOUGH2 to account for 
geometrical changes and ensure mass conservation. This way, after every FLAC3D call, mass is 
conserved, but density is not. The geometrical update is made at the first iteration of the 
TOUGH2 Newton-Raphson process (Pruess et al., 2011). In this iteration, the primary variables 
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(pore pressure, temperature, and saturation) and porosity remain equal to those at the end of the 
previous time step (only geometrical data are different), and we check whether the system 
continues to be in thermodynamic equilibrium for a new time increment and new geometry. If 
the maximum residual exceeds a preset convergence tolerance, an iterative process is carried out. 
In this process, the geometry is kept unchanged (i.e., the geometry is updated in TOUGH2 after 
every FLAC3D call, but is constant during each TOUGH2 run) and consistency in the balance 
equations is ensured through the porosity-variation formulation, adapted from (Kim et al., 2012). 
The balance equations for a grid block n read: 
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for κ=1, NK (NK is the total number of fluid components [air, water, etc.]). In Equation (2.1), 
κ
nM  is the accumulation term, nV  is the volume of the grid block (new volume after FLAC3D 

call), κ
nq  represents the sink/sources, and κ

nmF  is the flow of component κ across surface nmA  

(new value after FLAC3D call). We note that for second and further iterations, the term 
Vdt

dV
M nκ

n  

is not computed. The accumulation terms read 







  SM n            (2.2) 

where  is porosity, S is the phase saturation,  is the density of phase , and κ
βχ  is the mass 

fraction of component κ in phase . Porosity changes during a time step (for second and further 
iterations) are calculated adding a porosity variation d, which includes a correction term, , 
from geomechanics (therefore, it includes volume changes). This term is constant for a given 
time step. This way, the geometrical data used during the iterations of a time step are consistent, 
and mass conservation is ensured. The porosity variation has the form 

  dTBdPKAd th )(),,(          (2.3) 

where  [-] is the Biot coefficient, th [K
-1] is the linear thermal expansion coefficient, K [MPa] 

is the drained bulk modulus, and Δ is the porosity correction from geomechanics. A detailed 
explanation of this formulation can be found in Kim et al. (2012). The Biot coefficient is defined 
as the ratio of the fluid-volume variation in a material element to the volume change of that 
element. It gives an indication of the grain compressibility with respect to the bulk 
compressibility, and of the coupling strength. It can take the values  1,0 ; a Biot coefficient 
close to 1 describes a high poromechanical effect (the grains are not compressible, so the pores 
take an important role), whereas a low value indicates that the poromechanical effect is low (the 
response of the grains and the bulk material is similar, so the coupling strength is low). 

Currently, the modeling sequence is as follows. TOUGH2 moves the simulation forward and 
FLAC3D is executed once within a TOUGH2 time step, just before the Newton-Raphson iteration 
process to solve the residual nonlinear equations. A schematic view of the coupled THM 
modeling sequence is displayed in Figure 2-1. The pressure, P n, temperature, T n, liquid 
saturation, Sl

 n, and porosity,  n, of each grid block computed at the end of the previous time step 
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(from t n-1 to t n) are transferred to FLAC3D. Note that the pressure transferred depends on the 
definition of pore pressure (Coussy 2004; Kim et al. 2013); more details will be given in 
Subsection 2.1.1.  

From flow to geomechanics, the pore-pressure change, ΔP=P n-P n-1, and the temperature change, 
ΔT=T n-T n-1, corresponding to two successive TOUGH2 time steps are accounted for as a 
correction to the total stress tensor, σij (direct coupling). These changes are computed internally 

in FLAC3D once the new values P n and T n are transferred. The corrected total stress tensor, c
ij , 

has the form 

ijthijij
c
ij TKP   3--         (2.4) 

where δij [-] is the Kronecker delta. Compressive stresses are defined negative here. From 
Equation (2.4), it can be inferred that the coupling from flow to geomechanics (TOUGH2 to 
FLAC3D) affects only the volumetric component of the stress tensor. Porosity and liquid 
saturation are used to update the body forces in the quasi-static governing equations of the 
geomechanical analysis (Kim et al. 2012). Note that these equations account for the thermal 
strains that result from the temperature change ΔT. 

 
Figure 2-1. Explicit sequential THM analysis scheme (adapted from (Rutqvist et al., 2002)). The highlighted zones 

correspond to the time step between time tn and tn+1. 

 

Once all the updates are made, FLAC3D runs in creep and large strain modes from time t n-1 to 
time t n. A new equilibrium mechanical state is obtained at time t n (stresses σ n and strains ε n in 
Figure 2-1). Recall that during the mechanical calculation, the flow data (P n, T n, Sl

 n, and  n) 
remain constant. In FLAC3D the new static equilibrium is established internally through a 
dynamic-solution approach, solving the equation of motion in which the inertial terms are used 
as numerical means to reach the equilibrium state of the system under consideration. The 
established new static equilibrium brings about a new strain tensor and a new effective stress 
tensor (i.e., a new mechanical state).  
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From geomechanics to flow, geometrical changes are first accounted for. The geometrical data 
updated in TOUGH2 are: volume of the elements, distances of the centroids of two connected 
elements to their common interface, common interface area, and cosine of the angle between the 
gravitational acceleration vector and the line between the centroids of two connected elements. 
Also, as explained before, in the first Newton-Raphson iteration, the accumulation terms in the 
balance equations are updated to account for possible volume changes. 

Additionally, the new mechanical state obtained at t n is used through several coupling functions 
to compute mechanically induced changes in permeability and capillary pressure (Δk and ΔPc in 
Figure 2-1). The coupling functions depend on each material (and the phenomena it goes 
through) and should be based on specific laboratory and theoretical results; they have been 
presented previously for the natural salt and the crushed salt (Rutqvist et al. 2013), and only the 
improvements will be discussed here. The mechanically modified flow properties (k’ n, ’ n and 
Pc

’ n in Figure 2-1) are used to solve the residual equations of the flow problem. Within a time 
step, the Newton-Raphson iteration process is continued until the residuals are reduced below a 
preset convergence tolerance. At the end of the current time step (time t n+1 in Figure 2-1), a new 
set of primary thermodynamic variables (P n+1, T n+1 and Sl

 n+1 in Figure 2-1) and new flow 
properties (k n+1,  n+1 and Pc

 n+1 in the figure) are obtained. 

Another improvement incorporated into TOUGH-FLAC during FY2014 consists in the use of a 
Voronoi discretization in the flow subproblem, even when the mesh deforms over time due to the 
creep and the large strains associated with the mechanical behavior of saliniferous materials. 
Since the resolution method used in TOUGH2 is based on the Voronoi partition (Pruess et al. 
2011), more accurate solutions will be obtained when the discretization of the flow subproblem 
conforms to this technique. If the domain under study deforms over time, the partition used in the 
flow subproblem should still comply with the resolution method of the code. Bearing this in 
mind, we use the software library Voro++ (Rycroft, 2009) to ensure that the mesh used in 
TOUGH2 conforms to the principles of the Voronoi tessellation. This is an innovation with 
respect to previous studies using TOUGH-FLAC. 

As the mesh deforms in the geomechanics subproblem, Voro++ is executed to compute the 
corresponding Voronoi tessellation. This operation is performed every time the mesh deforms 
with respect to strains a preset value, typically 2–5 % (Benz 2007). In the current approach, the 
centroids of the deformed geomechanical mesh are transferred to Voro++, which computes the 
corresponding Voronoi discretization. Geometrical data of the new Voronoi mesh (volumes, 
common interface area between two adjacent grid blocks, etc.) are then transferred to TOUGH2. 

Figure 2-2 shows a detail of two grids (flow and geomechanics) used in some of the THM 
simulations performed during FY2013 (initial mesh and deformed mesh after 20 years). As can 
be seen, the flow subproblem uses Voronoi cells, both in the initial and the deformed 
configurations. In addition, it can be seen in the figure that the grid blocks at the boundary 
between two different domains (waste package, backfill, and host rock) are slim and have the 
same thickness. This way, Voro++ will conserve the volume of each domain even when the 
mesh deforms (the generators of the Voronoi mesh are the centroids of the mesh used in 
FLAC3D). 
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Figure 2-2. Mesh update in large strain mode. Example of initial and deformed discretizations in the (left) flow sub-

problem and (right) geomechanics sub-problem. 

 

Finally, in order to reduce the simulation times (a 2D THM simulation of one backfilled drift, 
run to 100,000 years, takes between 3–5 weeks on a PC [mesh discretized into about 1000 grid 
blocks]), it was decided to perform the coupling between TOUGH2 and FLAC3D every two time 
steps after 10,000 years. Indeed, the most relevant coupled processes take place within the first 
1000 years, as will be shown in Section 3. Performing the coupling less often when relevant 
processes are attenuated lets us decrease the time needed to compute one simulation and conduct 
more simulations to explore the effect of different parameters on the long-term predictions. We 
recall that FLAC3D only runs on Windows-based OS, and that only two FLAC3D simulations are 
allowed simultaneously on a PC for license reasons. 

2.2 Pore pressure definitions in geomechanics 

Different pore pressure concepts are available to use in geomechanics when several fluid phases 
occupy the pores: 

 Maximum pore pressure (gas pressure in TOUGH2); 

 Saturation-weighted average fluid pressure, and 

 Equivalent pore pressure (Coussy, 2004). The equivalent pore pressure is defined as 
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where Pi is phase pressure, Si is phase saturation, U is the interfacial energy per unit of pore 
volume, and NPH is the number of phases present (Coussy 2004). Neglecting the temperature 
dependence of capillary forces, the interfacial energy can be determined from the capillary curve 
according to 
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where Pcap<0 is the capillary pressure. According to Coussy (2004), the equivalent pore pressure 
should be used in multiphase flow problems when capillary forces are non-negligible, which is 
the case with natural salt and the reconsolidated crushed salt, due to their very low porosity (<1-
2 %). In addition, this pressure is the proper definition of multiphase pore pressure, because it 
renders a formulation that is dissipative (Kim et al. 2013). 

In order to investigate the sensitivity of the THM predictions to the pore pressure used in 
geomechanics, we have conducted simulations using the three different concepts, but we have 
retained the equivalent pore pressure as our reference pore pressure (i.e., this is the pore pressure 
used in the base-case scenario presented in Section 3). The main differences between the three 
concepts arise when capillary effects are important, i.e., when liquid saturation and porosity are 
low. In the generic salt repository considered in this research, the host rock adjacent to the drift 
contour will be the most sensitive zone to the pore pressure used, particularly during the first 
years, when liquid saturation drops in this area. The backfill THM evolution may also be 
sensitive to the pore-pressure concept if the saturation is low by the end of the reconsolidation 
process; nonetheless, our simulation results show that saturation in the backfill approaches 1 
when porosity approaches the characteristic porosity of the natural salt (see Section 3 for a 
description of the results). 

Overall, the higher the pore pressure used in geomechanics, the higher the damage to the 
barriers, which leads to a higher porosity increase, higher permeability increase, and also an 
increase in coupling effects (through the Biot coefficient, which is damage-dependent, as will be 
explained below). Since salt damage is reversible, once the pore pressure drops, all these effects 
are reversed. However, in other situations, damage may not be reversed, and hence the choice of 
the pore pressure used in geomechanics may have a significant impact on the numerical 
predictions. We note that our results show that the use of the maximum pore pressure in 
geomechanics leads to the most conservative predictions. 

 

2.3 Improvements in the modeling of THM processes in natural 
salt 

Currently, we model the behavior of the natural salt using the Lux/Wolters constitutive model, 
developed at Clausthal University of Technology (TUC). This model has been under 
development and improvement since the 1980s (Hou 2003; Hou and Lux 2000, 1999, 1998; Hou 
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et al. 1998; Lux 1984; Wolters et al. 2012). Based on continuum damage mechanics, it has been 
established using a series of laboratory investigations designed to study, from a macroscopic 
viewpoint, the mechanisms involved in the short- and long-term responses of rock salt. This 
model has been validated against field- and laboratory-scale data (Hou 2003) and has been 
implemented as a plug-in (user-defined model) in FLAC3D. 

The Lux/Wolters model was detailed previously (Rutqvist et al., 2013; Wolters et al., 2012). The 

total strain rate tensor, 


ij , is composed of the superposition of four strain-rate tensors issued 

from different mechanisms: elastic (εe
ij), viscoplastic (εvp

ij), damage-induced (εd
ij) and healing 

processes (εh
ij). The total strain rate tensor reads 

 



 h
ij

d
ij
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ij

e
ijij              (2.7) 

Each of these components has been detailed previously (Rutqvist et al. 2013). They all take a 
damage-induced reduction of the load-bearing cross-sectional area into account, in accordance 
with a previous study (Kachanov 1986). We recall that the damage-strain-rate tensor comes into 
play if there is an excess of either tensile or shear stresses beyond a failure (or dilatancy) 
boundary. In practice, the tensile strength is often set to zero. Shear strength is a function of the 
minimum principal stress and the Lode angle. The damage strain rate tensor has a non-zero 
volumetric component (i.e., damage causes a nonelastic volume change, also referred to as 
dilatancy). In turn, healing reduces dilatancy and damage, but cannot occur while damage (shear 
or tensile yielding) is taking place. Moreover, some damage is necessary before healing can 
actually start. According to laboratory observations, in the Lux/Wolters model, the recovery of 
damage is faster at the beginning of the healing process (due to a rapid volume contraction), 
while in a second stage, slower mechanisms such as re-crystallisation or diffusion dominate, 
(Hou 2003). In total, the Lux/Wolters constitutive model needs 34 parameters (Lerche 2012). 
However, the number of parameters used in a simulation may be reduced depending on the 
phenomena under investigation. 

During FY2014, we have introduced some improvements to the Lux/Wolters model, as provided 
by Prof. Lux’s team, with whom we collaborate closely. The main improvement concerns the 
damage dependence of the Biot coefficient (recall that the Biot coefficient controls the strength 
of the coupling effects between flow and geomechanics). In the undisturbed state, the Biot 
coefficient of rock salt is very close to zero (Hou 2002), but increases as damage takes place. 
From the interpretation of laboratory-scale results, the evolution of the Biot coefficient is 
described by 

))exp(1,max(



DD

Dm

D

D v
salt 

           (2.8) 

where D [-] is a damage parameter (Hou, 2002; Wolters et al., 2012), D=0.1 [-] is a constant, 
σv [MPa] is von Mises equivalent stress and m<0 [MPa-1] is a parameter that enhances Maxwell 
viscosity. Note that healing can restore the initial Biot coefficient. 
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Finally, we highlight that the simulation results presented in this report include healing 
processes. (We received a new version of the Lux/Wolters model during the last part of FY2013, 
but could not provide long-term results using this new version in last year’s report [Rutqvist et 
al. 2013]. With this new version, the modeling of dilatancy and healing can be now performed 
much more accurately.) 

2.4 Improvements on the modeling of THM processes in crushed 
salt 

In last year’s report, we presented the cwipp model available in FLAC3D to model the 
reconsolidation process of granular salt. This model is based on previous studies on crushed salt 
compaction (Callahan and DeVries 1991; Sjaardema and Krieg 1987) and on the wipp model for 
natural salt, also implemented in FLAC3D (Itasca 2011). 

The main characteristic of the cwipp model is that it allows modeling volumetric strain changes 
associated with creep processes (classically, viscoplasticity occurs at constant volume). The total 

strain rate tensor, 


ij , comprises a nonlinear elastic component, a viscous compaction component 

and a viscous shear contribution. The latter is adapted from the wipp model and is purely 
deviatoric. The total strain rate tensor reads 


 vs

ij
vc
ij

e
ijij            (2.9) 

where superscripts e, vc and vs stand for elastic, viscous compaction, and viscous shear, 
respectively. As reconsolidation occurs, density increases towards that of the natural salt. In the 
cwipp model, density is a monotonic function. The nonlinear compaction density rate is derived 
from experimental results (Callahan and DeVries 1991; Sjaardema and Krieg 1987). The viscous 
compaction term in the model accounts for the density evolution during compaction. This term is 
only active if the mean effective stress is compressive and if the monotonic density has not yet 
reached the intact salt density (i.e., there is no further compaction beyond the intact salt density). 
During compaction, the elastic properties (shear, G, and bulk, K, moduli) increase as the 
monotonic density increases according to a nonlinear empirical expression of the form 

  saltsalt aaa  -exp 1           (2.10) 

where a={K,G}. Variables ρ and ρsalt stand for the drained densities of the crushed salt and the 
natural salt, respectively. Parameter a1 [kg-1m3] is obtained from the condition that the moduli 
take their initial value at the initial value of density. When ρ=ρsalt, the elastic moduli are those of 
the natural salt, K=Ksalt and G=Gsalt. In total, the cwipp model is characterized by 17 parameters.  

During FY2014, we have worked on an improved version of the cwipp model. Indeed, in this 
model, density is monotonic, and therefore it is not allowed to increase even if the mean 
compressive stress increases. To avoid this limitation, we have developed a modified version in 
which density honors the volumetric strain evolution, but we have respected the other features of 
the original cwipp model. 
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As the bulk modulus increases towards that of the intact salt, the Biot coefficient decreases from 
almost 1 to the Biot coefficient of the host rock; therefore, the poromechanical effects within the 
backfill will be more important before substantial compaction occurs The Biot coefficient is 
calculated using  

s
saltcrushed

K

K
 1           (2.11) 

where K is the drained bulk modulus, and Ks is the bulk modulus of the solid material. 

It is important to highlight that the long-term mechanical responses predicted by the cwipp and 
the Lux/Wolters models are similar: due to the creep over time, the stresses tend toward the 
isotropic state and therefore the deviatoric components of both models tend to zero. For the 
crushed salt, the compaction component vanishes after full reconsolidation, and for the natural 
salt, damage and healing counteract each other. Consequently, only the elastic components 
prevail (see Equations (2.7) and (2.9)). Given that after reconsolidation the elastic moduli of the 
crushed salt are equal to those of the natural salt, the modeled long-term response of the two 
materials is similar. 

 

3. MODELING OF THM PROCESSES IN THE LONG TERM FOR A 
GENERIC SALT-BASED REPOSITORY 

In this section, we first describe the generic salt repository for high-level nuclear waste that we 
have investigated. This repository is based on the in-drift emplacement concept (DOE/CBFO, 
2012), and we have assumed that the drifts are backfilled with granular salt (i.e., crushed salt) 
after the waste packages are emplaced. In such a scenario, the crushed salt backfill gets 
progressively compacted as the natural salt creeps. Once the reconsolidation process is over, it is 
expected that the backfill will provide an engineered barrier (Bechthold et al. 2004; Wieczorek et 
al. 2012), thereby contributing to the natural barrier supplied by the host rock (geological 
barrier). In this context, the main goal of our simulations is to evaluate the long-term integrity of 
these two barriers. The analysis of the results will also let us evaluate possible improvements 
needed in the updated TOUGH-FLAC simulator. 

After a description of the model, THM properties, and initial and boundary conditions, we 
present the results of our base-case scenario. This scenario is characterized by the use of the 
equivalent pore pressure in the geomechanics subproblem, and by the assumption that the host 
rock is fully saturated with brine. Then, in order to evaluate the importance of coupled THM 
processes in the long-term predictions, we compare THM and TH simulation results. The 
importance of accounting for capillary forces is also discussed. Finally, we investigate the 
sensitivity of the coupled simulation results to the initial saturation within the natural salt. 

3.1 Model description 

In our generic salt repository, the waste packages are parallel to the drift axis. The model extends 
1200 m in the vertical direction (Z axis) and starts at the ground surface (Z=0). The repository is 
located in the middle of a 400 m thick salt layer, at a depth of 600 m. Two 400 m thick sandstone 
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layers confine the salt seam. The drifts are 4.5 m wide and 3.5 m high. Cylindrical metallic waste 
packages are 5.5 m long, have a diameter of 1.6 m, and are spaced 3 m along the drift axis. 

Considering the expected drifts length, a plain-strain assumption is adequate, which reduces the 
3D problem to two dimensions, so that only one element column is needed in the out-of-plane 
direction (Y axis). In addition, symmetry allows modeling just half of one drift. In the X 
direction, half the distance between drifts is considered, which corresponds to ~25 m. The model 
geometry is presented in Figure 3-1, with an enlarged view of the area near the drift. Model 
dimensions are similar to those presented in last year’s report (Rutqvist et al. 2013). However, 
we now use a finer discretization in the drift area. 

Along with the mechanical response, two-phase flow of water and air (by advection and 
diffusion) and heat flow (by conduction and convection) are modeled. TOUGH2 Equation Of 
State (EOS) module 4 is used (Pruess et al. 2011). This module provides a capability for vapor-
pressure lowering, which allows a liquid phase to exist when the vapor partial pressure and the 
gas-phase pressure are lower than the saturation pressure (due to phase adsorption and capillary 
effects). Vapor pressure lowering is modeled via Kelvin’s equation. 

 
Figure 3-1. Geometry of the generic salt repository studied, with enlarged view of the drift area. 

The heat released by each waste package is consistent with the expected nuclear waste 
characteristics in the U.S. Department of Energy Used Fuel Disposition Campaign (Carter et al. 
2011). It is assumed that each waste package comprises ten pressurized water reactor (PWR) 
assemblies, and that the packages are emplaced underground after 20 years of interim storage. 
Under these conditions, and taking the size and distance between canisters into account, the 
average heat load per meter of drift is ~1000 W at the time of emplacement. The heat load 
evolution after emplacement is displayed in Figure 3-2. (Note that the time is reset when the 
waste packages are emplaced underground.) 
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Figure 3-2. Heat load per meter of drift for a waste package containing 10 PWR assemblies, assuming underground 

emplacement 20 years after reactors shut-down (after Carter et al., 2011). 

Error! Reference source not found. lists relevant parameters of the crushed salt, the host rock and 
the confining layers. Some capillarity parameters of the van Genuchten function (van Genuchten 
1980) have been adapted from previous research (Camphouse et al. 2012). Temperature and 
hysteresis effects on water retention are neglected. 

From a mechanical viewpoint, the waste package and the confining layers are assumed to behave 
elastically. The Lux/Wolters model parameters used for the host rock have been obtained from 
the interpretation of experimental results (Lerche 2012). Regarding the cwipp model for the 
crushed salt, the values used have been retrieved from a report related to the German salt 
repository program (DBE 2011). They correspond to slightly wet crushed salt. 

For the waste package, we assume =7800 kg·m-3, =1, k=0 m2 and =0.01%. Its pores are 
saturated with gas, and capillary effects are disregarded because no phase changes are expected. 
For this reason, the relative permeability functions do not have any influence on the simulation 
results. The elastic properties correspond to standard steel. Note that the compressibility and 
expansivity have been set to zero to block any change in porosity. 

The evolution of the flow properties of the natural salt and the crushed salt has been described 
previously (Rutqvist et al. 2013; Blanco Martín et al. 2013; 2014a-c). We recall here that, for the 
natural salt, permeability increases if either thermomechanically or hydraulically induced 
damage occurs. Laboratory results have been used to formulate the permeability evolution for 
each of these two damage processes (Wolters et al. 2012). If healing occurs, the accompanying 
permeability decrease is calculated using the same formulations. In addition, the grain-specific 
heat of the natural salt increases linearly with temperature, and the thermal conductivity 
decreases nonlinearly with temperature (Bechthold et al. 1999). For the crushed salt, we account 
for well-known evolution of properties during compaction. These include a nonlinear decrease in 
permeability and a nonlinear increase in thermal conductivity and elastic parameters (Bechthold 
et al. 1999; 2004; Callahan and DeVries 1991). In addition, the Biot coefficient decreases (see 
Equation (2.11)) and capillary effects strengthened during compaction. We use a Leverett 
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function to scale capillary forces (Cinar et al. 2006). Finally, regarding the waste package and the 
confining layers, their properties are kept constant during the simulations: the waste package is 
only modeled to account for the heat release into the repository, and the confining layers are far 
from the drift, so they are hardly influenced by the THM processes occurring in the drift area. 

 

Table 3.1. Mechanical and flow properties of the crushed salt, natural salt and sandstone layers. 

Property [unit] Crushed salt Rock salt 
Sandstone 
layers 

Grain density, 
ρ [kg·m-3] 

2,200 2,200 2,600 

K [MPa] 70 7,690 19,500 

G [MPa] 150 16,650 37,900 

αth [K
-1] 4·10-5  4·10-5  10-5  

α [-] 1a 0.003 b 1 

Relative permeability 
functions 

Corey Corey Van Genuchten 
(liquid), Corey 

(gas) 
Residual liquid saturation, 

Slr [-] 
0.05 0.05 0.02 

Residual gas saturation, Sgr 
[-] 

0 0 0.01 

Van Genuchten’s λ [-] 0.32 0.675 0.595 

Van Genuchten’s P0 
[MPa] 

0.0005 14.7 14.7 

Van Genuchten’s Pmax 
[MPa] 

50 100 100 

Van Genuchten’s Slr [-] 0.01 0.01 0.01 

 
a: non-constant value; b: values are damage- and healing- dependent 

 

The molecular diffusion coefficients (diffusion of water and air) depend on pressure and 
temperature (Vargaftik 1975; Walker et al. 1981). Moreover, tortuosity effects are accounted for 
using the nonlinear Millington-Quirk model (Millington and Quirk 1961). In previous 
simulations, tortuosity was assumed to be a linear function of saturation, and the diffusivities 
were assumed to be constant. 
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Initial flow parameters are listed in Table 3.2. The absolute permeability k is assumed isotropic 
for every material. 

 

Table 3.2. Initial flow parameters of the crushed salt, natural salt and sandstone layers. 

 Crushed salt Rock salt Sandstone layers 

Sl [-] 0.02 1 1 

 [-] 30 % 0.2 % 12 % 

k [m2] 3·10-13 10-22 10-17a 

λ [W·m-1·K-1] 0.9 4 1.8a 

C [J·kg-1·K-1] 860 860 900a 

a: constant values 

 

A geothermal gradient of 0.025 K·m-1 is initially applied to the model. This corresponds to about 
28ºC at the repository level, assuming a ground surface temperature of 10ºC. The initial 
mechanical condition is isotropic stress, equal to the lithostatic stress magnitude (overburden); 
this corresponds to about -14 MPa at Z=-600 m. The initial fluid pressure in the host rock and 
confining layers is hydrostatic. We assume that the water table is at the ground surface. Prior to 
the THM run, the excavation, subsequent emplacement of waste packages, and backfill are 
modeled in FLAC3D to account for induced stress redistribution and possible changes in the pore 
pressure. The pore pressure obtained after the excavation is exported to TOUGH2, so that the 
initial conditions of the THM run are the same in the two codes. (The coupled THM simulation 
covers the post-closure phase of the repository, once the heat-generating waste packages are 
emplaced and the drifts are backfilled.) Note that the initial pore pressure within the backfill and 
the waste package is set to 0.1 MPa (atmospheric pressure). At this stage, and according to the 
fixed stress-split method to couple flow and geomechanics (Kim et al. 2011), the FLAC3D 
capability to calculate pore pressure is deactivated (i.e., the pore pressure computed by TOUGH2 
is used in both codes, see Figure 2-1). 

In TOUGH2, Dirichlet boundary conditions are assigned to the top and bottom grid blocks, so 
that their thermodynamic state remains unchanged. Owing to symmetry, the lateral surfaces of 
the model are no-flow boundaries. In FLAC3D, the horizontal displacement is blocked in planes 
X=0 and X=25 m, as well as the vertical displacement in plane Z=-1200 m. Gravitational effects 
are considered in both codes. 

3.2 THM base-case scenario 

As explained before, two features characterize the base-case scenario: 

 The assumption that the host rock is fully saturated with brine at the beginning, and 
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 Use of the equivalent pore pressure in the geomechanics subproblem. We believe that this 
is the correct definition of pore pressure when capillarity effects are important (Coussy 
2004). 

Figure 3-3 displays the temperature evolution at different positions in the repository over the 
simulated 100,000 years of post-closure phase. The waste-package surface temperature peaks 
slightly above 200°C after one year. Note that the nearby crushed salt and host rock also show an 
initial temperature peak. This local peak results from the low thermal conductivity of the backfill 
before significant compaction takes place (see Table 3.2). After 25 years, a temperature peak of 
about 160ºC is obtained in the drift area. The temperature 25 m away from the drift peaks at 
about 108ºC after 80 years, reflecting progressive heat propagation through the natural salt. As 
compared to other potential host rocks such as clay or granite, and for a given heat load, the peak 
temperature in a salt-based repository is lower, owing to a higher thermal conductivity. A 
comparatively low peak temperature is a desirable performance indicator for a high-level nuclear 
waste repository. 

 
Figure 3-3. THM base case scenario: evolution of temperature at several locations in the repository. 

During the excavation phase, simulated before the THM run, a damaged zone develops in the 
host rock adjacent to the drift contour, due to the high deviatoric stresses in this zone. The 
thickness of the EDZ is about 1.4 m at the drift floor and 1 m at the sidewalls and roof. Shear 
damage spreads all around the drift, but tensile damage occurs mostly in the corner area, due to 
the shape of the drift (see the enlarged view in Figure 3-1). After 4 years, shear dilatancy peaks 
at 0.71 %, and tensile dilatancy reaches 1.38% (but remains localized in the corner). As a 
consequence of damage, the permeability increases several orders of magnitude in the EDZ. 
Porosity also increases, but remains very low (max<1 %). Moreover, the Biot coefficient 
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increases according to Eq. (2.8) up to 0.44 in the most damaged areas, thereby intensifying the 
poromechanical effects. 

As the salt creeps under the effect of temperature and deviatoric stresses, the reconsolidation of 
the crushed salt starts (Figure 3.4). Our results suggest that the reconsolidation process is not 
uniform in space, due mainly to the shape of the drift and the position of the heat source: greater 
compaction occurs in the roof and floor areas, and lesser compaction in the sidewalls. These 
results agree with previous numerical investigations (Stone et al. 2010). Overall, the backfill 
reconsolidation process takes between 6 and 20 years to complete. This predicted time for 
reconsolidation is on the same order of magnitude as experimental data (Bechthold et al. 2004; 
Callahan and DeVries 1991), although some differences exist due to the creep parameters 
selected for the natural salt (the parameters in Lerche (2012) do not cover the range of very low 
deviatoric stresses). We note that when the crushed salt is reconsolidated, its porosity has 
reached the characteristic value of the undisturbed salt; therefore, the new formulation 
implemented in TOUGH-FLAC to compute porosity changes successfully allows for modeling 
mechanical compaction. Note that the geomechanical component dominates over the pressure- 
and temperature-related components in the computation of porosity changes. As the crushed salt 
reconsolidates, its permeability reduces by up to nine orders of magnitude, and its thermal 
conductivity increases from 1 to about 4-5 W/m/ ºC. At the same time, the elastic moduli 
increase towards those of the natural salt (two-orders-of-magnitude increase, cf. 
Equation (2.10)); as a result, the Biot coefficient decreases towards the characteristic value of the 
undisturbed natural salt (~0.003) according to Equation (2.11). Note also that capillary forces 
become stronger as porosity and permeability decrease. An engineered barrier system is 
progressively created during the reconsolidation process. 

 
Figure 3-4. THM base case scenario: evolution of porosity within the crushed salt during the first 20 years. 

As the crushed salt strengthens, an internal support is provided at the drift walls, which helps 
decrease the deviatoric stresses. The stress state in the drift area progressively evolves towards 
isotropic (thus, away from the dilatancy boundary). The occurrence of healing is closely related 
to the backfill compaction, which confirms the strong two-way interaction between the host rock 
and the backfill THM evolution. After about 6 years, healing has significantly reduced damage 
and dilatancy, and, after 7 years, dilatancy has decreased to its initial value. Host-rock tightness 
is restored to initial conditions after about 7 years. The three images in Figure 3-5 compare the 



 Modeling Coupled THMC Processes and Brine Migration in Salt at High Temperatures  
18 August  2014 

 
 

  

extension of the EDZ at three moments: after excavation, after 4 years, and after 7 years. While 
the damaged area increases during the first years, it decreases until vanishing once healing starts. 

 
Figure 3-5. THM base case scenario: extension of EDZ at three different moments. For t=0 s, k=10-20 m2; t=4 years,     

k=10-18 m2 and t=7 years, k=10-22 m2. 

As temperature increases overall after about 5 years, the pore pressure increases, too, and 
exceeds the hydrostatic value. In the natural host rock salt, the very low permeability, saturated 
conditions, and high thermal expansion coefficient of the pore fluid relative to the host rock are 
key factors for this thermal pressurization. Concerning the crushed salt backfill, the compaction-
induced volume reduction facilitates resaturation and therefore, a significant pore-pressure 
increase. Figure 3-6 shows the evolution of pore pressure (equivalent pore pressure as defined in 
Equations (2.5) and (2.6)) and liquid saturation at five different positions in the repository: three 
locations in the host rock and two in the crushed salt. Note that, depending on capillary forces, 
the equivalent pore pressure may be negative. As the backfill liquid saturation increases steeply 
just before 10 years, the pore pressure increases in a similar fashion. As can be observed in the 
left-hand side plot, as the backfill saturation increases, the pore pressure is the same at the five 
locations monitored. The equivalent pore pressure peaks at around 25 MPa. 

Analysis of the results shows that hydraulically induced damage starts after 6 years at a location 
8 m away from the drift along the X axis. Hydraulically induced damage does not start in the 
drift area because the pore pressure is smaller in this zone, due to the partial desaturation of the 
near-field host rock prior to the crushed salt reconsolidation (see Figure 3-6). After 10–20 years, 
the pressure is uniform in the backfill, and near-field host rock and pressure-driven fluid 
infiltration occurs. Owing to this phenomenon, a permeability increase of two orders of 
magnitude is estimated (Rutqvist et al. 2013; Wolters et al. 2012). The area that may undergo 
infiltration extends at the repository-level along the X and Z axis as pressure increases (thermal 
pressurization). Since rock salt damage is reversible, after about 700 years, the initial tightness of 
the host rock is restored. Note that the reconsolidated backfill may also undergo hydraulically 
induced damage if the pore pressure locally exceeds the minimum principal stress. 
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Figure 3-6. THM base case scenario: evolution of (left) equivalent pore pressure and (right) liquid saturation at several 

locations in the repository. 

After 100 years, pressure decreases progressively following the temperature evolution. The 
pressure and saturation drop that occurs around 10,000 years is due to a thermal depressurization 
at the repository level (compare simultaneous temperature and pressure drops in Figure 3-3 and 
Figure 3-6). After 100,000 years, once the heat load released by the waste packages tends to 
zero, the initial temperature and (hydrostatic) pore pressure are restored. 

3.3 Comparison of TH and THM results 

A thermal-hydraulic simulation (without the mechanical component) has been conducted to 
determine how relevant the coupling to mechanical processes is for the long-term evaluation of 
natural salt and crushed salt barriers. 

Figure 3-7 displays the temperature evolution at the same locations as in Figure 3-3. The 
temperature at the waste package peaks at 267ºC after 10 years. As the figure shows, only one 
temperature peak is obtained. Indeed, if the mechanical effect is not accounted for, the backfill 
porosity hardly changes, and therefore the thermal conductivity of this material remains low (see 
Table 3.2). The low thermal conductivity of the crushed salt explains the higher temperatures; 
the nearly constant value of this property explains that only one temperature peak is obtained. As 
in the THM case, the temperature 25 m away from the drift peaks is ~108ºC after 80 years. 

In Figure 3-8, the evolution of pore pressure and liquid saturation is given at the same locations 
as in Figure 3-6. If the mechanical component is neglected, the far-field pressure peaks above 
37 MPa after 27 years. This pressure is significantly higher than the one obtained in the THM 
run, Pmax≈25 MPa. In the TH run, no damage is accounted for, and as a result, the permeability 
of the natural salt remains constant at its initial very low value, which explains the higher 
pressures reached. (The higher temperatures in the TH case also influence this higher pressure 
obtained.) In the drift area, the pore pressure remains low: in the backfill, P<1 MPa and in the 
host rock, P<1-2 MPa. Note that since the crushed salt porosity barely changes, k=10-13 m2, 
which is a very high permeability value in the context of a nuclear waste repository. Also, the 
very low permeability of the host rock and its strong capillary forces delay the flow towards the 
drift. In the long term, the TH simulation captures the pressure decrease below the hydrostatic 
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level after 10,000 years. The hydrostatic pressure is not recovered in the area under investigation 
after 100,000 years. 

 
Figure 3-7. TH-only scenario: evolution of temperature at the locations displayed in Figure 3-3. 

 

 
Figure 3-8. TH-only scenario: evolution of (left) pressure (maximum pore pressure) and (right) liquid saturation at the 

five locations displayed in Figure 3-6. 

As compared to the right-hand side plot in Figure 3-6, the liquid saturation evolution displayed in 
Figure 3-8 (right-hand side plot) is also quite different: in the host rock around the drift, the 
lowest value is reached after 10 years (temperature peaks at that time), and the subsequent 
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resaturation takes longer, due mainly to the higher temperatures and the lower permeability of 
the host rock in this case. In the backfill, resaturation is not complete after 100,000 years. The 
liquid phase in the crushed salt progressively flows by gravity towards the drift floor, so that 
after 100,000 years, only the crushed salt in the floor area is saturated (note that capillary forces 
within the unconsolidated crushed salt are weak, because porosity is 30%). 

From these results, it can be concluded that TH simulations cannot capture key aspects such as 
backfill resaturation, or temperature and pore-pressure evolution. Furthermore, backfill-barrier 
development cannot be evaluated without accounting for the mechanical effects. Additionally, a 
realistic analysis of the natural salt barrier cannot be conducted if damage and healing processes, 
which have been observed in the field and in the laboratory, are disregarded. Therefore, we 
conclude that coupled THM simulations are needed. 

3.4 Importance of capillary forces 

When capillary forces are disregarded, the gas and liquid pressures are identical and equal to the 
equivalent pore pressure, defined in Equations (2.5) and(2.6). 

As compared to the base-case scenario, the most important differences when capillary effects are 
neglected are found in non-fully-saturated areas (backfill and host rock adjacent to the drift 
contour; see the right-hand side plot in Figure 3-6). Given that for Sl<1, the pore pressure is 
higher if capillary forces are not accounted for (cf. Section 2.1.1), there is more damage and 
dilatancy in the EDZ (same extension, but shear dilatancy reaches 1.4 % and tensile dilatancy at 
the drift corner gets to 2.6 %). As with the base-case scenario, the EDZ is sealed after 7 years, 
and the backfill is reconsolidated after about 20 years. 

Figure 3-9 displays the pore-pressure and liquid-saturation evolution at the same locations as in 
Figure 3-6 (an extra location, right above the waste package, has been added to the saturation 
plot). When temperature peaks at 1 year, liquid saturation at the drift contour is reduced 
significantly, in particular at the floor, where the liquid phase disappears. As temperature 
increases after 5 years, pressure starts increasing everywhere, too, quite steeply just before 
10 years as the backfill resaturates (pore volume reduction). The pressure peaks at 25 MPa and 
hydraulically induced damage develops similarly to the base case scenario. On the other hand, in 
the long term, the saturation profile in the backfill is quite different (see the right-hand side plot 
in Figure 3-9): the lack of capillary forces promotes gravity-dictated mass flow. As a result, only 
the crushed salt close to the drift roof is not saturated after 100,000 years (in the base-case 
scenario, the saturation is lower in the sidewalls because porosity is slightly higher in this zone, 
and therefore the capillary forces are lower). As a result of the gravity-dictated flow, the liquid 
saturation in the crushed salt above the waste package increases significantly after about 
30,000 years. Note that the host rock above the drift is not completely saturated, owing to the 
downward flow (Sl≈0.8 over 14 m from the drift roof along the Z axis). 

To conclude, if capillary effects are disregarded, more damage and dilatancy are predicted in the 
partially desaturated EDZ, due to a higher pore pressure used in geomechanics when Sl<1. In the 
long-term, the saturation profile in the drift area is dictated by gravity, as opposed to the more 
realistic capillary-dictated profile obtained when water-retention curves are accounted for. 
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Figure 3-9. THM predictions without capillary pressure. Evolution of (left) equivalent pore pressure and (right) liquid 

saturation at the locations shown in Figure 3-6 (the crushed salt element right above the waste package has been added to 
the saturation plot). 

3.5 Sensitivity of the THM predictions to the initial saturation of 
the host rock 

A THM simulation in which the host rock has an initial saturation of 0.5 has been performed. 
Intercrystalline brine has been observed in some salt samples (Desbois et al. 2012) and justifies 
the assumption of initial fully saturated conditions in the host rock. However, it is considered 
important to analyze the effects of a possible lower initial saturation on the long-term 
predictions.  

The temperature evolution obtained is similar to that of the base-case scenario, displayed in 
Figure 3-3. In the first years, damage and dilatancy develop as well, although after 4 years the 
values are lower than in the base case, mainly because the pore pressure is lower in the current 
scenario (cf. Equations (2.5) and (2.6)). The crushed salt reconsolidation process and barrier 
development occur in a similar way, with the majority of crushed salt elements reaching the final 
porosity within 20 years. After 7 years, the EDZ is sealed, and the initial tightness of the host 
rock is restored. 

The evolution of pore pressure and liquid saturation is displayed in Figure 3-10, at the same 
locations as in Figure 3-6. As expected, the first temperature peak brings about a decrease in 
liquid saturation in the drift area. Owing to a bigger pressure in this zone, there is fluid flow 
towards the far field, where capillary forces are important (the initial saturation of the host rock 
is 0.5). This outward flow is a slow process, extending over thousands of years, due to the low 
permeability of the host rock.  

As the backfill compacts, its liquid saturation increases. The equivalent pore pressure also 
increases in the drift area—see the left-hand side plot in Figure 3-10. This overpressure is 
dissipated progressively through the outwards flow. Overall, the equivalent pore pressure peaks 
at about 17 MPa. Note that in the crushed salt, the equivalent pore pressure may exceed this 
value if porosity is slightly higher than 0.2 % (recall Equations (2.5) and (2.6)), and that capillary 
forces are lower for higher porosities). The peak pressure obtained is lower than the one in the 
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base-case scenario. Additionally, as the figure shows, the far-field pressure and saturation barely 
change. In the host rock near the drift, the liquid saturation gets back to 0.5 by the end of the 
simulated time. In the crushed salt, the liquid saturation increase triggered by the pore volume 
reduction is overcome in the long term by the outwards flow (for the light green curve, the 
sudden increase in liquid saturation after about 100 years is related to a delayed compaction of 
that grid block). Due to this progressive flow towards the far field, the backfill is not resaturated 
at the end of the simulated time, as shown in the right-hand side plot in Figure 3-10. 

 
Figure 3-10. THM predictions with 50 % initial saturation in the host rock. Evolution of (left) equivalent pore pressure 

and (right) liquid saturation at the locations shown in Figure 3-6. 

Owing to the lower pore pressure predicted in this scenario as compared to the base case, 
hydraulically induced damage only occurs in the drift area, between 9 and 20 years. After 
20 years, the sealing capacity of the host rock is fully restored. 

From these results, it can be concluded that the impact of damage processes on the sealing 
capacity of the host rock decreases as the initial saturation decreases; nevertheless, even when 
the host rock is initially fully saturated, the damage-induced secondary permeability is very low, 

secondary
maxk ≤10-18 m2 (value still characteristic of an impervious material; see Bérest et al. (2005) or 

Cosenza (1996)). The engineered barrier provided by the backfill is also less subjected to 
hydraulically induced damage if the initial saturation of the host rock is low. 

4. INTERNATIONAL BENCHMARK EXERCISES 

During FY2014, we have continued our beneficial collaboration with Clausthal University of 
Technology (TUC). This collaboration started in late 2012 and has led to the following benefits 
to the UFD Campaign: 

 Use of the Lux/Wolters constitutive model (Wolters et al. 2012; Rutqvist et al. 2012; 
2013) in the TOUGH-FLAC simulator. As discussed in Section 2 and in Rutqvist et al. 
(2013), this model includes state-of-the-art knowledge (mechanical, hydraulic and 
thermal) about the behavior of rock salt; 

 Comparison of the numerical predictions obtained using the two simulators developed by 
the two institutions: TOUGH-FLAC (LBNL) and FLAC-TOUGH (TUC). This has led to 
an international benchmark between LBNL and TUC, comprising two different exercises, 
which will be described in this section; 
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 Improvements in the numerical schemes and procedures used by LBNL and TUC. These 
have helped reduce the computational cost of the simulations, for instance by optimizing 
the transfer of information between the two software programs (TOUGH2 and FLAC3D), 
by preserving the data that need to be saved throughout a simulation, and by determining 
which phenomena are relevant for a particular application. This leads to a reduction in the 
number of processes that need to be modeled. 

In this section, we present the benchmark exercises performed during FY2014 between LBNL 
and TUC. The first exercise, already finished, focused on a comparison of the numerical 
predictions obtained by TOUGH-FLAC and FLAC-TOUGH when the same scenario is modeled 
using the two simulators. The main goal of this first exercise was to get a satisfactory agreement 
between the numerical results obtained, concerning the different processes occurring in the rock 
mass as well as in the backfill material. Because the goal was mainly numerical, a 
comprehensive validation based on measurement data of the physical processes was not 
addressed. This first benchmark is described in Section 4.1. It consists of a 2D model of an 
emplacement drift backfilled with crushed salt, and includes heat and gas generation from the 
high-level waste. 

The second exercise started recently (late June 2014) and focuses on the 3D modeling of the 
TSDE (Thermal Simulation for Drift Emplacement) test conducted in the Asse Mine between 
1990 and 1999. In this case, we aim not only to achieve a satisfactory agreement between the 
numerical predictions offered by TOUGH-FLAC and FLAC-TOUGH, but we also intend to 
compare numerical results with measurement data (temperature, stress changes, drift 
convergence and crushed salt porosity) to analyze the capabilities of the constitutive models and 
numerical approaches used to reproduce relevant processes. This will let us evaluate in particular 
some processes that are difficult to study at the laboratory scale, because they occur at very low 
deviatoric stresses, needing extremely slow strain rates to be investigated. Some model 
parameters will likely be recalculated from the comparison between numerical predictions and 
experimental data. To do this in an optimal way, combining mechanical, hydraulic and thermal 
data, one possibility would be to use iTOUGH2 (Finsterle 2007) in the upcoming months, 
provided that the computational cost is reasonable. For now, we are modeling the TSDE 
experiment using the two aforementioned simulators and the parameters used in the 2D case 
investigated in the first benchmark exercise. iTOUGH2 is a software developed at LBNL for 
parameter estimation, sensitivity analysis, and uncertainty propagation analysis. Its main utility is 
the automatic calibration of TOUGH2 models against observed data (i.e., determination of model 
parameters that best fit the observed system response). However, calibration of THM models is 
also possible through the PEST protocol (Doherty 2008), that we may use once the forward 
modeling of the TSDE experiment is complete. The current status of the second benchmark 
exercise is described in section 4.2. 

Finally, we note that the plan of participating in an international benchmark exercise involving 
other U.S. and German research teams has not materialized, since LBNL is presently not a 
member in this benchmark project. The purpose of LBNL participation would be to extend that 
benchmark project from pure TM modeling exercises to full coupled THM problems, involving 
brine migration.  
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4.1 First benchmark exercise: 2D model of emplacement drift for 
HLW, backfilled with crushed salt 

The principal objectives of the first benchmark exercise carried out are to model the same 
scenario using different numerical schemes and to compare and analyze the results obtained, so 
that the capabilities of different approaches to model the long-term coupled THM response of a 
repository for high-level nuclear waste in rock salt can be investigated. In addition, it is 
acknowledged that the comparison of numerical results issued from different approaches and 
institutions increases confidence in and reliability of the long-term predictions, and enhances 
acceptance of the conclusions (Hampel et al. 2013). In the current case, we have focused on the 
backfill evolution (in particular, reconsolidation process) of processes that could affect the 
integrity of the host-rock natural barrier at different temporal and spatial scales (i.e., temperature 
changes, damage, dilatancy, and healing/sealing), and on the effect of gas generation from the 
waste packages on barrier integrity. For this, we have used the updated version of TOUGH-
FLAC presented in this report (LBNL) and an updated version of the FLAC-TOUGH simulator, 
developed by TUC (Lux et al. 2014). As their names suggest, both simulators use TOUGH2 for 
the flow subproblem (Pruess et al. 2011), and FLAC3D to solve the geomechanics subproblem 
(Itasca 2011). In addition, they both offer the capability of using a Voronoi discretization in the 
flow subproblem, even when the mesh deforms over time due to the creep and the large strains 
associated with the mechanical behavior of saliniferous materials (Blanco Martín et al. 2014b; 
2014d). 

The FLAC-TOUGH simulator has been implemented based on two different sequential methods 
(Lux et al. 2014; Blanco Martín et al. 2014d). In the first approach, the sequential undrained split 
method is used (Kim 2010). Accordingly, FLAC3D is the master code and sequentially (e.g., after 
a given number of iteration steps) calls TOUGH2 as a slave code. The geomechanical 
deformations and the resulting changes in stress, pore volume, and pore pressure are computed 
first by FLAC3D in each iteration step of the mechanical simulation part, while fluid masses and 
temperature are kept constant for each element. Afterwards, the multiphase mass and heat flows 
are computed by TOUGH2. The coupling scheme based on the undrained split method is quite 
computationally cost intensive, because the necessary FISH-functions in FLAC3D used for 
updating pore pressures are not parallelized, and called at every FLAC3D iteration step. In the 
second approach, to reduce the amount of FISH-function calls, the FLAC-TOUGH simulator is 
implemented in a way such that the pore pressure is kept constant during the mechanical 
simulation part, and updated with the overall deformation increment occurring between two 
consecutive calls to TOUGH2, at the end of the mechanical simulation part. Therefore, this 
second approach may be seen as a mixture of the undrained-split and the drained-split 
methods (Kim 2010). The numerical results shown hereafter have been obtained using this faster 
second coupling-scheme approach. 

4.1.1 Benchmark description 

The scenario investigated within the framework of the first benchmark exercise is similar to the 
one presented in Section 3 of this report, analyzed with TOUGH-FLAC. It consists of a two-
dimensional model of one emplacement drift, the waste packages being parallel to the drift axis. 
Crushed salt is used as backfill material (initial porosity of 30%), and we model the phases of 
excavation, waste emplacement, backfilling, and 100,000 years of post-closure. 
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As compared to the scenario described in Section 3, in the first benchmark exercise we have 
included gas generation (and not only heat generation) from the waste packages, so that its 
influence on the long-term evolution of the natural salt and backfill barriers can be evaluated. 
This gas generation could be caused by corrosion and biodegradation processes. The gas-
generation rate used here has been determined assuming a corrosion rate of 1 μm/y. From the 
chemical reaction describing corrosion, 3 Fe + 4 H2O → Fe3O4 + 4 H2, the amount of H2 
released per meter of drift and per unit of time has been calculated. Note that the corrosion rate 
assumed in this study is an average value of available corrosion data for steel nuclear waste 
packages (Suter 2003). 

Figure 4-1 shows an overall view of the model and an enlarged view of the drift area. We note 
that the current discretization is different from the one shown in Figure 3-1, particularly in the 
near field. In the present case, not only similar grid blocks are defined at the boundary between 
two different domains, but also the partition in the near-field host rock is different, oriented 
parallel to the X and Z axes as much as possible. This way, the effect of the mesh structure on the 
results and on the contour profiles can be evaluated. Furthermore, here we use a Voronoi 
discretization in the flow subproblem (we note that the update of the flow mesh using Voro++ 
has been implemented into TOUGH-FLAC in the context of our collaboration with TUC). The 
heat load used in the benchmark exercise is the same as the one displayed in Figure 3-2. 

 
Figure 4-1. Geometry of the generic salt repository studied in the first benchmark exercise, with enlarged view of the drift 

area. 

 

Table 4.1 lists the initial flow parameters of the crushed salt, the natural host rock salt, and the 
confining layers. We note that, as compared to the base-case scenario presented in Section 3, 



Modeling Coupled THMC Processes and Brine Migration in Salt at High Temperatures  
August 2014 27 
               

 

here we assume that the undisturbed permeability of the natural salt is 0 m2, and that the initial 
saturation of the host rock is 50%.  

 

Table 4.1. Initial flow parameters of the crushed salt, natural salt and confining sandstone layers considered in the first 
benchmark exercise. 

 Crushed salt Rock salt Sandstone layers 

Sl [-] 0.02 0.5 1 

 [-] 30 % 0.2 % 12 % 

k [m2] 3·10-13 0 10-17a 

λ [W·m-1·K-1] 0.9 4 1.8a 

C [J·kg-1·K-1] 860 860 900a 

a: constant values 

It should be noted that, in this benchmark, we have not considered capillary effects because our 
priority has been to get a satisfactory agreement between the numerical predictions computed by 
the two simulators, trying to reduce the computational time needed to obtain comparable results. 
Consequently, the equivalent pore pressure used in geomechanics is equal to the gas pressure. 
Moreover, as explained before, because the main goal of the first benchmark is numerical, the 
analysis of the results presented hereafter does not include a comprehensive validation based on 
measurement data of the physical processes. 

4.1.2 Comparison and analysis of the results 

Figure 4-2 displays the evolution of temperature over time at four locations in the repository. As 
the figure shows, the predictions offered by TOUGH-FLAC and FLAC-TOUGH are very 
similar. The temperature at the waste package peaks slightly above 180°C after about 1 year. The 
nearby crushed salt and natural host rock salt also show an initial temperature peak; as in the 
scenario discussed in Section 3, this local peak is due to the relatively low thermal conductivity 
of the crushed salt before significant compaction occurs. After about 20 years, the crushed salt is 
reconsolidated and the temperature evolution is uniform. In the near field, the temperature peaks 
at 162°C after 25 years. Twenty-five meters far from the drift, the temperature reaches 100°C 
before 100 years (progressive heat propagation through the host rock). From then on, 
temperature decreases progressively, and after 100,000 years, the initial temperature is restored. 

The evolution of dilatancy (i.e., nonelastic volumetric strain) at the drift contour during the first 
years of the post-closure phase is displayed in Figure 4.3.  We note that the drift is backfilled 
since the beginning of this phase. As the figure shows, the predictions provided by the two 
simulators are very similar. In the first years, dilatancy increases and peaks at about 2.1 % after 
4 years. The excavation damaged zone (EDZ) extends about 1.5 m below the drift floor and 1 m 
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beyond the roof and sidewalls. Due to the dilatancy increase, the secondary porosity of the host 
rock reaches 2.3 % at the drift sidewall (still very low value). In addition, the Biot coefficient of 
the natural salt also increases (Equation (2.8)), thereby increasing the strength of the coupling 
between flow and geomechanics. A maximum value of 0.66 is predicted at the sidewall by the 
two simulators. In turn, the secondary permeability increases several orders of magnitude 
(thermomechanically induced damage). 

 

Figure 4-2. First benchmark exercise: evolution of temperature. Solid lines correspond to TOUGH-FLAC; lines with 
points correspond to FLAC-TOUGH. 

Creep and dilatant behavior of the host rock trigger the progressive compaction of the crushed 
salt. As in the case described in Section 3, as compaction moves forward, the crushed salt 
strengthens (cf. Eq. (2.10)), and an internal support is progressively developed in the rock salt at 
the drift contour. Healing mechanisms are activated, and dilatancy and damage decrease. As the 
last columns of pictures in Figure 4.3 show, the EDZ is sealed after about 7 years. Again, this 
time for EDZ sealing is a good performance indicator of a nuclear waste repository. The initial 
tightness of the host rock is restored, and the stress state progressively evolves to the initial 
isotropic state. The evolution of porosity within the crushed salt during the first 20 years of post-
closure phase is displayed in Figure 4-4. The predictions obtained by the two simulators are very 
similar. As in Section 3, most of the crushed salt has reached the final porosity (0.2%) within the 
first 20 years, which is comparable to previous numerical investigations (Stone et al. 2010). 
During reconsolidation, the flow and mechanical properties of the crushed salt evolve towards 
those of the natural salt, cf. Section 2 and Blanco Martín et al. (2014a; 2014c), and Rutqvist et 
al., (2013). Again, we highlight that the time-dependent evolution of the host rock and the 
crushed salt is extremely related: the natural host rock salt triggers the crushed salt 
reconsolidation, and this reconsolidation favors the onset of healing processes and the restoration 
of the initial natural salt barrier. 
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Figure 4-3. First benchmark exercise: evolution of dilatancy at the drift contour during the first years of post-closure phase, as obtained by TOUGH-FLAC (top) and 
FLAC-TOUGH (bottom).



 Modeling Coupled THMC Processes and Brine Migration in Salt at High Temperatures  
30 August  2014 

 
 

  

``` 

Figure 4-4. First benchmark exercise: evolution of porosity within the backfill during the first 20 years of post-closure 
phase. Solid lines correspond to TOUGH-FLAC; lines with points correspond to FLAC-TOUGH. 

The evolution of pore pressure in the drift area is displayed in the left-hand side plot of Figure 
4-5. A location in the host rock, 25 m away from the drift, is also displayed. In the drift area, a 
strong increase is predicted by the two simulators between 6 and 20 years as porosity becomes 
very low (see Figure 4-4). In the crushed salt, the pore pressure peaks at about 19 MPa as the 
porosity tends to 0.2 %. Shortly after (about 45 years), the pore pressure stabilizes at 13.7 MPa, 
which is the value of the minimum principal stress in the drift area. Indeed, infiltration takes 
places if ΔPFl =σ3+P ≥0, where P is the pore pressure and σ3 is the minimum principal stress 
(Blanco Martín et al. 2014a-d; Rutqvist et al. 2013; Wolters et al. 2012). If P exceeds locally σ3, 
a secondary permeability develops in the host rock (hydraulically induced damage). The factors 
that can make the pore pressure increase are the gas generation, the thermal expansion of the 
fluids, and the effect of crushed salt compaction. However, after 45 years, gas generation is the 
main factor, although its effect is very small due to the low generation rate used. Because of the 
local secondary permeability, and the fact that gas is very compressible, the pore pressure 
remains nearly stable. As Figure 4-5 left shows, 25 m far from the drift, the pore pressure starts 
increasing after 10,000 years, and gets to 13.7 MPa as the infiltration front propagates through 
the rock. (Note, however, that the infiltration front remains within the rock salt layer [more 
details are given below]). 

The evolution of liquid saturation at the same locations is displayed in the right-hand side graph 
of Figure 4-5. Overall, the results of the two simulators are in good agreement. As expected, in 
the crushed salt and rock salt at the drift contour, the liquid saturation increases steeply as 
reconsolidation takes place. In the crushed salt, the reduction of the pore volume explains the 
saturation increase. As for the natural salt, water is squeezed from the crushed salt during 
compaction. Note that in the first years, liquid saturation decreases in the natural salt at the drift 
contour due to the temperature increase (vaporization—this also happened in the scenario 
discussed in Section 3). In the long term, the liquid saturation in the drift area decreases, and 
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liquid water accumulates below the drift, since it flows by gravity. (Below the drift, some 
secondary permeability develops due to damage, so that k> 0 m2.) On the other hand, 25 m far 
from the drift, the saturation barely changes over time.  

 

Figure 4-5. First benchmark exercise: evolution of (left) pore pressure and (right) liquid saturation. Solid lines correspond 
to TOUGH-FLAC; lines with points correspond to FLAC-TOUGH. 

 
 

The evolution of ΔPFl predicted by the two simulators is compared in Figure 4.6.  The initial 
condition at the repository level is ΔPFl ≈ -8 MPa. Over time, because the pore pressure increases 
due to the gas generation, the thermal expansion of the fluids, and the crushed salt compaction, 
ΔPFl increases and may become positive, allowing some infiltration. The zone in which 
infiltration could take place extends 67 m above the drift (the gas moves upwards), which is 
smaller than the rock salt thickness above the drift (200 m). 

Overall, from Figure 4-2 to Figure 4-6, it can be concluded that the results obtained by TOUGH-
FLAC and FLAC-TOUGH are quite comparable, both in terms of the evolution of the natural 
salt barrier and the consolidation of the crushed salt backfill. Key aspects of the THM evolution 
of these two materials can be captured with the simulators used. Moreover, for the reference 
situation investigated, the integrity of the geological barrier (host rock) can be demonstrated due 
to the fact that the spatial extension of the infiltrated zone is limited within the tight salt rock 
mass, and does not reach the confining layer. The satisfactory comparison of the results obtained 
helps increase confidence in and reliability on the numerical predictions. From the work 
performed, we conclude that TOUGH-FLAC and FLAC-TOUGH are suitable to model the long-
term coupled thermal-hydraulic-mechanical response of a generic salt repository for high-level 
nuclear waste. 
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Figure 4-6. First benchmark exercise: evolution of ΔPFl=σ3+P predicted by TOUGH-FLAC (top) and FLAC-TOUGH (bottom). 
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4.2 Second benchmark exercise: 3D modeling of the TSDE 
experiment and recalculation of model parameters 

In the second benchmark exercise currently being performed, we are modeling the TSDE 
(Thermal Simulation for Drift Emplacement) experiment, conducted in the Asse Salt Mine in 
Germany from September 1990 to February 1999 (Bechthold et al. 1999). During this unique 
test, conducted to simulate reference repository conditions for spent nuclear fuel, a significant 
amount of data was measured in 20 monitoring cross sections: temperature, stress changes, 
displacement, convergence and porosity of crushed salt, among others. These data could be used 
to validate the large-scale applicability of models developed from laboratory data, and also to 
calibrate some model parameters whose identification is difficult at the laboratory scale. 

The TSDE experiment was conducted in two parallel drifts, drilled for the purposes of this test, 
at a depth of 800 m in the Asse Salt Mine. These drifts are both about 76 m long and lie 10 m 
apart. In each of the drifts, three electrical heaters were emplaced, each of them releasing a 
constant power of 6.4 kW. The heaters were placed in the central part of the drifts, at a constant 
distance of 3 m. Each heater is 5.5 m long; see Bechthold et al. (1999) for a detailed description 
of the test. The heaters were emplaced 1.4 years after the excavation of the drifts, parallel to the 
drifts’ axis. The open space was subsequently backfilled with crushed salt, with an initial 
porosity of 35%. Figure 4-7 shows a view of the two drifts, including the position of the 
electrical heaters and also the monitoring sections. 

 
Figure 4-7. Schematic view of the two drift tests used in the TSDE experiment (800 m level of the Asse salt mine). From 

(Bechthold et al., 1999). 
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LBNL is currently modeling this experiment using TOUGH-FLAC. The open drift phase 
(1.4 years) has already been successfully modeled. In parallel, TUC is modeling the TSDE 
experiment using FLAC-TOUGH (the open drift phase is also finished). Once the simulations 
are over, we intend to compare the numerical results between them and also with the 
experimental data available through the BAMBUS project (Bechthold et al. 1999). Figure 4-8 
shows several views of the three-dimensional model. For symmetry reasons, we only model half 
of one drift (i.e., 1.5 heaters). The geometry is discretized into about 86,000 grid blocks, and we 
use a Voronoi mesh in the flow subproblem, updated every time the geomechanics mesh deforms 
relative to strains more than 1%. Since the simulations are not finished yet, we do not present 
here any results obtained so far; the full analysis and comparison with experimental data will be 
presented in next year’s report.  

 

 

 

 

 

 

 

 

 

Figure 4-8. Views of the 3D mesh used in the modeling of the TSDE experiment (flow and geomechanics discretization). 
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We note that, because of the size of the model and the complexity of the phenomena investigated 
(rock salt damage and healing, crushed salt compaction, effect of temperature, etc.), the 
simulations are expected to last several weeks. Depending on the computational cost, we will 
decide whether inverse modeling (to calibrate the parameters over which some uncertainty 
exists) is a viable solution in this case. Otherwise, we may perform certain forward cases to try to 
“manually” calibrate the most uncertain parameters. 

 

5. CONSTITUTIVE RELATIONSHIPS FOR BRINE MIGRATION 

In this section, we discuss the development of a conceptual model for simulating the flow and 
transport of brine in salt formations. In particular, we present a dual-continuum approach for 
modeling brine migration. In this approach, we conceptualize the interconnected pore space of 
salt formations as one continuum. The second continuum consists of the salt grains which, 
partially comprise of brine inclusions. While single-continuum models of brine migration in salt 
have been recently developed (Olivella et al. 1994; Kuhlman and Malama 2013), the dual-
continuum description, to the best of our knowledge, has not been developed in the past. Given 
the strong thermal gradients that are expected to exist in salt formations hosting high-level 
radioactive waste repositories, the applicability of a single-continuum approach, based on the 
assumption of equilibrium between the pore fluid and surrounding solids, is questionable. A 
dual-continuum approach, in which the pore fluid and solids are treated as two separate but 
interacting continua occupying the same physical space, one can resolve the strong gradients at 
the fluid-solid interface more efficiently.  

We begin by discussing the need for understanding brine migration under thermal gradients. We 
then review some of the historical work that has been done in the context of modeling brine 
migration in salt formations. Most of these earlier modeling efforts were restricted to 
understanding brine migration in single salt crystal; however, a continuum description of brine 
flow has also emerged more recently (Olivella et al. 1994). In the next section, we present the 
necessity for a dual-continuum approach for understanding brine migration in salt formations. 
We then develop the differential mass and energy conservation equations for brine migration in 
salt formations for an arbitrary representative control volume, which is large enough to permit a 
continuum description of flow and transport. This is followed by development of mathematical 
expressions for advective and diffusive fluxes, both under pressure and thermal gradients. We 
also develop mathematical equations for obtaining the mass and energy exchange terms between 
the two continua. We conclude by discussing how we intend to implement the above modeling 
scheme into a general-purpose flow and transport simulator such as TOUGH2. This initial model 
building effort was restricted to only flow and transport modeling without consideration of 
mechanical effects. In the next step, mechanical effects including movement of the grain 
boundaries will be addressed.  

 

5.1 Background 

In future nuclear waste repositories groundwater is considered to be the main agent for corrosion 
of waste packages, solubilization of the waste forms, and transport of the wastes to the accessible 
environment. Natural salt deposits have low permeability and are thus excellent candidates for 
hosting heat-emanating wastes (e.g., used nuclear fuels). However, they will still contain a 
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certain amount of water, either deposited with the salt or emplaced during some secondary 
process. This water may be present in intercrystalline pore space, intracrystalline inclusions, and 
hydrated or hydrous minerals. The significance of the presence of brine in salt rock is that, under 
a temperature, pressure, and/or chemical potential gradient, such water has been shown to 
migrate. The brine volumes can move either up or down a gradient, depending upon its 
occurrence. . Therefore, despite the basic impermeability of salt rock, brine may still reach the 
waste packages and compromise their performance under repository-induced conditions (Kelly 
1985). 
 
In the past, brine-migration research for nuclear waste disposal has focused primarily on brine-
inclusion migration caused by thermal gradients (e.g., Anthony and Cline 1971; Jenks and 
Claiborne 1981; Roedder and Chou 1982; Yagnik 1983; Olander 1984). These previous 
investigations show that when a temperature gradient is applied to an all-liquid inclusion, 
migration is driven by solubility differences. Because the solubility of salt increases with 
temperature, salt will dissolve at the interface closest to the heat source (the "hot" face),  diffuse 
through the brine as a result of solution composition and temperature gradients, and precipitate at 
the interface furthest from the heat source (the “cold” face). This is brought about because the 
thermal conductivity of the salt is higher than that of the brine, which produces a higher 
temperature gradient within the liquid than the applied gradient to the solid (Yagnik 1983). Thus, 
the inclusions tend to migrate toward the heat source. A number of mathematical expressions 
have been developed (Anthony and Cline 1971; Jenks and Claiborne 1981; Yagnik 1983; 
Olander 1984) for estimating the brine-inclusion-migration velocities up a thermal gradient. 
 
The impact of the presence of a gas phase within the brine inclusions has also been investigated, 
and has been found to have a profound effect on brine migration (Olander 1984). In gas-liquid 
brine inclusions, the increase in vapor pressure of water over brine with increase in temperature 
seems to be the primary factor controlling inclusion behavior. Water evaporates at the hot side of 
the gas bubble, then is transported to the cold side and condenses (Anthony and Cline 1972; 
Olander, 1984). The condensed water in turn flows back to the hot side, carrying dissolved salt 
from the cold face of the inclusion to the hot face. This backflow effect overwhelms any 
solubility-driven salt flux if the gas volume fraction is >0.1. Thus, the gas-liquid inclusions tend 
to migrate away from the heat source, and expressions have been developed to estimate the 
velocities of gas-liquid inclusions away from a heat source. Note that these mathematical 
expressions for estimating brine-inclusion migration velocity are strictly applicable to single salt 
crystals only.  
 
In addition to the above research focusing on brine migration at the scale of single crystals, 
Olivella et al. (1994) presented the macroscopic governing equations (continuum scale) for 
nonisothermal multiphase flow of brine and gas through porous deformable salt rock media. 
Their balance equations included species (i.e., salt, water, and air) mass balance, equilibrium of 
stresses and energy balance. The balance of salt allowed the establishment of the equation for 
porosity evolution due to solid skeleton deformation, dissolution/precipitation of salt and 
migration of brine inclusions. The mechanical problem was formulated through the equation of 
stress equilibrium. Finally, the balance of internal energy was established assuming thermal 
equilibrium between phases. Olivella et al. (1994) used these mathematical formulations to 
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develop a numerical finite element model called CODE-BRIGHT (Coupled DEformation, 
BRine, Gas and Heat Transport). 
 

5.2 Recent Observations and Advances 

While past research focused primarily on brine-inclusion migration under thermal gradients, 
temperature gradient is not the only driving force for brine migration (which includes both 
intercrystalline and intracrystalline or inclusion migration). For example, the behavior of 
intercrystalline brine under a temperature gradient is mostly unknown, even though it has been 
postulated that its migration is likely to be governed more by pressure gradients than thermal 
gradients. Moreover, temperature is not the only thermodynamic condition that alters solubility 
(which, as discussed in Section 5.1, is the primary driving force for intracrystalline brine 
migration); pressure and chemical potential also play a role and can also lead to analogous 
migration behavior (Urai et al. 2008). Finally, the migration of an aqueous phase in salt rock by 
dissolution-diffusion-precipitation affects not only fluid inclusions but also grain-boundary brine 
as well. When fluid inclusions and grain boundaries migrate, they can also collide, leading to 
interactions between these different brine configurations in salt rock. Complex relationships have 
been observed regarding the ability of such collisions to result in, for example, incorporation of 
the fluid-inclusion brine into the grain-boundary brine, or alternatively that the fluid inclusion 
passes through the grain boundary essentially unaffected (Schenk and Urai 2005).  
 
In most of the past research, it has been routinely assumed that the fluid inclusions migrated 
(under thermal gradient) and “collided” with stationary grain boundaries, where small inclusions 
were stopped at the grain boundary while larger inclusions released fluid into the grain 
boundaries. There exists also some research work on grain-boundary migration under natural 
conditions, which focused on migration caused by pressure-solution, dislocation energy density, 
and grain-boundary surface curvature. In this case, grain boundaries are migrating whereas fluid 
inclusions are stationary. More recent work on grain-boundary collisions with fluid inclusions, 
on the other hand, have shown a variety of behaviors, including (1) incorporating inclusion fluid 
into grain boundary; (2) causing a temporary bulge in the grain boundary that is subsequently cut 
off and left behind as a fluid inclusion; (3) passing through the grain boundary unaffected. These 
different modes of interaction were observed to depend on the rate of grain-boundary migration, 
thickness of the grain boundary, and size and shape of the inclusion (Schenk and Urai 2005). 
After grain-boundary migration ceases, there is also a tendency of grain-boundary water to break 
up into isolated inclusions (Desbois et al. 2010). Note that while fluid inclusion migration speed 
under a temperature gradient increases with inclusion size up to 1 cubic millimeter in volume 
(Roedder and Belkin 1980), grain-boundary migration speed, driven by pressure or dislocation 
density gradients, peaks at a thickness between 10 and 100 nm (Urai et al., 1986).  
 
Recently, Caponruscio et al. (2013) examined brine inclusion migration in single salt crystals 
and salt aggregates as a function of thermal gradients. They found that at temperatures larger 
than 160 C all inclusions became two-phase inclusions. In such two-phase inclusions, they 
observed brine to migrate up the thermal gradient, while the gas migrated down the thermal 
gradient. Furthermore, they found that brine inclusion migration velocity depended on the 
magnitude of the thermal gradient within the inclusion, the temperature of the hot face of the 
inclusion, the size of the inclusion, and the chemical composition of the brine. Even though these 
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experimental observations are strictly valid for inclusion migration within a single salt crystal, 
they are nonetheless important results for building a reliable conceptual model of brine migration 
at the continuum scale, and we intend to utilize these latest experimental observations while 
developing our conceptual model. Finally, while some results (both experimental and theoretical) 
are available for brine migration in salt crystals, very little information seems to be available at 
present linking the thermally-driven fluid inclusion migration process with the pressure-
dislocation-driven grain-boundary migration process and the different forms of grain-boundary 
interactions with fluid inclusions. Filling this knowledge gap is one of the primary objectives of 
the modeling effort proposed herein.  
 

5.3 Modeling Approach 

 
Based on the above discussion, it is clear that the development of constitutive models for brine 
migration first requires an understanding of the behavior of brine migration through 
interconnected intergranular (i.e., intercrystalline) pore spaces, migration of brine in isolated 
fluid inclusions (i.e., intracrystalline brine inclusions), interactions between these two 
configurations of brine, the impacts of mechanical deformation and temperature gradient, and the 
ways in which clays and other constituents of salt rock contribute to brine migration. At present, 
this understanding is mostly limited, if not completely absent, even though some advances have 
been made recently (Olivella et al. 1994; Kuhlman and Malama 2013). The conceptual models 
currently available in the literature for describing brine migration in salt rock are single-
continuum models, which make the tacit assumption that the fluids in the inter- and 
intracrystalline pore space are in physical and chemical equilibrium with one another. Given the 
differences in driving forces controlling flow and transport in the inter- and intracrystalline pore 
spaces, and also because of the differences in temporal scales associated with each of these pore 
spaces, such an assumption of equilibrium between these two spaces is questionable. Even 
though the resulting mathematics (and subsequent computer coding) is considerably more 
complicated, we believe that a dual-continuum description is needed to properly understand 
brine migration in salt rocks under expected repository-induced conditions. 
 
Central to our dual-continuum postulation is the assertion that a salt rock, which contains both 
interconnected intercrystalline pore spaces and intracrystalline brine inclusions, can be separated 
into two distinct continua (Figure 5-1). In this dual-continuum model, one continuum represents 
the connected intercrystalline pore space (where flow and transport is mostly controlled by 
pressure gradients, and molecular and thermal diffusion) and the other represents the 
intracrystalline inclusions (where the primary transport mechanism is temperature-driven 
solubility changes). Because both media are treated as separate systems, flow and transport 
processes are described by two sets of conservation equations (one set each for each of the two 
continua), which are coupled through suitably defined exchange terms. In essence, our proposed 
modeling approach is similar to the classical dual-continuum approaches used for modeling flow 
and transport in fractured rock systems (Warren and Root 1963; Gerke and van Genuchten 
1993), where one continuum represents the fracture system with large fluid conductivities, and 
the other represents the rock matrix with large storage capacity.  
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Figure 5-1. Schematic diagram showing the interconnected pore space and the intracystalline inclusions within an 
representative elementary volume (REV) in a dual-continuum conceptualization of salt formations. Figure also shows the 

various fluxes and inter-continuum exchanges 

 
Apart from a dual-continuum approach, a rethinking is also needed with regards to modeling 
fluid flow through the connected intercrystalline pore spaces of salt rock. Brine movement 
through the interconnected pore space may be described in terms of traditional Darcy-flow 
equations, where pressure and gravitational potentials drive fluid flow. However, because salt 
rock has extremely low permeability, the possibility of non-Darcy flow also needs to be 
investigated. Non-Darcy flow has been reported in low-permeability clay rock, and recent 
investigations have found that flow behavior in nanotubes exhibits non-Darcy behavior (Liu and 
Birkholzer, 2012). This suggests that flow through the extremely narrow intercrystalline pore 
spaces in salt rock may also be subject to non-Darcy flow mechanisms. Additional factors that 
drive brine flow include the Soret effect, where brine flux is driven by the temperature gradient, 
as well as osmotic couplings caused by chemical potential gradients. Inter and intragranular brine 
may also be found in association with a noncondensable gas phase and may require consideration 
of two-phase flow. 
 

5.4 Governing Equations 

 
When brine flows through the interconnected pore space of a salt rock formation, which we 
conceptualize as analogous to its flow in a simple porous medium, the main flow mechanisms 
are advection and diffusion. The dissolved salt in the pore fluid, as it flows through the pore 
space by advection or diffusion, may enter the intracryastalline continuum through solute 
exchange governed by thermal and chemical potential gradients, and can undergo precipitation 
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and/or dissolution at the solid-fluid boundaries depending on solubility conditions, which are 
again controlled by temperature and pressure. Assuming single-phase flow conditions only, i.e., 
ignoring the presence of any vapor- or gas-phase flow, the transport of salt in the dissolved phase 
in the connected pore space can be described by the following equation at the continuum scale 
(i.e., at the scale of a representative elementary volume, REV, over which an average value of 
the variables can be defined): 

 

 
      pplssplssolplplpplslp
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pdspa qq
            (5.1) 

 
where p is the porosity of the intercrystalline pore space, l is the density of the liquid (i.e., 

brine) phase [kg m-3], plS and plsX are the liquid saturation and mass fraction of salt in the liquid 

phase of the same space, and solX is the equilibrium solubility of salt in water expressed in terms 

of mass fraction. paq [m s-1] and pdsq [m s-1] in the first and second term on the right-hand side of 

Equation (5.1) are, respectively, the advective and diffusive fluxes of salt in the interconnected 
pore space. While the fourth term on the right-hand side of Equation (5.1) represents an 
exchange of salt mass between the two continua per unit salt rock volume (we discuss this term 
later), the third term simply specifies a rate law for exchange of salt mass between the liquid and 
solid phases in the interconnected pore space. The exchange of salt between the solid and liquid 
phases is postulated to be governed by an “effective” rate law constant, pR . The last term on the 

right-hand side of Equation 1 is a generation term (sink or source) for brine.  
 
A water mass balance in the intercrystalline pore space can be similarly written as 
 

                  pplwwlpplwlpplwpllp MXXXS
t



  pdwpa qq                         (5.2) 

 
where the subscript ‘w’ has been added to the variables and parameters to denote water. Within 
the interconnected pore space, mass balance of solid salt yields the following equation: 
 

                              plssolplpspsp XXRS
t



                                                                (5.3) 

where s [kg m-3] is the density of solid salt. In writing Equation (5.2), we have made the tacit 

assumption that solid salt is immobile, and is therefore not included in the intercontinuum mass-
exchange processes. It is also assumed that the solid phase consists of pure salt (note the absence 
of any mass fraction terms). For the intracrystalline pore space, conservation of salt mass in the 
brine phase takes the form 

 
 
          

    slsincsolinclincp

lincplsinclincplsinclinclincp

XXR

XXS
t







,

,,,

1

111



 dsinc,ainc, qq



Modeling Coupled THMC Processes and Brine Migration in Salt at High Temperatures  
August 2014 41 
               

 

                   (5.4) 
 
where the subscript “inc” has been used to denote the intracrystalline or inclusion continuum; 
otherwise, the symbols have similar meanings to those introduced in Equations (5.1) and (5.2). 
The corresponding water balance can be written as 
 

          wlincplwinclaincplwinclinclincp XXS
t





dwinc,inc, qq  1.11 ,,,      (5.5)          

 
Conservation of solid salt in the intracrystalline solid takes the following form, which is similar 
to Equation (5.3), 
 

                    (5.6) 
                                           
 

 
Note that, in this initial stage of model building, we assumed that the solid phase is immobile. 
This restriction can be relaxed by adding a solid velocity term in Equation (5.6). The mass-
balance equations (Equations (5.1) through (5.6)) need to closed with the following equations 
 
                                                               1 sl SS                                                                    (5.7) 

                                                        1 plwpls XX                                                                    (5.8) 

                                                      1,,  sinclinc SS                                                                      (5.9) 

                                                        1,,  lwinclsinc XX                                                              (5.10) 

  
 
Equations (5.1) through (5.10) completely describe the mass-transport processes in salt rock for 
single-phase flow, and can be solved for the ten unknowns p , inc , plS , psS , plsX , plwX , lincS , , 

sincS , , lsincX , and lwincX , , provided we can formulate suitable mathematical descriptions for the 

different fluxes and mass exchange terms, i.e., the constitutive relationships (see Section 5.5). 
 
Before developing expressions for the fluxes and mass-exchange terms, however, we must first 
develop the energy-balance equations for the two continua. For the interconnected pore space, 
energy balance yields an equation of the following form: 
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          (5.11) 

 
In Equation (5.11), pT is the temperature in the continuum of the interconnected pore space,  is 

the (effective) thermal conductivity of the brine system in the same continuum, pG represents an 

energy generation (sink or source) term per unit volume of the rock, and E is the energy 
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exchange term between the two continua. Furthermore, C , u and h are the specific heat capacity, 
specific internal energy, and specific enthalpy (with subscript s representing salt and w 
representing water) of the brine system, both of which depend on temperature of the continuum, 

pT .  

 
Energy transport in the solid phase of the intracrystalline continuum (i.e., the grains) can be 
simplified to the form 

                         ssssssssincincp EGTTCS
t



 2

,11                                             (5.12) 

where the symbols have their usual meanings with subscript ‘s’ denoting solid salt. In Equation 
(5.12), sG is the internal energy generation term (sink or source) within the grains, and sE is the 

energy exchange term with the fluid inclusions. Finally, the energy transport in the inclusions 
within the intracrystalline continuum can be expressed as 
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Note that in writing Equation (5.13), we have denoted the temperature of the inclusions as incT  , 

which is different from the temperature of the grains  sT . Because of the vastly different 

thermal conductivities of brine and solid salt, it is expected that the temperature gradients within 
the brine of the inclusions and those in the grains are going to be different, resulting in different 
patterns of temperature evolution in the two. Past experimental works have confirmed the 
existence of two different temperature fields within the intracystalline pore space. Note that, in 
writing Equation (5.11) and (5.13), we have ignored the impact of heat of dissolution and 
recrystallization. 
 
 

5.5 Fluxes and Inter-Continuum Exchange Terms 

Darcy’s law is commonly used to relate the flow rate of a fluid in a porous medium and the 
applied pressure gradient. Thus, for the interconnected pore space continuum (or the 
intercrystallline continuum), we can write the advective flux of brine as (Kuhlman and Malama, 
2013) 
 

                                               pplp TgzP  

K

qap                                                  (5.14) 

where apq is the advective [m s-1], K is the permeability tensor [m2],  is the viscosity of brine, 

pP is pressure, g is acceleration due to gravity, and z is the vertical coordinate. While the first 

term on the right-hand side of Equation (5.14) represents the contribution of pressure gradient 
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(and gravity) to the advective flux in the interconnect connected pore continuum, the second 
term is the contribution of thermal gradient (i.e., Soret effect) to the advective flux, where p is 

the Soret coefficient (the subscript p has been added because Equation (5.14) is valid for the pore 
continuum).  
 
As discussed in Sections (5.1) and (5.2), there are concerns regarding the applicability of Darcy’s 
law for brine flow in salt formations. This is primarily because salt formations have extremely 
low permeabilities. For such low-permeability porous media, the linear relationship between 
advective flux and pressure (or hydraulic) gradient often breaks down. Hansbo (1960) was the 
first to report that, in low-permeability porous formations such as clay, the linear relationship 
between flux and hydraulic gradient, as postulated by Darcy’s law, is strictly applicable if the 
hydraulic gradient is above a critical value, below which the relationship is highly nonlinear. 
Hansbo (1960) explained this behavior by positing that a certain hydraulic gradient was required 
to overcome the maximum binding energy of mobile pore water. This postulation has been later 
confirmed by many experimental observations (e.g., Miller and Law 1963; Klausner and Craft 
1966; Antia 2008; Cui et al. 2008; Alabi et al. 2009). After reviewing several set of experimental 
data sets relating flux and hydraulic gradients, Liu and Birkholzer (2012) suggested a 
relationship for fluxes and hydraulic gradients in clay formations with very low permeabilities. 
Based on their formulations, Equation (5.14) can be written as 
 

                ppNDl TCgzP  
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where NDC is a correction factor to the flux term resulting from non-Darcy (ND) effects. Liu and 

Birkholzer (2012) suggest the following equation for this correction term: 
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where  refers to the Gamma functions  
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In Equation (5.16), j is the magnitude of hydraulic gradient, and *J is defined as follows: 
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where J is a threshold gradient. If the applied gradient is below this threshold value, water 
becomes immobile. The parameter  depends on the nature of the clay, and its value for 
different kinds of clay can be found in Liu and Birkhozer (2012). While these non-Darcy effects 
have been developed for clay materials, we believe they can be used for modeling advective 
fluxes in low-permeability salt formations, though some modifications may be needed. 
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A large volume of literature exists on the migration velocities of brine inclusions within salt 
crystals, a review of which can be found in Kelly (1985). Because we are developing a 
continuum description for flow and transport of brine, these expressions for migration of brine 
inclusions in single salt crystals are not directly relevant, because we need to obtain an 
expression for flux in an “average” sense. We thus follow the formulations of Olivella et al. 
(1994), and write the following expressions for advective transport in the intracrystalline 
continuum: 
 
                                                 incinc T ainc,q                                                                     (5.19) 

 
Note that, in writing Equation (5.19), we have assumed that the only mechanism for advective 
transport within the intracrystalline continuum is the movement of inclusions under a thermal 
gradient (i.e., Soret effect). In other words, we have neglected advection under pressure gradient 
within that continuum, which is a reasonable approximation because the intracrystalline pore 
space consists of isolated inclusions.  
 
For the different diffusive flux terms, we simply assume that Fick’s law of diffusion is valid. 
Thus, for the diffusive flux of salt in the interconnected pore space, we have 
                                                              pls

l
s XD pdsq                                                          (5.20) 

where l
sD is the diffusion coefficient of salt in the liquid phase (i.e. brine). The diffusive flux of 

water in the same pore space is written as 
                                                             plw

l
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where l
wD is the diffusion coefficient of water in brine. Similarly, the diffusive fluxes within the 

intracrystalline continuum can be expressed as 
                                                           lsinc

l
s XD ,, dsincq                                                        (5.22) 

and 
                                                            lwinc

l
s XD ,, dwincq                                                      (5.23) 

 
 
In addition to the advective and diffusive fluxes, we also need mathematical expressions for the 
exchange terms between the two continua. Two approaches are generally available for the 
representation of exchange terms (e.g., Bai et al. 1993; Birkholzer and Rouvé 1994), i.e., the 
quasi-steady state and the unsteady-state or transient approach. In the quasi-steady state 
approach, the intercontinuum exchange term is assumed to be proportional to the difference in 
the average values of the quantity of interest (e.g., flow potential or solute concentration) in the 
two continua. In the unsteady-state approach, on the other hand, the exchange term is 
proportional to the gradient of the quantity of interest evaluated at the interface of the two 
continua. It is obvious that the quasi-steady state approach is a special case of the unsteady-state 
approach, in which we can roughly approximate the gradient as a linear function over a small 
(but non-zero) distance around the interface location. The quasi-steady approach is thus most 
appropriate for situations in which the gradients of flow potential and concentrations are not very 
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steep at the interface of the two continua. Given the slow flow that is expected in the 
interconnected pore-space of the extremely low-permeability salt formations, it may be 
reasonable to assume that the quasi-steady state approach is adequate. Furthermore, to address 
inclusion migration behavior at the grain boundaries, we intend to adopt a probabilistic approach. 
In this approach, an inclusion after reaching the grain boundaries would drain into the inter-
connected pore space continuum with a probability p. It may also simply bypass the pore space 
and migrate into the neighboring grains with a probability of 1-p.  
 
The intercontinuum exchange term is best understood when presented in terms of the discretized 
form of the conservation equations. For example, the advective flux along the direction ij 
between two adjacent gridblocks i and j (see Figure 5-2) of the interconnected pore space can, in 
general, be written as (see Equation (5.14)) 
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where ijA is the common interface area of gridblocks i and j, and iD and jD are the distances of 

the centers of gridblocks i and j, respectively, from the common interface. In Equation (5.24), we 
have defined the flow potential i in gridblock i as 

 
                                              iNDiijli CgzP ,21,                                                             (5.25) 

In Equations (5.24) and (5.25) (and hereafter), the subscript ij+1/2 is used to denote a proper 
averaging or weighting of fluid flow, component transport, or heat-transfer properties at the 
interface or along the connection between two blocks or nodes i and j. We can develop similar 
expressions for the diffusive flux terms and energy-transfer terms, but these are not repeated here 
for the sake of brevity. 
 
The exchange term between two grid blocks belonging to different continua can be written with 
the same basic form defined in Equation (5.24); however, care must be taken in defining the 
effective surface areas (for exchange) and the effective distance over which this transfer takes 
place (i.e., the distance over which the quasi-steady state approximation is valid). In other words, 
we need different expressions for ij and ij , which are the parameters that actually control the 

intercontinuum exchange of mass and energy. In a general sense, these parameters can be 
expressed as 
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where incpA , is the effective interface area between the two continuua of a particular grid block 

(which is different from its geometric area), incpl , is the effective transfer distance, and incp, is the 

relevant effective transport property (permeability, diffusivity, or Soret coefficient). For 
conventional fractured porous rock systems, expressions are available in the literature for 
estimating these parameters in different dimensions (Warren and Root 1963; Bai et al. 1993; Wu 
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and Pruess 1988; Wu et al. 2004; Wu and Qin 2009). We are evaluating these expressions for 
their applicability in salt formations, and suitable modifications will be made before they are 
incorporated in a numerical scheme. 
 
 

 
 
 

Figure 5-2. Space discretization and flow-term evaluation in the integral finite difference approach. 

 

5.6 Numerical Formulation 

The mathematical model presented above is well suited for implementation within the 
framework of the TOUGH2 numerical simulator. TOUGH2 (Pruess et al. 2011) is a general 
purpose software for simulating nonisothermal, multiphase flow and transport in porous and 
fractured formations. It uses an integral finite-difference scheme (Narasimhan and Witherspoon 
1976) for spatial discretization, and a fully implicit scheme for spatial discretization. TOUGH2 
provides options for modeling the pressure and temperature dependence of brine density and 
viscosity. It also provides some options to correlate the changes in permeability arising from 
porosity changes resulting from salt precipitation and dissolution. However, these relationships 
may have to be updated or newer correlations, which are specific for salt formations (e.g., 
Olivella et al. 2011), may have to be included. Newer subroutines will be added to simulate the 
migration of brine in the intracystalline continuum and the migration of brine under thermal 
gradient (i.e., Soret effect). We will also reevaluate the options available for modeling the 
dependence of salt diffusion coefficient on temperature and brine composition. Once the above 
are accomplished, we will extend these mathematical formulations to include the impact of 
mechanical deformations on brine migration in salt formations. 
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6. CONCLUSIONS 

In FY2014, LBNL’s work has been focused on continued testing, application, and improvement 
of the computational models and tools to simulate high-temperature coupled processes and their 
effect on brine accessibility and migration. LBNL has gained experience and made significant 
advancement in this research through collaboration with the research group led by Professor Lux 
at Clausthal University of Technology (TUC) in Germany. This includes improvements to the 
TOUGH-FLAC simulator related to constitutive models for both solid rock salt and crushed salt, 
as well as related to the use of a Voronoi discretization in the flow subproblem, even when the 
mesh deforms over time due to creep and large strains.  

Based on the FY2014 model improvements, we have updated and completed our study of long 
term THM behavior of a generic repository, and this has also been summarized and submitted for 
publication in a journal (Blanco Martin 2014d). Overall, the generic repository simulation results 
suggest that the EDZ is healed within the first few years and that the backfill reconsolidates 
within the first two decades. Depending on the magnitude of the pore pressure relative to the 
minimum principal stress, damage-induced secondary permeability and fluid infiltration may 
occur at a larger temporal and spatial scale. Once damage processes are over, our predictions 
show that the initial tightness of the host rock is restored.  

LBNL also conducted a benchmark simulation on the same scenario comparing the two 
simulators TOUGH-FLAC (LBNL) and FLAC-TOUGH (TUC), and achieved good agreement 
providing code-to-code verification and confidence in the simulation results achieved. The 
comparison of the results obtained from the two simulators is very satisfactory, both in terms of 
the evolution of the natural salt barrier and the consolidation of the crushed salt backfill. Another 
benchmark calculation has been initiated involving modeling of the TSDE (Thermal Simulation 
for Drift Emplacement) test conducted in the Asse Mine, Germany. The TSDE analysis will be a 
major modeling effort that will provide the opportunity to validate the TOUGH-FLAC simulator 
for drift closure and backfill compaction at a large 3D field setting.  

Finally, LBNL developed a dual-continuum approach that accounts for brine migration through 
both interconnected intergranular (i.e., intercrystalline) pore spaces and isolated fluid inclusions 
(i.e., intracrystalline brine inclusions), considering both pressure and temperature gradients. The 
plan is to implement such an advanced brine-migration dual-continuum model into the TOUGH2 
and TOUGH-FLAC simulators, and then validate the brine-migration model and its 
implementation against experimental data.  

Thus, FY2014 accomplishments are summarized as follows:  

 Improvements of the TOUGH-FLAC simulator, including the use of Voronoi 
discretization for a more accurate flow simulation under (large-strain) deforming 
numerical grid.  

 Updates in the implement constitutive model for more accurate representation of damage 
and healing processes.  

 Updated simulation on long-term THM evolution for a salt-based repository with 
methods and results summarized in a paper submitted to a journal.  
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 Completed code-to-code verification of TOUHG-FLAC and FLAC-TOUGH codes in 
collaboration with the Clausthal group achieving good agreement and confidence in 
respective simulators.  

 Completed a 3D model setup of the TSDE experiment that will be used for model 
validation against field data.   

 Developed a conceptual model for a dual-continuum approach for brine migration 
(involving both intercrystalline flow and intracrystalline brine inclusions).  

To date, since the start of the work in FY2012 with adapting TOUGH-FLAC for salt related 
THMC modeling, the following successful model simulations have been conducted:  

 Modeling of a brine infiltration laboratory experiment validating TOUGH-FLAC with the 
Lux/Wolter’s constitutive model related to brine infiltration when pore pressure exceeds 
minimum compressible principal stress (FY2012).  

 First TOUGH-FLAC modeling of long-term repository evolution without consideration 
of drift compaction (FY2012).  

 Modeling of triaxial compression test to validate TOUGH-FLAC with Lux/Wolter’s 
model regarding mechanical behavior under shear stress and strain (FY2013). 

 Modeling of Terzaghi’s 1D consolidation problems with comparison to analytic solution 
to verify TOUGH-FLAC hydraulic and mechanical pore-volume coupling under small 
and large strain (FY2013).  

 Second TOUGH-FLAC modeling of long-term repository evolution using Lux/Wolter’s 
constitutive model and crushed salt constitutive models with large-strain compaction of 
salt backfill (FY2013).  

 Third TOUGH-FLAC modeling of long-term repository evolution using updated 
TOUGH-FLAC code with more accurate representation of flow though Voronoi mesh 
discretization and updated Lux/Wolter’s model related to damage and healing (FY2014). 
This also involved code-to-code verification between LBNL’s TOUGH-FLAC and 
Clausthal’s FLAC-TOUGH simulators.  

Thus, the work is progressed by gradually incorporating desired improvement into the simulator, 
conducting validation against experiments and to update the generic repository modeling to 
assess the relevance to the long term performance of the repository.  The progress of LBNL’s 
work related to modeling coupled processes in salt is very much in line with UFD goals to fill 
data needs and confirm advanced modeling approaches (by 2015), and to have a robust modeling 
and experimental basis for evaluation of multiple disposal system options (by 2020). In this 
context, we conclude that the TOUGH-FLAC combination can provide the necessary modeling 
tool for modeling coupled processes associated with nuclear waste disposal in salt formations, 
including high-temperature multiphase flow and transport processes, coupled with time-
dependent geomechanical (creep) processes under large deformations. At the same time, we have 
gained access to both laboratory and field data that will be increasingly important for validation 
of the advanced numerical tools.   



Modeling Coupled THMC Processes and Brine Migration in Salt at High Temperatures  
August 2014 49 
               

 

In FY2015, LBNL plans to continue the successful collaboration with the Clausthal group for 
further development, validation, and application of the TOUGH-FLAC simulator relevant to 
waste disposal in salt. Specific objectives of this research include: 

 Continue salt-related model improvements and optimizing the TOUGH-FLAC simulator 
and conduct code-to-code verification with the fully coupled Code-Bright finite element 
code to investigate potential time-step limitations in the sequentially coupled TOUGH-
FLAC solution.   

 Conduct benchmarking and model validation against the Asse Mine TSDE experiment, 
with potential participation in the US-German benchmarking project.  

 Extend modeling from THM to THMC processes considering salt precipitation and 
dissolution.  

 Implement proposed dual-continuum model into TOUGH2 and test it for modeling 
thermally driven brine migration and investigate the roles of intercrystalline flow versus 
intracrystalline brine inclusions on the overall brine migration. 

 Conduct coupled geomechanical model simulations to support the design of a proposed 
heater experiment in salt.   
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