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Fate of repository gases (FORGE) 

The multiple barrier concept is the cornerstone of all 
proposed schemes for underground disposal of 
radioactive wastes. The concept invokes a series of 
barriers, both engineered and natural, between the 
waste and the surface. Achieving this concept is the 
primary objective of all disposal programmes, from 
site appraisal and characterisation to repository design 
and construction. However, the performance of the 
repository as a whole (waste, buffer, engineering 
disturbed zone, host rock), and in particular its gas 
transport properties, are still poorly understood. 
Issues still to be adequately examined that relate to 
understanding basic processes include: dilational 
versus visco-capillary flow mechanisms; long-term 
integrity of seals, in particular gas flow along contacts; 
role of the EDZ as a conduit for preferential flow; 
laboratory to field up-scaling. Understanding gas 
generation and migration is thus vital in the 
quantitative assessment of repositories and is the 
focus of the research in this integrated, multi-
disciplinary project. The FORGE project is a pan-
European project with links to international 
radioactive waste management organisations, 
regulators and academia, specifically designed to 
tackle the key research issues associated with the 
generation and movement of repository gasses. Of 
particular importance are the long-term performance 
of bentonite buffers, plastic clays, indurated mudrocks 
and crystalline formations. Further experimental data 
are required to reduce uncertainty relating to the 
quantitative treatment of gas in performance 
assessment. FORGE will address these issues through a 
series of laboratory and field-scale experiments, 
including the development of new methods for up-
scaling allowing the optimisation of concepts through 
detailed scenario analysis. The FORGE partners are 
committed to training and CPD through a broad 
portfolio of training opportunities and initiatives which 
form a significant part of the project.  
Further details on the FORGE project and its outcomes 
can be accessed at www.FORGEproject.org.
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Foreword 
This report is the published product of the studies by the participants IRSN and CIMNE in the 
FORGE projects. It contains the final summary of the modelling activities within WP3.  
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Part I: IRSN contribution to FORGE deliverable D3.31 
 Magdalena Dymitrowska 
 

RESUME 

Dans ce document, nous présentons les travaux menés par l'IRSN dans le cadre du WP3 du projet 
européen FORGE (2009-2013) relatifs à la compréhension de la production de gaz dans un 
stockage de déchets radioactifs. La première partie traite des propriétés thermodynamiques de 
l'eau porale en présence d'hydrogène dans les argiles désaturées. La deuxième partie concerne les 
simulations, à l'échelle des pores, des écoulements diphasiques dans l'argilite à Opalines par la 
méthode de Lattice-Boltzmann afin de déterminer ses propriétés macroscopiques. Enfin, le 
développement par l'IRSN d'un outil numérique pour la simulation de l'écoulement diphasique 
Darcéen à l'échelle d'ouvrages de stockage, avec une attention particulière au traitement des 
transitions de phases et de systèmes hétérogènes, est décrit.  

ABSTRACT 

In this document we present the work carried out by IRSN within the Work package 3 of the 
European project FORGE (2009-2013) devoted to the understanding of the migration around 
radioactive waste repositories. The first task contains the calculation of thermodynamic properties 
of pore water in presence of hydrogen in unsaturated clays. The second part concerns pore size 
simulations of two phase flow in Opalinus clay with a lattice Boltzmann approach in order to 
determine flow properties of the clay. Finally, the development of IRSN simulation tool for two-
phase Darcy flow on the scale of repository elements is presented with a special attention to the 
treatment of phase transitions and heterogeneous systems. 

 

MOTS-CLES 

Hydrogen migration, geological radioactive waste repository, two-phase flow, hydrogen reactivity, 
clays, Lattice-Boltzmann method, FORGE project 
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1 Introduction 
This rapport presents the work carried out by IRSN within the Work Package 3 of the European 
Commission “Fate of Repository gases” (FORGE) project (2009-2013) within the Euratom 7th 
framework project.  

The presented work consists of two main types: code development (Section 2) and “numerical” 
data acquisition (Sections 3 and 4). In both cases, the recent progress made in the domain is 
being used. In particular, we wanted to construct an easily adaptable simulation tool capable of 
taking advantage of new formulations and discretisation schemes and sufficiently modulable to 
be able to integrate new physical concepts that would receive an agreement of the scientific 
community in the future. For the “numerical” data acquisition, two approaches were used, 
which are complementary to the laboratory experiments and focus on aspects that are difficult 
to study in laboratories (due to hydrogen manipulations at high pressure required to study the 
near to the total water saturation conditions). These research tasks address the properties of 
argillites, as this type of rock has been chosen in France for the development of a deep 
underground repository.    

2 2-phase N-component gas migration code 
IRSN collaborated with University of Claude Bernard in Lyon to develop a 3D simulation tool for 
gas migration. It takes into account the convective and diffusive transport of N components in 2 
phases as well as mass exchanges between phases (dissolution and evaporation). The liquid 
phase and the solid matrix are assumed incompressible; the other phase follows the ideal gas 
law. The formulation is based on the classical mass conservation laws for both multi-
component phases (g for gas and l for liquid) supplemented with generalized Darcy equations 
for each phase: 

 
Equation 1 

 

 
 

 

where K is the absolute permeability tensor, g the gravity vector, Qi the source term for the 
component i, and for each phase α: ρα is the density, λα = krα/µα the mobility, krα the relative 
permeability, µα the dynamic viscosity, and we define capillary pressure Pc = Pg-Pl. Empirical 
laws are used for the capillary pressure and relative permeabilities (Brooks-Corey, Brusaert, Van 
Genuchten, Vauclin …). 

These equations are completed by an appropriate set of closure equations related to the 
hypothesis of the existence of a local thermodynamical equilibrium (Henry law, Raoult-Kelvin 
law …). 
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2.1 FORMULATION WITH UNIQUE PRIMARY VARIABLES 
In order to be able to handle material heterogeneities as well as changes in the 
thermodynamical state of the system (one or two phases present), a new set of unknowns has 
been chosen, namely liquid pressure Pl and molar fraction of dissolved gas (for example 
hydrogen) Xl

i. They are naturally used to describe fully saturated conditions when only liquid 
phase is present ( (1), (2), (3)). However, using thermodynamic equilibrium, it is possible to 
reconstruct all variables of a two phase system. Thus (Pl, Xl

H2) can be used as primary variables 
with standard physical meaning whenever the liquid phase is present. In the case of zero liquid 
saturation when only the gas phase is present it is possible to extend these variables using 
again the thermodynamic equilibrium. On the other hand, the capillary pressure relation Pc(Sl) = 
Pg - Pl and the thermodynamic equilibrium relations (of the general form of PgXg

i = KiXl
i) must 

be fulfilled simultaneously in order to allow the coexistence of the two phases. This fact leads 
to some very simple criteria for discriminating the phase state of the system. The gas pressure 
candidates are given by two formulae in Equation 2. The superscripts m and t stand for 
mechanical and thermodynamical equilibrium conditions. 

 
Equation 2 

 
 

Local existence of gas phase is only possible when πm
g =πt

g. Thus, given pressure and 
composition of liquid phase, (Pl, Xl

i), we look for a value of gas saturation Sg such as Pc(Sg) 
=πt

g−Pl. The last equality is not always possible, in particular because the capillary pressure 
curve is positive definite (Pc ≥ 0). Thus, if πt

g−Pl is smaller than the minimal value of Pc, the two 
expressions of gas pressure are not compatible and we conclude that the gas phase cannot 
exist. More generally, assuming that the function Pc is increasing and reversible (with max(Pc) ≤ 
∞), we can compute Sg as in Equation 3: 

 
Equation 3 

 

 

In particular for a two component system with linear thermodynamic relations of Henry law Pg 
x1

g = KH x1
l   and constant water vapour Pgx0

g =Pv the thermodynamic gas pressure is given by πt
g 

= KHx1
l + Pv and the phase diagram in primary variables is defined by two straight lines, as in 

Figure 1. 

This phase diagram may be used to interpret the resulting primary variables values. However it 
is not necessary to perform that analysis during the simulations, since our formulation is not 
degenerated. This means that if one of the phases disappears, the system of equations reduces 
automatically to the flow and transport in the remaining phase, as expected.  
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Figure 1 : Phase diagram for a two component system with linear thermodynamic equilibrium relations 

 

2.2 CONSISTENT THERMODYNAMICAL MODEL 
We consider that phases are not pure but composed of N+ 1 components: one solvent (typically 
water) and N solutes (or gas components, typically hydrogen, oxygen, etc.). Their natural states 
at standard T, P are liquid for the solvent and gas for the gas components but due to 
vaporisation and gas dissolution, all components are present in each phase. Assuming that local 
thermodynamical equilibrium is satisfied, phase compositions are related by relations of the 
following general form: 
Equation 4   

        

 

where i = 0 for the solvent and i = 1..N for the solutes; Xi
α denotes the molar fraction of 

component i in phase α={g, l}. In the most general case the coefficient Ki depends on 
temperature and on pressure and composition of each phase but, in the case of ideal gas 
mixture and dilute liquid solution, this dependency is reduced to temperature and liquid 
pressure and Equation 4 recovers the classical relations like Henry’s law, Raoult’s law or Raoult-
Kelvin’s law. Starting with the first principle thermodynamics, e.g. equilibrium of the chemical 
potentials of each component in both phases, we obtained new thermodynamic equilibrium 
relations taking into account the high gas pressure correction to the infinite dilution limit 
represented by Henry and Kelvin-Raoult laws. For the solvent we obtain: 

 

Sg=0 

Sg=
1 

KHXl
1+Pvap=Pl+Pc

min 

KHXl
1+Pvap=Pl+Pc

max 
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Equation 5   

 
 

where Pv
s is the saturated vapour pressure depending only on the temperature, Ms is the molar 

mass of the pure solvent and ρl
s,* is the molar mass of the pure solvent. It is easy to verify that 

the correction with respect to the Kelvin-Raoult law is given by Equation 6. 

 
Equation 6 

 
 

For the solute we get Equation 7 where the exponential term is the correction to the standard 
Henry law. 

 
Equation 7 

 
 

The corrective exponential terms may become non-negligible in the case of the hydrogen in the 
repository conditions. The values of corrective terms calculated for water and hydrogen 
mixture are presented in Figure 2 as a function of liquid pressure. 

 

 
 

Figure 2 : Relative corrections to the standard Henry constant dr,H and the Raoult-Kelvin relation dr,RK  taking into account the existence of the 
capillary pressure. The curve where Pl=-P corresponds to the situation where the water pressure is negative as a result of strong capillary 
pressure. At moderate pressures (10MPa) the relative deviations are non-negligible (10%).  

2.3 MOMAS TEST CASES 
The resulting system of quasi-linear equations has been treated with fully implicit Euler time 
discretization and with an exact Newton method to obtain a set of linear equations. The spatial 
discretization has been done for triangles and tetrahedral elements with a finite element 
scheme within the Libmesh (4) numerical library. In order to illustrate the ability of the 
formulation to treat gas appearance or disappearance, the model has been used on synthetic 
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test cases supported by GNR MoMaS aiming at code testing and comparison (5). Each of those 
test cases deals with only one physical/numerical problem. We give here the results of two of 
these test cases sharing the same initial geometry given in Figure 3. 

In the test cases, there are always two components (water and hydrogen); the porous medium 
is homogeneous. The no flux conditions are imposed on Γimp (1D flow, but 2D domain!). The 
initial conditions and left (Γin) / right (Γout) boundary conditions differ for each test case. The 
space discretization scheme used for these calculations is the finite element method of 
Lagrange P1 with a uniform grid of 200 elements and time steps going from 10 seconds to 
15000 years. 

Through these two applications, one proves the capacity of the code to simulate diphasic 
compositional flow where the phases may appear and disappear. The results presented here 
are in very good agreement with the simulations carried out by other participants to the 
MoMaS benchmark. 

Test case 3b 

 

 

Figure 3 : Definition of the test case 3b. The general dimensions are: the length 1 m, and the height of 0.1m. 

In this test case we study the return to equilibrium from an initial out-of-equilibrium state in a 
homogeneous material. We have on flux boundary conditions and the domain is divided into 
two parts: water saturated Ω1 and partially saturated Ω2. In the results we observe a very sharp 
desaturation moving to the left which arrives at the left boundary at about 200 000 sec. The 
precise resolution of such a front is possible due to the continuous treatment of the phase 
transitions in our model. It can be seen in Figure 4 that this is not necessarily the case for a code 
using ε switching method to detect the transition between one and two phases state. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 4 : Test 3b - Results at one time = 100 s; pressure of gas (green) and water (red). On the left Diphpom code, on the right ToughII  
(courtesy of  Z.Saadi, IRSN) 
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Test case 1b 

In this second test case Pg,out> Pl,out, which corresponds to uniform and unsaturated conditions 
in the whole domain. The general dimensions are: the length 200 m, and the height of 1 m. The 
injection rate φh

in is constant over the entire simulation period and was adjusted to obtain the 
required physical phenomena of capillary barrier, which would not appear for smaller or higher 
injection rates. The results of the simulation of the test 1b are presented in Figure 5.  Both phases 
are initially present in the simulation domain. Inside the domain at some places the pressure of 
the liquid grows quicker than the gas pressure resulting in the gas phase disappearance. A 
barrier of liquid appears in the domain and propagates in the direction of the outflow. The 
unsaturated outflow conditions force the barrier to dissipate. Gradually the saturated zone is 
being reduced so that both fronts meet and the gas phase is henceforth present in the entire 
domain, see Figure 5. This test shows the highly non-linear character of the system, which may 
make hazardous standard interpolation/extrapolation technics used in SA/PA. In practice, for 
integrated level simulations one uses prescribed hydrogen generation rates which are constant 
over some periods of time with possibly decreasing steps. This approach is clearly 
oversimplified and does not take into account many driving factors (temperature, pressure, pH, 
water composition, gas phase composition, irradiation …). The usual treatment in PA/SA 
consisting in use of penalising values leads in this case to considering relatively high generation 
rates which are supposed to be the upper limit of possible ones. However, due to strongly 
nonlinear character of the two-phase flow in tight porous media, it may not make sense to 
simply interpolate between extreme gas generation rates is not necessarily, since maximal gas 
pressures and gas saturations may be achieved at some intermediate gas generation rate! 

 
 

Figure 5 : Test 1b - position of the limits of the saturated zone as a function of time. 

 

2.4 APPLICATION TO FORGE WP1 BENCHMARK 
In order to verify the capacity of our simulation code to deal with more complex applications 
we made calculations of a reduced version of the FORGE WP1 cell-scale test case (6). The 
geometry of this test is presented in Figure 6 together with measure points. The major deviations 
from the original FORGE benchmark consists in using a plane 2D geometry instead of the 
axisymmetric one and in replacing Van Genuchten liquid relative permeability in technological 

Time [y] 

Resa
turat
ion 
front 
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voids (interfaces) by kr,l=Sg
4/3. Further details related to the benchmark implementation are 

given in FORGE deliverable D1.6. 

 

 
 

Figure 6 : The general geometry of the FORGE cell scale benchmark. 

 

Figure 7 presents time evolution of pressures as measured in point P4 (in the middle of the 
highly permeable interface) and in point P9 (inside undisturbed COx argillite). We find a similar 
behaviour as the other benchmark participants, namely slow gas pressure increase during gas 
injection phase (till 104 years) accompanied by a decrease of water pressure in the interface 
(P4). In the case of point P9 (and P5, not presented here, see FORGE Delivrable D1.6), where 
initially no hydrogen was present, the Pg “represents” the amount of dissolved hydrogen. In P9 
and P5, Pg rises from zero to become equal to Pl which corresponds to the apparition of free gas 
phase. But as soon as Pg becomes lower than Pl, gas phase disappears. It can be noted that the 
value of gas saturation is small (of the order of 0.05%), and would usually not be seen by a code 
using a switch procedure. This can explain why we obtain some more pronounced minima of 
liquid pressure as compared to other benchmark participants. Further results from this 
benchmark are given in FORGE deliverable D1.6. 
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Figure 7 : Time evolution of pressures in points P4 and P9. For P9 the saturation of gas is given. 

2.5 CONCLUSION FOR CODE DEVELOPPEMENT 
We have shown how to construct a mathematical formulation of two phase flow in porous 
media problem that integrates in a natural way the transition from two-phase to one phase 
situation. The proposed set of primary variables can be used in all phase situations and it is 
possible to detect phase transitions in a convenient way when needed, for example to 
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accomplish "flush" calculations of all related thermodynamic variables. Due to physical 
considerations, the selected primary variables are also continuous across material boundaries, 
maybe except at some initial conditions designed to represent systems brought out of 
equilibrium. This feature would facilitate the use of our formulation especially for the problems 
with very contrasting material properties (for example permeabilities) where the 
implementation of vertex centred discretisation schemes becomes justified. We have also 
revisited the thermodynamic equilibria approximations and verified that the exponential 
corrections of the well-known Henry and Raoult law (see Equation 5, 6 and 7) have to be used 
for the systems with high capillary pressures. A numerical application to the case of hydrogen 
migration in the vicinity of a radioactive waste disposal facility has shown that the solubility 
correction can be of the order of 10-20% and cannot be neglected when evaluating the very 
finely tuned gas phase apparition phenomena. The two-phase two-component formulation has 
been implemented on the basis of Libmesh library using FE P1 scheme and tested on synthetic 
test cases proposed within the French research group MoMaS. All the fine features (phase 
transitions, desaturation fronts...) present in these test cases where recovered with a good 
precision. We also applied the code to the benchmark proposed within WP1.2 of the FORGE 
project, showing a good behaviour of the formulation used as compared with the contributions 
of the other participants to the benchmark. This demonstrates the ability of the code to deal 
with complex, heterogeneous systems with time varying flow regimes and highly localised 
fluxes.  

3 Thermodynamic equilibrium and hydrogen solubility 
in argillites partially saturated with water   

3.1 INTRODUCTION 
The goal of this work was to study 1) the influence of the thermodynamic conditions specific to 
partially saturated argillites on the hydrogen solubility, and 2) the effect of the presence of 
dissolved hydrogen on the geochemical state of the poral water at the thermodynamic 
equilibrium. The adopted pressure-temperature-relative humidity conditions correspond to 
these that are expected within the host-rock (undisturbed rock and EDZ) of a repository in the 
Callovo-Oxfordian host-rock: temperature from 30°C to 80°C, gas pressure from 0.1 MPa to 12 
MPa, relative humidity RH (see definition in Equation  8) from 30% to 100%. In such physical 
conditions, it is possible to generate very high capillary pressures (up to 100 MPa) 
corresponding to metastable liquid water (the pressure inside the liquid phase can become 
negative down to -80 MPa). 

Capillary phenomena can be described by a thermodynamic approach (7). For water, 
thermodynamic equilibrium between water vapour, at a partial pressure lower than the 
saturation pressure, and liquid capillary water is reached when the chemical potentials of the 
two components are equal. This leads to Equation  8 describing the equilibrium conditions 
between water vapour in a gas phase and liquid water in a capillary aqueous solution. 

 
Equation  8 

∫ ⋅+==
P

P
ww

s r

dPVaT
p
pTRHT lnRlnR
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where R = 8.314472 J·mol–1·K–1 is the molar gas constant, T is the absolute temperature (K), p is 
the partial pressure (or more precisely the fugacity) of water vapour in the gas phase (MPa), ps 
is the partial pressure of water at saturation (MPa), which depends on temperature, aw is the 
activity of water in the capillary aqueous solution (unit less), P is the internal pressure of liquid 
water in the capillary aqueous solution (MPa), Pr = 0.1 MPa is the liquid water reference 
pressure corresponding to the vapour pressure ps, Vw is the molar volume of liquid capillary 
water (cm3·mol–1), which depends on P and T. RH is the relative humidity (%) and Equation  8 may 
be considered as its definition. 

On the right-hand side of Equation  8, the osmotic and capillary contributions are clearly 
distinguished as it is conventionally the case for natural environments under lithostatic or 
hydrostatic pressures. This makes it possible to consider separately the chemistry of the 
aqueous solution and the internal pressure of water, constrained only by the relative humidity. 
In this way, a natural system can be described continuously at constant humidity from the free 
bulk saline solution to the pure capillary water confined in an unsaturated porous medium. Like 
the Young-Laplace law, Equation  8 leads to negative pressures P in liquid pore water in “dry” 
environments, i.e. of low relative humidity (RH).  

This internal water pressure impacts the thermodynamic equilibrium of the pore aqueous 
solution at different levels, assuming in particular that aqueous species are subject to the same 
pressure as the pore water. Indeed, i) the electrostatic properties of water depend on pressure; 
ii) the standard thermodynamic properties of aqueous species depend on both pressure and 
the electrostatic properties of the solvent (i.e., water) according to the HKF model; and iii) 
models for activity coefficients of aqueous species depend on the thermodynamic and 
electrostatic properties of the solvent through the Debye-Hückel coefficients. In some cases, 
situations may also be envisaged where mineral phases may be subject to the internal pressure 
of capillary water. This concerns in particular secondary mineral phases that have formed from 
the pore aqueous solution by a homogeneous nucleation process. 

In order to take into account the effects of capillarity on all the thermodynamic properties of 
every compound in a geochemical system, the computer code Thermo-ZNS (8) has been 
developed. It calculates the standard thermodynamic properties of water and of aqueous 
species, minerals, gases and chemical reactions at any pressure and temperature. Thermo-ZNS 
includes the IAPWS-recommended equation of state of water and equation for the dielectric 
constant of water. Finally, Thermo-ZNS provides as output databases in PhreeqC or Chess 
format, at every capillary pressure and temperature of interest. In this way, aqueous speciation 
and saturation index calculations can be performed in order to assess the impact of H2 intrusion 
on the equilibrium conditions in the Callovo-Oxfordian (COx) formation, taking account the 
capillary state of the system. 

3.2 SOLUBILITY OF HYDROGEN IN PORAL WATER 
The problem of the chemical evolution of pore water caused by gaseous hydrogen has been 
tackled by (9) from a theoretical standpoint. This first model accounted for:  

• the thermodynamic equilibrium of the reactions,  
• the solubility of the gaseous hydrogen, 
• the establishment of negative pressure (i.e. capillary conditions) in pore water.   

Lets recall here the main results obtained in this study for the pressure conditions (gas pressure 
Pg, 0.1 <Pg <12 MPa, and capillary pressure Pc, -150 <Pc <0 MPa) and temperature T 
considered (30 <T <80°C): 
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• The behaviour of the hydrogen gas is very close to that of an ideal gas (small difference 
between fugacity and partial pressure); 

• The thermodynamic properties of the standard aqueous hydrogen can adequately 
describe the solubility of hydrogen in water as a function of temperature; 

• The solubility of hydrogen increases with the gas pressure and capillary stress and 
depends little on the temperature of the area explored; 

• The effects of temperature and pressure on equilibrium constants of reactions of 
dissolution / precipitation of mineral phases are significant and highly variable. When H2 
is introduced into pure water, the pH does not increase significantly. This suggests that 
the calculated pH increases at thermodynamic equilibrium in the H2-disturbed pore water 
is related to interactions between chemical components initially present in the COx pore 
water and dissolved H2, such as sulphates. In this case, the reaction of concern is the 
following possible sulphate reduction reaction: SO4

2- + 4 H2 = HS- + OH- +3 H2O. However, 
as pointed out recently by (10), this latter redox process may be kinetically hindered in 
the studied range of temperature; 

• Calculations of index saturation showed that pore water became oversaturated with 
respect to carbonate minerals and, in a lesser extent, alumina-silicate minerals. This 
oversaturation of the pore water is limited by the capillary constraints. These results 
illustrate that heterogeneous reactions such as mineral dissolution/precipitation must be 
considered in geochemical model to correctly simulate chemical evolution of COx argillite 
affected by hydrogen perturbation; 

• The dissolution of hydrogen in the pore water of Callovo-Oxfordian (COx), in contact with 
the rock and bentonite MX80, is an important source of pH and pe disturbance in the 
system. 

3.3 CREATION OF COMPLETE HYDROGEN REACTIVITY MODEL 
These preliminary results from this study provided a global framework of the potential impact 
of H2 production on the thermodynamic state of the clay water-rock system. As a second stage 
of the work, we aimed at implementing in the geochemical modelling approach additional 
mechanisms that contribute to the overall behaviour of the system. The final objective was to 
be able to perform reactive transport simulations that should give insights on the clayey 
formation capacity to buffer the chemical disturbance created by the presence of H2. For this 
purpose, and on the basis of the geochemical model of (11) for the COx pore water chemistry, 
different reactive or transport mechanisms are first studied separately. A consistent 
thermodynamic database is used in the different subtasks of this work, namely Thermoddem 
(12), released by BRGM. 

At thermodynamic equilibrium, surface complexation reactions for protonation and de-
protonation processes are implemented using the model of (13) and (14) for illite and smectite 
clay minerals. As expected, these reactions are responsible, in addition to minerals dissolution, 
for the strong pH buffering capacity of the rock. In the case of redox reactions occurring by an 
intensive reduction of sulphates and/or carbonates by H2 and if most of the available H2 is 
dissolved and oxidized, the buffering capacity of the protonation/de-protonation reactions 
could be exceeded. The effects of temperature and capillary pressure on the equilibrium 
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constants of complexation reactions in aqueous phase are highly variable depending on the 
nature of chemical compounds. They are significant in many cases. 

Implementation of kinetic controls in the model was obviously necessary. A first step was to 
consider kinetic rate laws for abiotic mineral dissolution/precipitation reactions that are not 
directly involved in redox processes. A second step consisted in uncoupling the thermodynamic 
database for the relevant redox couples. The chemical elements of concern were mainly Fe, S 
and C. A third step was to implement kinetic rate laws for oxidation/reduction reactions either 
biotical or not, and either in aqueous solution or for dissolution of minerals. The kinetic model 
used here is simplified from (15) and (16). For many minerals, dissolution rates are well 
identified while precipitation rates are unknown. Aware of the strength of the hypothesis, we 
thus assumed that the precipitation rate was equal to the dissolution rate for the sake of 
simplicity of the model.  

Hydrogen is potentially an electron donor for numerous oxidized species, mainly sulfates and 
carbonates, initially present in the COx argillite. Based on the porewater chemistry and the 
mineralogical composition, sulfate reduction and methanogenesis are the two redox reactions 
to consider (17). These reactions can be either microbially-mediated or thermo-chemically-
mediated (limited effect in repository conditions for the second one). In the present study, 
sulfate reduction and methanogenesis are divided in one donating half reaction and one 
accepting half reaction (partial equilibrium model, no microbiology sensu stricto explicitly 
included in the model). For the two redox reactions, the donating half reaction is the same and 
corresponds to hydrogen oxidation. It was considered kinetically limited, which implied that the 
same kinetic constraint could be applied to sulfate reduction and methanogenesis. 

Multi-species diffusion processes in pore water may also play a significant role on the local 
reactivity of the system. The differential diffusion of species (which takes into account the 
respective sizes and the electric properties of ions) was investigated at decimetre scale. 
Coupling geochemical processes with transport by multi-species diffusion can potentially have 
important impacts on the system behaviour, mainly because of the observed decrease of the 
effective diffusivity of the protons (in spite of the increase of the individual diffusion coefficient 
for protons). Indeed, first calculations (in a saturated medium at 25°C, without kinetics nor 
surface complexation reactions) suggest that in case of local consumption of protons by redox 
reactions in presence of H2, less protons diffuse from the neighbouring clayey formation pore 
water and contribute to pH buffering. At the H2 gas phase entry side of the column, the 
consumption of protons is stronger than in the middle of the column so that a sharp pH front 
can temporarily take place and thus stimulate chemical reactions. Thus the simulations show 
that by limiting the amount of available reactants (protons) the electroneutrality condition may 
slow down the dissolution and the apparent diffusion of dissolved hydrogen and thus can 
participate in limiting the amount of hydrogen migrating through this process. This indicates a 
possible source of overpressures of the free gas phase. We have shown that multi-species 
diffusion processes in pore water may also play a significant role on the local reactivity of the 
system. The reader should keep in mind that further, more quantitative studies are needed in 
order to evaluate the long term effects of the multi-species diffusion on the gas migration in 
repository conditions, eg. saturated conditions with a thermal gradient after closure of a 
disposal tunnel and then accumulation of the produced hydrogen which leads to the 
desaturation after the thermal transient.  
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3.4 SCENARII SIMULATIONS 
Finally, as an integration step, reactive transport simulations were performed to give realistic 
insights on the potential geochemical disturbance of a water-argillaceous rock system (e.g, COx 
formation) by the produced H2. Conceptually, the simulated system consisted of a 1D horizontal 
column of clayey rock, 10 cm long. The transport mechanisms included multi-species diffusion 
effects as indicated above. Figure 8 summarizes the processes accounted for in the simulations. 
Two groups of scenarios were treated, see Figure 9. In the first group, the hydrogen production 
is assumed to be slow so that no desaturation of the porosity occurs; H2 is introduced in the 
system by an imposed partial pressure (concentration of dissolved hydrogen) in the first cell of 
the column. A temperature gradient is imposed in the system. The second group of scenarios 
deals with rapid and important H2 production sufficient to generate a gas bubble able to 
displace a part of the water in the neighbouring porosity. A capillary pressure gradient was 
simulated across the column to reproduce the humidity gradient with the driest side 
corresponding to the H2 entrance. The system is isothermal, with temperature lower to the 
ones imposed in the first group of scenarios. One should note that these two scenarios could be 
successive in radioactive waste geological disposals. 

 
Figure 8 : Conceptual model of COx formation affected by H2 perturbation. 

 
Figure 9 : Two types of scenarios used for integrated simulations; first group on left, second group on the right. 

For the two scenarios, simulations show that pH increases in the two first meters (in 1D 
geometry, thus overestimated) while redox potential (pe) decreases. These results can be 
mainly explained by the microbial-mediated SO4

2- reduction by H2
 (4H2 + SO4

2- + H+ → HS- + 
4H2O). This reaction promotes H+ consumption and decreases S(VI) in favor of S(-II) in the 
aqueous phase. Sulfate consumption enhances celestite dissolution (SrSO4↔Sr2+ + SO4

2-). In 
scenario 2, the decrease of capillary pressure in pore water (i.e. more negative) mainly implies 
an increase of mineral solubility. This trend is partially compensated by the lower temperature. 
If only changes of mineral solubility according to capillarity pressure and temperature have 
been taken into account in scenario 2, chemical disturbance caused by H2 perturbation should 
be lower than in scenario 1. Nevertheless, the chemical changes are slightly more intense 
(greater pH change and celestite dissolution) and affect the COx formation on a longer distance 
in scenario 2. It is due to the initial presence of gas phase in the system, which implies that the 
exchange surface between aqueous and gas phases is more important, leading to higher H2(aq) 
concentration.  
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Figure 10 : Results of scenarii simulations over a period of 100 years (first group on the left, second group on the right). The continuous lines 
correspond to the left axis and the dotted lines to right axis. 

3.5 CONCLUSION AND PERSPECTIVES 
In the present work, we have constructed a plausible model of hydrogen reactivity in clays 
including surface complexation, kinetic controls of dissolution/precipitation, methanogenesis 
and sulfates reduction and multispecies diffusion. It was shown that all these processes can 
have an impact on the chemical equilibrium of poral water in presence of the hydrogen 
perturbation. On the basis of the conditions expected in the repository after closure, two 
groups of scenarii were set up to make realistic calculations of the hydrogen reactivity near the 
repository on the metric scale. Both groups (saturated conditions with thermal gradient and 
isothermal with saturation profile) show an increase in pH (in the first 2m when considering 1D 
calculations) and decrease in pe. Among the mineral equilibria the strongest effect is given by 
the sulfates consumption which enhances the celestite dissolution.   

We have considered a short period of time (100 years) compared to the period of H2 
production in geological disposal facilities. In consequence, simulations on longer periods, 
roughly 10000 years, should be performed. In order to estimate how chemical changes evolve 
when the capillary pressure in pore water is strongly negative, we would like to simulate a new 
scenario considering the maximum desaturation that could occur in COx formation affected by 
H2 perturbation, roughly 50% (in the very first cm of the EDZ). Finally, formation of secondary 
mineral phases (e.g. amorphous pyrrhotite) in the system during H2 perturbation and its 
consequences on the chemical changes will be also taken into account in future simulations. 
Last not least, experimental validation of the presented hydrogen reactivity model versus 
laboratory or in situ experiments has to be carried out before the model can be used for 
reliable assessment calculations.  
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4 Pore size simulations (lattice Boltzmann method) in 
Opalinus clay 

The experimental determination of permeability of clays, as well as of relative permeabilities 
and capillary pressure curves for water and gas, is a very challenging issue especially at high 
water saturation (very low gas permeability resulting in long equilibration times) and with 
hydrogen (due to high involved pressures and the resulting explosion risk). As an alternative 
method, we solve Navier-Stokes equation of motion directly inside a realistic poral network and 
by fitting Darcy equation to the results we extract the absolute and relative (two phase flow) 
permeabilities. We use microtomography data of Opalinus clay samples acquired in the Mont 
Terri Ventilation Experiment (18). High (HR) and low (LR) resolution X-ray microtomography 
was performed (19) with the aim of visualizing the organization of porosity in 3D at a 
micrometric scale (porosity > 40 µm or > 0.7 µm for LR and HR respectively). The corresponding 
percolating porosity is mainly composed of micrometric cracks parallel to the bedding and 
attributed to shrinkage. Single phase and two phase flow is calculated in the percolating cracks 
by an Immiscible Lattice Boltzmann (ILB) code. 

4.1 IMMISCIBLE LATTICE BOLTZMANN (ILB)  
The Navier-Stokes equations for two phase flow are solved using a lattice Boltzmann method. 
Historically, the “classical” lattice Boltzmann equation (LBE) has been developed empirically, 
with basic ideas borrowed from cellular automata; the physical space of interest was 
discretized by a regular lattice populated by discrete particles that ‘jump’ from one site of the 
lattice to another with discrete velocities and collide with each other at the lattice nodes. The 
lattice geometry and the set of possible particle velocities should obey certain symmetry 
requirements, which are compelling in order to recover the rotational invariance of the 
momentum flux tensor at the macroscopic level. Using Chapman-Enskog analysis, one can 
recover the governing continuity and Navier-Stokes equations from the LBE. The simulation 
code developed in (20) implements recent improvements of the classical multiphase LBM due 
to (21). The model consists of two lattice-Boltzmann equations, one for each fluid phase. These 
fluids are named red and blue. For multiphase flow of two immiscible fluids, all the points of 
the lattice occupied by fluid can be divided into three categories, namely purely red fluid 
points, purely blue fluid points, and interface points - lattice points where the red and blue 
fluids coexist. The evolution of the fluid in purely red or purely blue regions is described by the 
standard multi-relaxation time (MRT) LBE. The relaxation parameters are tuned by using the 
standard two relaxation times (TRT) model. At the fluid-fluid interface, the collision matrix is 
defined by the majority rule, i.e., based on the dominant density fluid. The bounce back rule is 
applied at the solid-fluid interface (22).  In the present model, a continuum method for 
modelling surface tension is used. The main idea of the method is to use a volumetric surface 
tension force at the fluid-fluid interface in order to obtain the surface tension effects. The LBM 
code was written in Fortran 95 and was run on parallel computers with up to 8 threads (with 
the OpenMP library). The validation of two phase Lattice-Boltzmann code has been conducted 
in several different cases including static properties, simple dynamic properties and complex 
dynamic properties (for example droplet spreading, capillary rise). In all cases, it was possible to 
obtain a good agreement between the simulations and the existing experimental and/or 
theoretical results (23). 
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4.2 OPALINUS SAMPLES ABSOLUTE PERMEABILITY 
Single phase flow is calculated in the percolating cracks obtained from the micro-tomography 
by solving the Stokes equations of motion with no slip condition for fluids at the solid interface 
(by LBM calculations). The absolute permeability is also determined over two perpendicular 
directions in the crack plane whenever it percolates along these two directions. The calculated 
values of permeabilities form two groups, one of the order of 10-20 m2 and the second one of 
the order of 10-15 m2, see Table 4-1. These results are within the interval of values of absolute 
permeability measured for sound Opalinus clay (~ 10-20 to 10-21 m2) and that of the EDZ of the 
Opalinus clay in Mont Terri (24) estimated at about 10-14 m2. It can be noted also that the 
vertical (perpendicular to the bedding) permeability is much lower than in the bedding plane, 
as expected.  

Table 4-1  Absolute permeability of all tested samples of Opalinus clay (in m2). 

sample 

96.1 96.2.1 96.2.2 96.3 96.4 Mean(96) 103.1.1 103.1.2 103.2A 103.3C 103.4A 103.4B Mean(103) 

Kx 
0 10-19 4 10-20 10-15 3 10-15 10-15 15 10-21 

3 10-20 16 10-21 
0 

10-16 10-15 10-16 

Ky 
10-16 42 10-16 0 2 10-15 3 10-15 2 10-15 0 0 0 0 0 10-15 6 10-17 

Kz 
0 0 0 0 0 0 0 0 0 

10-20 
0 0 

14 10-22 

 

4.3 OPALINUS SAMPLES RELATIVE PERMEABILITY AND CAPILLARY PRESSURE 
The flow of two immiscible phases was computed with the two phase LBM code described in 
section 4.1.1. Calculations were performed in symmetric configurations where the initial 
sample is doubled by its mirror image in order to obtain periodic boundary conditions. In all 
simulations, the parameters are chosen in a way to stay at low Reynolds number; the body 
force which mimics the pressure gradient is for both fluids equal to 10-6. The interfacial tension 
is chosen to be equal to 10-4 in order to keep the capillary number Ca in the range of 10-4-10-3. 
The blue fluid is supposed to wet the solid surface. The contact angle used in the simulations is 
0º, i.e. the solid surface is completely wetted by the blue fluid. Both fluids in pure state have a 
density equal to 1 and the square of the sound speed equal to 1/3. The kinematic viscosity is 
equal to 0.00185 and 1 for red and blue fluids, respectively.  All the values listed above are 
given in lattice units. A particular attention is given to obtain reliable results for water 
saturations close to 1, and for this purpose the calculations are repeated at several spatial 
resolutions. 

Two types of simulations were performed. In the first one, the saturation is imposed via the 
initial conditions (random distribution of both phases within the poral space) and a constant 
pressure gradient is applied to the system in order to reach a stationary flow after a transient 
phase. First, the fluids coalesce under the action of the interfacial tension and of the flow; 
second, the spatial distribution of fluids tends to a steady state. In the second class of 
simulations, the fully saturated poral volume is put in contact with a gas saturated space; a 
pressure gradient is also applied in order to force the desaturation of the pore space.  

In all cases, the flow results are analyzed in terms of equivalent relative permeabilities and 
capillary pressure. The fluxes of both fluids are measured across a predefined surface 
perpendicular to the pressure gradient and the relative permeability kri for fluid i is deduced by 
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the generalized Darcy equation. The relative permeability value was calculated as a mean over 
N (usually 1000) time steps. 

Steady state calculations of two phase flow 

The 103-4B sample is selected since it presents one of the largest mean apertures (20 voxels) 
and percolates along the X and Y directions. This relatively large fracture is appropriate to 
represent in the original discretization a system which may be composed of up to 2 interfaces 
(usually of about 5-6 voxels wide) and 3 single fluid regions (wetting/non-wetting/wetting fluid 
layers inside the fracture). However, with the initial sample size of 339x450x115voxels, doubled 
by its mirror image in order to obtain periodic boundary conditions, it would be difficult to 
study the influence of the discretization and the calculations are very long. For this reason, a 
subsample was extracted as shown in Figure 11. The initial subsample is discretized by 
200x200x66 voxels. However, the mean aperture of this subsample is only 2.6 voxels. Thus, it 
was sub-discretised 3 times resulting in sizes of  400x400x132, 800x800x264 and 
1600x1600x528 voxels. 

 
Figure 11 : Subsample of the 103-4B sample used for the two phase flow calculations. Its size is 200x200x66 voxels. 

The finest discretisation resulted in a data file which was too big to even start the calculations. 
Thus, the relative permeabilities were calculated for the first three discretizations only. Results 
are displayed in Figure 12. The relative permeability of the gas phase goes rapidly to 0 when the 
saturation Sb (saturation of the blue fluid) increases. The curves for different discretizations are 
seen to be relatively similar, except for, rather surprisingly, the intermediate values 0.4 and 0.6 
of water saturation. 
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Figure 12 : Relative permeabilities for three discretizations of the subsample of 103_4B in arithmetic (left) and semilog (right) coordinates. The 
solid lines represent gas relative permeability and dotted lines water relative permeability. 

When looking at phase configurations, especially for the saturation equal to 0.8, it becomes 
clear that discretization has a strong effect on the phase configurations. However, one can 
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suspect that further refining of the discretization down to the level where the gas phase can 
become continuous may result in a significant increase of gas permeability, as it happened for 
saturation of 0.6 when passing from a 400x400x132 to a 800x800x264 discretization. The 
problem of high saturation is further visible when looking at capillary pressure curves in Figure 13 
for the same three discretizations. Again the results are seen to be qualitatively similar. A 
problem appears for high saturations where the capillary pressure is seen to be an increasing 
function of Sw. This problem was specifically studied and it was concluded that the capillary 
pressure rise for high saturations of blue fluid (water) is possibly due to the radius decrease of 
the red fluid (gas) micro-drops (capillary pressure is proportional to the interface curvature and 
thus inversely proportional to the droplets radius) when the number of discretization points 
increases.  
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Figure 13 : The capillary pressures for the three discretizations of the subsample of 103-4B sample. 

In order to overcome this difficulty, several tests have been made by modifying the initial 
conditions (changing the random seed of the random number generator, using continuous 
instead of random phases distribution) or the wetting properties (contact angle of 30° instead 
of 0°). In all these cases, similar results are obtained. Unfortunately, further refinement of 
discretisation cannot be considered as an immediate and appropriate solution, since the 
memory limits of the available computers are reached. Furthermore the description of the pore 
surface cannot be refined to the extent which is needed for the overall consistency of the 
simulations.  

Drainage calculations 

In this section, simulations of drainage/imbibition process are presented. We want to see how 
the non-wetting fluid (red) invades a sample which is fully saturated with the wetting fluid 
(blue), which allows us to explore the water saturations close to 1. Calculation is restricted to 
the subsample of 103-4B, as in the previous section, though without the mirror symmetric 
configuration.  Instead, a reservoir of gas fluid is created on one side of the sample as well as an 
exit for the water fluid on the other side. This is done by adding a slit of length Ls along the YZ 
border of the sample, as illustrated in Figure 14. The drainage calculations are done as follows. 
Initially, the fracture is filled with water and the slit with gas. Then, a constant pressure drop is 
applied across the whole set-up and spatially periodic boundary conditions are imposed. 
Therefore, the gas is forced into the fracture and water is pushed out of the fracture on the 
other side. In the slit, at a distance Lt of the fracture outlet, a transmutation plane is defined; 
any water which goes through this plane is transformed into gas; therefore, no water is forced 
back into the fracture because of the spatial periodicity. The body force is fixed for both fluids 
at 10-4, all other parameters are the same as in the Steady state flow section. 
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Figure 14 : The geometrical configuration of the fracture with a slit of length Ls. Lt is the distance between the transmutation plane and the 

sample border. 

Several configurations with varying Ls and Lt were tested since they should be chosen in order to 
not perturb the simulations ( Ls=(5,10,20,40), Lt=(3,5,10,20)). It was concluded that the slit size 
must be sufficiently large to obtain realistic results. The transmutation plane must be located at 
a reasonable distance from the sample outlet in order to avoid red fluid entering back into the 
fracture. Based on the considered configurations, the following parameters can be 
recommended: Lt> 20 and Ls>10 lattice steps. It is also recommended to avoid using a too large 
slit in order to prevent computational overload. In the following part of the section, results 
obtained with Lt= 40 and Ls=20 lattice steps are shown.  

Starting from the initial discretization 100x200x66, the discretization is doubled twice, as in the 
previous section. Since the physical parameters used in simulations are kept constant in unit 
length (the unit length is equal to the voxel size), they are not physically equivalent for the 
three cases. For this type of calculations, a strong discretization effect is also noticed, see Figure 
15. For the first discretization, the sample is only partially drained even after 4.7*107 iterations 
and there is almost no change during the last 1.2*107 iterations. For the doubled discretization, 
the sample is almost completely drained after 1.3*107 iterations. For the finest one, the red 
phase propagates inside the blue phase which wets the fracture surface; moreover, the red 
phase percolates through the fracture after 3.6*106 iterations.  

Relative permeabilities and capillary pressure for the three cases are plotted in Figure 16. They 
were calculated using the fluxes of both fluids averaged over the poral volume (excluding the 
added slit). It can be concluded that the discretization of the sample can have a crucial 
influence on the drainage results. The finest discretization gives the most realistic results; the 
red phase propagates inside the blue phase which wets the fracture surface. However the 
oscillations present in Figure 16 show that there the volume of the studied sample is too small 
in comparison with the REV for this material. Large computational resources were necessary 
because of the sample size; all calculations presented here were run during several months and 
it can be noticed that for the two most refined discretizations only a relatively small number of 
time steps could be completed.  In spite of strong discretization effect the relative water 
permeability - obtained by fitting the simulations results with the Darcy equation – is 
monotonous and behaves in an expected way. The gas relative permeability and the capillary 
pressure curves that should decrease with increasing water saturation, show a non-
monotonous behaviour at high water saturations. Thus it seems to confirm again that the 
standard Darcy model is not appropriate to describe the gas flow in such situation. 
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Figure 15 : Saturation distributions at final times for the drainage simulations for 3 different discretisations. The initial discretisation at 4.7*107 

iterations (left), 200x400x132 at 1.3*107 iterations (middle), 400x800x264 at 3.6*106 iterations (only the red phase is displayed for sake of 

clarity). 
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Figure 16 : Comparison between drainage for 3 discretizations. Black and magenta lines correspond to initial discretization, red and blue lines to 

200x400x132, and cyan and green lines to 400x800x264. 

4.4 CONCLUSIONS AND PERSPECTIVES 
Flow properties of a low permeability natural medium, namely Opalinus clay from the Mont 
Terri Laboratory was studied by application of the Lattice Boltzmann method. A series of X-ray 
tomography images with 0.7 µm resolution was used to perform one and two-phase flow 
simulations inside a real pore space. The absolute permeability was calculated for all (8 of 14, 
some samples presenting two distinct cracks, which were treated separately) percolating 
samples. The permeabilities were found to form two groups of values (10-20 m2 and 10-15m2) 
lying, as expected from the physical point of view, between the permeability of the excavation 
damaged zone and that of the sound rock in Mont Terri. In order to demonstrate the ability of 
the LBM method to accurately simulate two phase flows in porous media, the simulation 
results were compared with some analytical results for special cases (capillary rise, droplet 
spreading …). Under reasonable conditions on simulations parameters (capillary and Reynolds 
numbers not too large), a very good agreement was found with theoretical predictions. Then, 
two types of two-phase flow simulations are conducted on one of the X-ray tomography sub-
samples.  Since the main purpose of this work was to reach saturation states close to one, we 
studied steady state flow at increasing saturation.  It has been shown that it is possible to fit the 
obtained steady state fluxes to the generalized Darcy equation and extract physically coherent 
relative permeabilities curves. However, in spite of strong refinement of the initial resolution of 
the sample, significant resolution effects were still noticeable, in particular when the wetting 
fluid saturation is higher than 0.6.  A second type of simulations consisted in drainage tests, 
where a fully saturated porous medium was put in contact with a reservoir of non-wetting fluid 
pushing the wetting fluid out. This kind of simulations was performed for various configurations 
and the influence of several parameters on the final results was studied. It was found that the 
surface tension σ has a small influence on the results for the considered configurations and for 
the chosen physical parameters. The effect of the sample discretization was also studied. The 
finest discretization gave the most realistic results. However, even with this resolution and 
despite a large computational effort, the average aperture of the poral space was only 12 times 
the elementary voxel. This is still not enough to represent correctly a multilayer system 
composed of three fluids layers and two interfaces.  In view of these results, it appears 
necessary to develop new versions of the code which would make an extensive use of parallel 
computing. A very interesting aspect consists in searching the way to include into the analysis 
of transport properties the majority of the porosity which was detected by X-ray tomography, 
but then was disregarded due to the lack of visible connectivity (25). 
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6 Introduction 
The Large scale gas injection test (Lasgit) is located at the Äspö Hard Rock Laboratory (Sweden), 
in the TBM assembly hall, on the 420 m-level of the tunnel system. Details of the Lasgit test set 
up, operation and observations during nearly the first four years of operation may be found in 
Cuss et al. (2010) and in Cuss et al. (2011). Figure 17 shows the Lasgit set up, with its main 
components. In this section, a brief description of the Lasgit test taken from these references is 
provided. 

 

 

 
Figure 17 Lasgit test set up, showing: (1) vertical deposition hole; (2) compacted bentonite 
buffer; (3) concrete plug; (4) steel lid; and (5) anchor cables. 

The Lasgit test is installed in a vertical cylindrical deposition hole (8.5 m in length and 1.75 m in 
diameter) that was excavated in the host rock using a specially made vertically drilling Robbins 
TBM. The RMR values of 70-75 indicate that the rock mass of the TBM assembly hall and the 
deposition hole can be classified as being of good quality. The surface of the deposition hole 
was carefully examined. The four major rock types (and their percentage of the hole surface) 
encountered during the excavation of the deposition hole were: Äspö diorite (85%), greenstone 
(7%), fine-grained diorite (5%) and pegmatite (3%). The distribution of fractures in the 
deposition hole shows that there are two major fracture sets. Most of the fractures were found 
to be natural, most probably formerly healed and tight fractures, more or less reopened due to 
the drilling of the hole. Also, fractures have a rough surface, mostly planar (80%) but also 
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undulating (19%) and arched (1%). The water-bearing fractures in the deposition hole were, 
besides a few sub-horizontal-gently dipping ones, rather steeply dipping. The leakage of water 
in the deposition hole was of minor seepage or occasional drops. 

 

 
Figure 18 Schematic side view of canister and visible filters (shown in green). The second 
graphic is a 2D representation showing the relative positions of the 12 radial injection filters red 
(Cuss et al. 2010). 

 

 

 
Figure 19 Schematic showing the filter assembly located in the base of the canister (Cuss et al. 
2010). 
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A standard cylindrical SKB-3 canister (4.835 m in length and 1.05 m in diameter) was modified 
by installing 12 circular filters of varying dimensions on its surface to provide point sources of 
liquid injection (hydration phase) and of gas injection (gas testing), simulating potential canister 
defects (see Figure 18 and Figure 19). 

This canister was placed over compacted bentonite cylinder bricks previously laid on the 
bottom of the deposition hole, and the space left between them and the rock was in-filled with 
bentonite pellets (see Figure 1-4). Compacted bentonite ring bricks were placed in the space 
between the canister and the rock, and the space left between them and both the rock and the 
canister was in-filled using bentonite pellets. On top of that, compacted bentonite cylinder 
bricks were placed and the space left between them and the rock was in-filled using bentonite 
pellets. At the top of the bentonite buffer, a waterproof sealed rubber mat was placed, upon 
which a conical shaped concrete plug was poured in order to close the deposition hole, the top 
of which reached the level of the gallery floor. In order to simulate the pressure that would be 
exerted by the backfill after closure of the tunnel gallery, a cylindrical carbon steel lid (2.600 m 
in diameter) anchored to the rock with 10 anchors (11 m in length, angled at 21.8° from the 
deposition hole and grouted in 8 m)  was placed on the top of the concrete plug. These anchor 
cables hold the steel lid and were pre-tensioned to 1300 kN. 

The hydration phase began on 01.02.2005 (day 0), when the deposition hole was closed. Due to 
the groundwater inflow through a number of highly conductive discrete fractures, porewater 
pressures increased rapidly within the hole. This led to the formation of conductive channels 
(piping) and the discharge of groundwater to the gallery floor. In order to reduce the hydraulic 
gradients around the hole and, therefore the inflow rates, two pressure relief holes were drilled 
and submersible pumps were installed. Once the bentonite had swelled sufficiently to close 
these flow pathways, packers were installed into each borehole and sections of them closed 
over the following 100 days. Artificial hydration began on 18.05.2005 (day 106) through all the 
canister filters and hydration mats. Initial attempts to raise porewater pressure in the artificial 
hydration arrays led to the formation of preferential pathways, resulting in localized increases 
in porewater pressures and total stress, but they were short lived and closed when water 
pressure was reduced. Packers were installed in the pressure relief holes on 23.03.2006 (day 
415) and sections in them closed over the period to 05.07.2006 (day 519). These operations 
caused clear effects throughout the deposition hole on porewater pressures and, to a lesser 
extent, on total stresses. However, there was no repeat of the formation of piping through 
discrete channels so, on 20.11.2006 (day 657), pressures to the artificial hydration filters on the 
canister were increased to 2350 kPa. 

The first 2 years of the test focused on the artificial hydration of the bentonite buffer. This was 
followed by a programme of hydraulic and gas injection tests which ran from day 843 to 1110. 
A further period of artificial hydration occurred from day 1110 to 1385, followed by a more 
complex programme of gas injection testing. Two sets of gas injection tests were performed 
over a 3 year period, which has been considered in our simulation of the Lasgit test. Details of 
the testing program will be given subsequently. It should be noted that the Lasgit test has been 
running during more than 7 years.   
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Figure 20 Scheme of the Lasgit in situ test (Cuss et al. 2010), showing the position of: (1) 
compacted bentonite cylinders: C1…C5; (2) compacted bentonite rings: R1…R10; (3) hydration 
filter mats: 2 IFM, in blue (rectangular, top: 0.75 m × 5.5 m, bottom: 0.35 m × 5.5 m) and 2 FM, 
in cyan (discs, 0.40 m in radius); and (4) injection filters: 12 IF, with 4 distributed over each of 
the 3 red lines. 
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Modelling approach 
The modelling approach is based in Olivella et al. (1994), and has been implemented in 
CODE_BRIGHT (a finite element code developed at the Geotechnical Engineering Department 
of the UPC). All materials will be considered to be porous media, with a solid phase (with one 
species), a liquid phase (with two species: water and air) and a gas phase (with two species: 
water and air). In principle, balance of mass, momentum and energy should be established for 
the various species in the various phases present in the porous medium. However, equilibrium 
restrictions and constitutive relations will allow dropping some of them.  

Exchanges of both species water and species air between the liquid phase and the gas phase 
will be allowed. However, it will be assumed that they are always in equilibrium. It will be 
assumed that motions are slow so that terms involving accelerations and products of velocities 
may be neglected. Finally, it will be assumed that temperature remains constant everywhere. 

Combining the balance equations, the equilibrium restrictions and the constitutive relations, 
we get the field equations with the solid phase displacement su , the liquid phase pressure lp  
and the gas phase pressure gp  as unknown functions of the space position and time. 

6.1 BALANCE EQUATIONS FOR A POROUS MATERIAL WITH TWO FLUID PHASES 
Balance equations are general equations (independent of constitutive assumptions) stating 
fundamental physical principles concerning mass, momentum and energy. 

• Balance of mass 
As explained later, due to the assumption of phase change equilibrium, the balance of mass 
needs only be considered for the solid phase, for the species water and for the species air 

 

{ (1 )}+ { (1 ) } 0s s sdiv
t

ρ φ ρ φ∂
− − =

∂
v  (2.1) 

{ + }+ { ( ) } 0w w w w w w w w
l l l g g g l l l l g g g g g g g l l l sS S div S S

t
ω ρ φ ω ρ φ ω ρ ω ρ ω ρ ω ρ φ∂

+ + + + + =
∂

i q i q v  (2.2) 

{ + }+ { ( ) } 0a a a a a a a a
l l l g g g l l l l g g g g g g g l l l sS S div S S

t
ω ρ φ ω ρ φ ω ρ ω ρ ω ρ ω ρ φ∂

+ + + + + =
∂

i q i q v  (2.3) 

 

where sρ  is the density of the solid phase, lρ  is the density of the liquid phase, gρ  is the 

density of the gas phase, φ  is the void ratio, lS  and gS  are the degree of saturation of the 

liquid phase and of the gas phase ( 1l gS S+ = ), sv  is the velocity of the solid phase,  w
lω  and a

lω  

are the mass fractions of species water and of species air in the liquid phase ( 1w a
l lω ω+ = ), w

gω  

and a
gω  are the mass fractions of species water and of species air in the gas phase 

( 1w a
g gω ω+ = ), lq  and gq  are the volume fluxes of the liquid phase and of the gas phase with 

respect to the solid phase ( ( )l l l sS= −φq v v  and ( )g g g sS= −φq v v , where lv  and gv  are the 

velocities of the liquid phase and of the gas phase), w
li  and a

li  are the mass fluxes with respect 
to the liquid phase of the species water in the liquid phase and of the species air in the liquid 
phase ( ( )w w w

l l l l l lS= −ρ ω φi v v  and ( )a a a
l l l l l lS= −ρ ω φi v v , where w

lv  and a
lv  are the velocities of 

the species water in the liquid phase and of the species air in the liquid phase; since 
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w w w a
l l l l lω ω+ =v v v , it follows w a

l l = 0i + i ) and w
gi  and a

gi  are the mass fluxes with respect to the 
gas phase of the species water in the gas phase and of the species air in the gas phase 
( ( )w w w

g g g g g gS= −ρ ω φi v v  and ( )a a a
g g g g g gS= −ρ ω φi v v , where w

gv  and a
gv  are the velocities of the 

species water in the gas phase and of the species air in the gas phase; since w w w a
g g g g gω ω+ =v v v , 

it follows w a
g g = 0i + i ). 

The balance of mass of the solid phase (2.1) may be integrated, obtaining 
0 0(1 ) (1 )s s sJ ρ φ ρ φ− = − , (2.4) 

where sJ  is the Jacobian of the motion of the solid phase, 0
sρ  is the density of the solid phase 

at the corresponding point in the reference configuration and 0φ  is the porosity at the 
corresponding point in the reference configuration. Using the relation (small strains) 

,1s s volJ ε= +  (2.5) 

we arrive to 
0 0

,(1 ) (1 ) (1 )s vol s sε ρ φ ρ φ+ − = − . (2.6) 

Because of the assumption of equilibrium of the exchange of the species water and of the 
species air between the liquid phase and the gas phase, the balance of mass for the species 
water in the liquid phase, the balance of mass for the species air in the liquid phase, the 
balance of mass for the species water in the gas phase and the balance of mass for the species 
air in the gas phase are not needed. However, they allow calculating the mass rates of 
exchange of the species water and of the species air between the liquid phase and the gas 
phase, as shown below. 

 

• Balance of momentum 
If motions are slow, then the balance of momentum for the porous medium as a whole reads 

+div ρ = 0gσ , (2.7) 

where σ  is the (total) stress tensor of the porous medium, ρ  is the (total) density of the 
porous medium ( (1 ) s l l g gS S= − + +ρ φ ρ φ ρ φ ρ ) and g  is the gravity acceleration vector. 

The balance of momentum for the liquid and the gas phases will be replaced by generalized 
Darcy’s laws appropriate for unsaturated materials. These laws correspond to the balance of 
momentum for the liquid phase and for the gas phase and to constitutive assumptions for the 
stress tensors of each of these phases and for the exchange of momentum of each of these 
phases with the other phases. They are presented with the constitutive relations. The balance 
of momentum of the solid phase may be obtained by noting that the sum of the balance of 
momentum for the solid phase, for the liquid phase and for the gas phase is the balance of 
momentum for the porous medium as a whole (2.7), whereby the assumption of slow motions 
is taken into account. 

The balance of momentum for the species water and for the species air in the liquid phase and 
in the gas phase will be replaced by Fick’s laws. These laws correspond to the balance of 
momentum for the species water and the species air in the liquid phase and in the gas phase 
and to constitutive assumptions for the stress tensors of the species water and the species air 



FORGE Report: D3.31 

  34  

 

in the liquid phase and in the gas phase and for the exchange of momentum of each of these 
two species in each of these two phases with the other species in the other phases. 

The sum of the balance of momentum of the species water and of the species air in the liquid 
phase is the balance of momentum of the liquid phase, taking into account the assumption of 
slow motions. Similarly, the sum of the balance of momentum of the species water and of the 
species air in the gas phase is the balance of momentum in the gas phase, taking into account 
the assumption of slow motions. 

• Balance of energy 
Because of the assumption that temperature is everywhere constant, the various balances of 
energy are not needed. 

6.2 EQUILIBRIUM RESTRICTIONS 
The processes considered are restricted by certain constraints placed on some variables of the 
porous medium implied by the assumption of slow motions. The equilibrium conditions 
considered are: mechanical equilibrium, thermal equilibrium and phase change equilibrium. 

• Mechanical equilibrium 
Due to the assumption of slow motion, inertial terms and terms involving the product of 
velocities are neglected in the balance of momentum equations.  

• Thermal equilibrium 
We assume that the exchanges of energy between the various species in the various phases are 
much faster than the evolution of the porous medium, thereby implying that at any space point 
and time instant their temperatures are equal. Furthermore, we assume that the evolution of 
the porous medium takes places under isothermal conditions. 

• Phase change equilibrium 
We assume that species water and species air are in equilibrium with respect to phase changes 
between the liquid phase and the gas phase. In this regard, we will assume that the 
psychrometric law and Henry’s law hold 

 

0

( )
( ) exp

(273.15 ) (273.15 )
g l ww w w

g g g
l

p p MMp T
R T R T

ω ρ
ρ

− − 
=  + + 

     and (2.8) 

(273.15 )( )a a
l g g

w

R T
HM

ω ω ρ +
= , (2.9) 

 

where 0.018wM kg mol=  is the molar mass of water, 0.02895aM kg mol=  is the molar mass 

of air, 6 38.3144521 10 ( )R MPa m K mol−= × ⋅ ° ⋅  is the ideal gases constant,  T  is the 
temperature in °C, 410H MPa=  is Henry’s constant and 0 ( )w

gp T  is the  water vapour pressure 
in equilibrium with liquid water through a planar surface, whose expression has been taken to 
be 

0
5239.7( ) 136075exp

273.15
w
gp T

T
− =  + 

, (2.10) 
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where 0 ( )w
gp T  is in MPa and T  is in °C. 

Due to the assumed phase change equilibrium, the exchanges of the species water and of the 
species air between the liquid phase and the gas phase may be computed by establishing the 
balances of mass of species water in the liquid phase, the balance of species air in the liquid 
phase, the balance of species water in the gas phase and the balance of species air in the gas 
phase 

{ }+ { }w w w w w
l l l l l l l l l l s lS div S f

t
ω ρ φ ω ρ ω ρ φ∂

+ + =
∂

i q v , (2.11) 

{ }+ { }w w w w w
g g g g g g g g g g s gS div S f

t
ω ρ φ ω ρ ω ρ φ∂
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{ }+ { }a a a a a
l l l l l l l l l l s lS div S f
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+ + =
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i q v      and (2.13) 

{ }+ { }a a a a a
g g g g g g g g g g s gS div S f

t
ω ρ φ ω ρ ω ρ φ∂

+ + =
∂

i q v , (2.14) 

 

where w
lf  and w

gf  are the mass rates of species water being converted to the liquid and gas 

phases (equations (2.11), (2.12), and the balance of the species water (2.2) imply 0w w
l gf f+ = )  

and a
lf  and a

gf  are the mass rates of species air being converted to the liquid and gas phases 

(equations  (2.13), (2.14) and the balance of the species air (2.3) imply 0a a
l gf f+ = ). 

6.3 CONSTITUTIVE RELATIONS 
Constitutive relations characterize the material properties of the components of the considered 
porous medium as well as their interactions. 

• Constitutive relations for the porous medium 
The water retention curve determines the degree of saturation lS  of the porous medium as a 
function of the pressure of the liquid phase lp  and the pressure of the gas phase gp . We have 
used van Genuchten’s water retention curve 
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where λ  ( 0 1λ< < ) is a model parameter and 0P  ( 0 0P > ) depends on the intrinsic 
permeability tensor k  according to the expression 

 

0 3

CP
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where k  is the maximum of the eigenvalues of the intrinsic permeability tensor k  and  C  
( 0C > ) is a constant. In order to determine this constant, we use the expression 

 

3
0 matrix matrixC P k= , (2.17) 

where 0 matrixP  and matrixk  are the values of 0P  and k  for the matrix of the material, that is, 
without cracks (see equation (2.23) below). 

We use a generalization of Darcy’s law to unsaturated conditions for the motion of the liquid 
and gas phases with respect to the solid phase. 

 

[ ]( ) ( ) ( )rl l vol
l l l

l

k S grad pε ρ
µ

= − −
kq g      and (2.18) 

( ) ( )
( )rg g vol

g g g
g

k S
grad p

ε
ρ

µ
 = − − 

k
q g , (2.19) 

where ( )volεk  is the intrinsic permeability tensor, ( )rl lk S  is the relative permeability of the 
liquid phase and ( )rg gk S  is the relative permeability of the gas phase. 

The relative permeability of the liquid phase is given by the following law 

 

( ) ln
rl l l lk S A S=     (generalised power law), (2.20) 

where ln  and lA  are model parameters. The relative permeability of the gas phase is given by 
the following law 

 

( ) gn
rg g g gk S A S=    (generalised power law), (2.21) 

where gn  and gA  are model parameters. 

The intrinsic permeability tensor ( )volεk  is given by one of the following laws 

 

( )volε =k k     (constant) or (2.22) 

31( ) [ ( )]
12vol matrix volb

a
ε ε= +k k I  (deformation-dependent, Olivella et al. (2008)). (2.23) 

In the first law, k  is the intrinsic permeability tensor such that, at a given space point, remains 
constant. In the second law, the intrinsic permeability tensor is the sum of the contribution 
from the matrix (uniform flow) and an isotropic contribution from the cracks (Poiseuille flow 
depending on the crack aperture), where matrixk  is the matrix intrinsic permeability tensor such 
that, at a given space point, remains constant, I  is the identity tensor, a  is the mean spacing 
between cracks and ( )volb ε  denotes the crack aperture as a function of volε  defined by  

 



FORGE Report: D3.31 

  37  

 

0 0

0 0 0 0 0

0 0

( ) ( ) ( ) /
( ) /

vol vol

vol vol vol vol vol vol max

max vol max vol

b
b b a b b a

b b b a

ε ε
ε ε ε ε ε ε

ε ε

≤
= + − ≤ ≤ + −
 + − ≤

 (2.24) 

 

where 0volε  is the volumetric deformation at which the crack aperture starts increasing, 0b  is 
the minimum crack aperture, maxb  is the maximum crack aperture and a  is the mean spacing 
between cracks. Note that, if 0 0b =  and 0maxb = , then ( ) 0volb ε =  and the second law reduces 
to the first law with matrix=k k . 
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Figure 21 Crack aperture (left vertical axis) and intrinsic permeability (right vertical axis, 
logarithmic scale) as functions of volumetric deformation ( 17 210matrix m−=k I , 7

0 10b m−= , 
5

max 10b m−= , 310a m−= , 3
0 10volε −= − ). Circles indicate the initial state, at 0ε = . 

 
The dependency of the intrinsic permeability on the crack aperture, which is related to the 
volumetric deformation of the porous medium, is very important for the modelling of the liquid 
and gas flows in the Lasgit test. Figure 21 shows an example of the dependency of the intrinsic 
permeability (in logarithmic scale) and of the crack aperture with the volumetric deformation. 
Note the large variations in the intrinsic permeability induced by the volumetric deformations. 
Finally, we use Fick’s law for the motion of the water and air species with respect to the liquid 
and gas phases. 

( ) ( )w w w
l l l l l lS D gradρ φ ω′= − +i I D  (negligible term with respect to conduction) (2.25) 

( ) ( )a a a
l l l l l lS D gradρ φ ω′= − +i I D  (important term) (2.26) 

( ) ( )w w w
g g g g g gS D gradρ φ ω′= − +i I D  (2.27) 

( ) ( )a a a
g g g g g gS D gradρ φ ω′= − +i I D , (2.28) 
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where the diffusion coefficients of the water species in the liquid and gas phases are given by 

exp
(273.15 )

w a l
l l l

QD D D
R T

 −
= =  + 

 (2.29) 

(273.15 ) gQ
w a
g g g

g

TD D D
p

+
= =  (2.30) 

where lD  and lQ  (resp. gD  and gQ ) are model parameters for the liquid (resp. gas) phase and 
the dispersion tensors are given by 

 

1| | ( )
| |

t l t
l l l l l l l

l

d d d′ = + − ⊗D q I q q
q

 (2.31) 

1| | ( )
| |

t l t
g g g g g g g

g

d d d′ = + − ⊗D q I q q
q

 (2.32) 

where l
ld  and t

ld  (resp. l
gd  and t

gd ) are the longitudinal and transversal dispersivity 
coefficients of the liquid (resp. gas) phase. 

• Constitutive relations for the solid phase 
It has been assumed that the solid phase has only one species. The solid phase has been 
assumed to be incompressible 

s constρ = . (2.33) 

• Constitutive relations for the liquid phase 
The liquid phase has also been assumed to be a mixture of two species (liquid water and 
dissolved air). However, their properties have been assumed to be independent of the amount 
of dissolved air. 

5 4( ) 1002.6exp(4.5 10 ( 0.1) 3.4 10 )l lT p Tρ − −= × − − ×  (2.34) 

12( ) 2.1 10 exp(1808.5 / (273.15 ))l T Tµ −= × +  (2.35) 

where lρ  is in kg/m3 , ( )l Tµ is the dynamic viscosity of the liquid phase in MPa·s, lp  is in MPa 
and T  is in °C. 

• Constitutive relations for the gas phase 
The gas phase has been assumed to be a mixture of two species (water vapour and dry air). It 
has been assumed that each species (water vapour and dry air) is an ideal gas and that Dalton’s 
law holds. 

 
12( ) 1.48 10 (273.15 ) / (1 119 / (273.15 ))g T T Tµ −= × + + +   (2.36) 

a w
g g gp p p= +    Dalton’s law (2.37) 

(273.15 )a a
g g g

a

R Tp
M

ω ρ +
=  ideal gas law for dry air (2.38) 



FORGE Report: D3.31 

  39  

 

(273.15 )w w
g g g

w

R Tp
M

ω ρ +
=  ideal gas law for water vapour (2.39) 

where ( )g Tµ  is the dynamic viscosity of the gas phase in MPa·s and T  is in °C. 

• Constitutive relations for the solid skeleton 
Finally, we will also assume that a generalized form of Terzaghi’s effective stress principle holds 
and the deformation stress tensor of the solid phase ε  depends on the total stress tensor σ , 
the liquid phase pressure lp  and the gas phase pressure gp  through the effective stress tensor 

′σ , defined (using the continuum mechanics sign convention) by the expression 

 

*p′ = + Iσ σ , (2.40) 

where the effective fluid pressure *p  is defined by 

* max( , )l gp p p= , (2.41) 

and possibly on suction s , defined by the expression 

g ls p p= − . (2.42) 

Note that, according to van Genuchten’s water retention curve (2.15), saturation occurs if and 
only if 0s = , in which case lp′ = +σ σ I  (Terzaghi’s effective stress). 

• Isotropic linear poroelasticity 
The variation of the strain tensor 1 3 vε= +ε I e  ( ( )v trε = ε  is the volumetric strain and e  is the 
deviatoric strain tensor) is related to the variation of the effective stress tensor p′ ′= − +σ I s  
( 1 3 ( )p tr′ ′= − σ  is the effective pressure and s  is the deviatoric stress tensor) by the following 
expressions 

 

3(1 2 ) 'vd dp
E

νε
′−

= −
′

 

1d d
E

ν ′+
=

′
e s  

(2.43) 

where E′  is the effective Young’s modulus and ν ′  is the effective Poisson’s ratio. 

• Isotropic logarithmic poroelasticity 
The variation of the strain tensor 1 3 vε= +ε I e  ( ( )v trε = ε  is the volumetric strain and e  is the 
deviatoric strain tensor) is related to the variation of the effective stress tensor p′ ′= − +σ I s  
( 1 3 ( )p tr′ ′= − σ  is the effective pressure and s  is the deviatoric stress tensor) and the 
variation of suction s  by the following expressions 

 
1 1

minmax , '
(1 ) (1 )

atm

v
s

p s pd K dp dsε
κ φ κ φ

− −
   ′  +

= − −    + +    
 

1
2

d d
G

=e s  

(2.44) 
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Where atmp  is the atmospheric pressure, minK  is a lower bound for the (pressure-dependent) 
bulk modulus ( ) (1 )K p p κ φ′ ′= + , G  is the (constant) shear modulus, κ  is the slope of the 
oedometric unloading-reloading line in the 1(1 ) : ln( )pφ − ′+  plane and sκ  is the slope of the 

oedometric unloading-reloading line in the 1(1 ) : ln( )atms pφ −+ +  plane. Note that 1(1 )φ −+  is the 
specific volume. 

• Barcelona Basic Model (BBM) 
For isotropic unsaturated clayey materials, a strain hardening poroelastoplastic model based on 
the Barcelona Basic Model (BBM) proposed by Alonso et al. (1990) has been used. It is a 
generalization to unsaturated conditions of the modified Cam-clay model, whereby the elastic 
strains, the yield surface and the plastic potential depend on the effective stress ′σ  defined in 
(2.40) and on suction s . For saturated conditions, essentially it reduces to the modified Cam-
clay model. The four ingredients of this model are the following. 

Elastic deformations. The variation of the elastic strain tensor 1 3e e e
vε= +ε I e  ( ( )e e

v trε = ε  is 

the elastic volumetric strain and ee  is the elastic deviatoric strain tensor) is related to the 
variation of the effective stress tensor p′ ′= − +σ I s  ( 1 3 ( )p tr′ ′= − σ  is the effective pressure 
and s  is the deviatoric stress tensor) and the variation of suction s  by the following 
expressions 

 
1 1

minmax , '
(1 ) (1 )

atm
e
v

s

p s pd K dp dsε
κ φ κ φ

− −
   ′  +

= − −    + +    
 

1
2

ed d
G

=e s  

(2.45) 

Where atmp  is the atmospheric pressure, minK  is a lower bound for the (pressure-dependent) 
bulk modulus ( ) (1 )K p p κ φ′ ′= + , G  is the (constant) shear modulus, κ  is the slope of the 
oedometric unloading-reloading line in the 1(1 ) : ln( )pφ − ′+  plane and sκ  is the slope of the 
oedometric unloading-reloading line in the 1(1 ) : ln( )atms pφ −+ +  plane. Note that 1(1 )φ −+  is the 
specific volume. 

Yield surface. Is given by the expression 0( , , *) 0F s p′ =σ , with 

2 2
0 0 0( , , *) 3 [ ( )][ ( , *) ]sF s p J M p p s p s p p′ ′ ′= − + −σ  (2.46) 

where 0 *p  is the hardening variable, M  is the critical state line parameter, 1 3 ( )p tr′ ′= − σ  is 

the effective pressure, 1 2 ( )J tr= ⋅s s  ( p′ ′+= σs I  is the deviatoric stress tensor) and the 
functions 0 0( , *)p s p  and ( )sp s  are defined by 

(0)
( )

0
0 0

*( , *)
s

c
c

pp s p p
p

λ κ
λ κ

−
− 

=  
 

  with 0( ) [(1 )exp( ) ]s r s rλ λ β= − − +  

0( )s sp s p ks= +  

(2.47) 
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where cp  is a reference pressure 0λ  is the slope of the oedometric normal compression line in 

in the 1(1 ) : ln( )pφ − ′+  plane in saturated conditions, 0sp−  the minimum negative pressure in 
saturated conditions and r , β  and k  are model parameters. 

Plastic potential. The plastic potential function used to define the plastic flow direction has the 
same expression as the function used to define the yield surface.  

2 2
0 0 0( , , *) 3 [ ( )][ ( , *) ]sG s p J M p p s p s p p′ ′ ′= − + −σ  (2.48) 

The variation of the plastic strain tensor pε  is 

 

0( , , *)p Gd s p dλ∂ ′= ⋅
′∂

ε σ
σ

 (2.49) 

where dλ  is the (non-negative) plastic multiplier. 

Hardening rule. The evolution of the hardening variable 0 *p  is related to the evolution of the 

plastic volumetric strain ( )p p
v trε = ε  according to 

 
1

0 0
0

(1 )* * p
vdp p dφ ε

λ κ

−+
= −

−
. (2.50) 

Note that (if 0 0sp = ) ν ′ , κ , 0λ , M  and 0 *p  are the parameters of the modified Cam-clay 
model to which the BBM reduces at 0s = . 

6.4 FIELD EQUATIONS 
Combining the balance equations, the equilibrium restrictions and the constitutive relations we 
get a system of differential equations with the displacement vector of the solid skeleton su , the 
pressure of the liquid phase lp  and the pressure of the gas phase gp  as unknown functions of 
the space position and time. 

The balance of mass of the solid phase (using s constρ = ) and the balance of water mass read 

+ ( ) ( )s sdiv div
t
φ φ∂

=
∂

v v  (2.51) 

( + ) ( + ) + ( )

+( ) ( )+( ) ( ) 0

w w w w w w w w
l l l g g g l l l g g g l l l l g g g g

w w w w
g g g l l l s s g g g l l l

S S S S div
t t

S S div grad S S

φφ ω ρ ω ρ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ φ φ ω ρ ω ρ

∂ ∂
+ + + +

∂ ∂
+ + =

i q i q

v v
 (2.52) 

Combining these equations, we get 

 

( + ) ( + ) +

( + ) ( )+ ( ) 0

w w w w
l l l g g g s l l l g g g

w w w w w w
l l l g g g s l l l l g g g g

S S grad S S
t

S S div div

φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ ω ρ ω ρ

∂ + ∂ 
+ + + + =

v

v i q i q
 (2.53) 
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Neglecting the second term and using the relation (small strains) 

,( ) s vol
sdiv

t
ε∂

=
∂

v  (2.54) 

we arrive to 

 

,( + ) ( + )

+ ( ) 0

s volw w w w
l l l g g g l l l g g g

w w w w
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q

 (2.55) 

Similarly, the balance of mass of the solid phase (using s constρ = ) and the balance of air mass, 
yield 

 

,( + ) ( + )

+ ( ) 0

s vola a a a
l l l g g g l l l g g g

a a a a
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q

 (2.56) 

On the other hand, using s constρ =  in the integrated form (2.6) of the balance of mass of the 
solid phase, we arrive to 

 
0

,

11
1 s vol

φφ
ε

−
− =

+
. (2.57) 

This relation allows to express the porosity φ  as a function of the derivatives of the 
displacement vector of the solid phase skeleton su . 

Therefore, upon using the rest of the balance equations, the equilibrium restrictions and the 
constitutive relations, the balance of mass of the species water, the balance of mass of the 
species air and the balance of momentum of the porous medium 

 

,( + ) ( + )

+ ( ) 0

s volw w w w
l l l g g g l l l g g g

w w w w
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q

 (2.58) 

,( + ) ( + )

+ ( ) 0

s vola a a a
l l l g g g l l l g g g

a a a a
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q  

(2.59) 

( * )+div p ρ′ − = 0I gσ , (2.60) 

may be written in terms of the displacement vector of the solid phase skeleton su , the pressure 
of the liquid phase lp  and the pressure of the gas phase gp  and their partial derivatives.  
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This system of differential equations in the unknown functions su , lp  and gp  will be referred 
to as the system of field equations. In order to solve this system of differential equations, 
suitable initial and boundary conditions reflecting the conditions of the Lasgit test must be 
provided. Once the unknown functions are determined as a function of the space point and of 
time, all the functions of interest are found from them. 

6.5 TRANSITION BETWEEN SATURATED AND UNSATURATED STATES 
As already mentioned, the unknown functions su , lp  and gp  are defined at every point of the 
geometric domain and at all times and are found by solving the system of field equations with 
suitable initial and boundary conditions. 

On the other hand, using the psychrometric law and Henry’s law as equilibrium restrictions 
(stating the phase change equilibrium of water species and of air species between the gas 
phase and the liquid phase made of these two species), the ideal gases law for the water vapor, 
the ideal gases law for dry air and Dalton’s law, it is possible to express gp , gρ , w

gω  and a
gω  as 

a function of lp , lρ , w
lω  and a

lω  or, conversely, to express lp , lρ , w
lω  and a

lω  as a function of 

gp , gρ , w
gω  and a

gω . 

We note that the water retention curve is a continuous function ( )l g lS f p p= −  such that 

1lS =  (saturated state) if and only if g lp p≤  and 1lS <  if and only if g lp p> . This has the 
following consequences 

• Mechanical. The effective fluid pressure * ( , )l gp f p p=  is a continuous function of lp  and 

gp , such that * lp p=  if and only if g lp p≤  and * gp p=  if and only if g lp p≥ . 
Consequently, the effective stress tensor ′σ  is Terzaghi’s effective stress tensor lp+ Iσ  if 
and only if g lp p≤  and is the net stress tensor gp+ Iσ  if and only if g lp p≥ . 

• Hydraulic. The relative permeability of the gas phase is a continuous function (1 )rg lk f S= −  

of lS  such that 0rgk =  if and only if 1lS = . If 1lS = , then Darcy’s law for the gas phase 

yields g = 0q . The mechanical dispersion tensor of the gas phase is a continuous function 

( )g gf=D' q  such that g = 0D'  when g = 0q . Finally, if g = 0q  then Fick’s law for the water 

species and for the air species in the gas phase yield w
g = 0i  and a

g = 0i . Consequently, if 

g lp p≤  then 0gS =  and w a
g g g= = = 0q i i . In this case, all terms pertaining to the gas phase 

disappear from the balance of mass equations. 
The water retention curve determines whether the porous medium is saturated or unsaturated, 
but in the field equations some terms vanish if the porous medium is saturated. More precisely 

• Saturated porous medium. If g lp p≤ , then the porous medium saturates ( 1lS = ) and the 

terms gq , w
gi  and a

gi  disappear from the field equations, which reduce to the field equations 
of a saturated porous medium (recall that the liquid phase is made of the species water and 
the species air) with lp′ = + Iσ σ  being Terzaghi’s effective stress 

,( ) ( ) + ( ) 0s volw w w w
l l l l l l l ldiv

t t
ε

φ ω ρ ω ρ ω ρ
∂∂

+ + =
∂ ∂

i q  (2.61) 



FORGE Report: D3.31 

  44  

 

,( ) ( ) + ( ) 0s vola a a a
l l l l l l l l lS div

t t
ε

φ ω ρ ω ρ ω ρ
∂∂

+ + =
∂ ∂

i q  (2.62) 

( )+ldiv p ρ′ − = 0I gσ  (2.63) 

 

Using (2.11) and (2.13) in the two first equations, it follows that 0w
lf =  and 0a

lf = . That is, 
there are no mass contributions from the non-existent gas phase. As explained earlier, the 
pressure of the gas phase gp  at a point of the porous medium and at a time instant is the 
pressure of a gas (made of species water and species air) which is in equilibrium (with respect 
to exchanges of species water and of species air) with the liquid phase (made of species water 
and species air) at the considered point of the porous medium and at the considered time 
instant. 

• Unsaturated porous medium. If g lp p> , then the porous medium desaturates ( 1lS < ), the 

terms gq , w
gi  and a

gi  appear in the field equations, which are the field equations of an 
unsaturated porous medium (the liquid phase and the gas phase have the species water and 
the species air) with gp′ = + Iσ σ  being the net stress 

 

,( + ) ( + )

+ ( ) 0

s volw w w w
l l l g g g l l l g g g

w w w w
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q  

(2.64) 

,( + ) ( + )

+ ( ) 0

s vola a a a
l l l g g g l l l g g g

a a a a
l l l l g g g g

S S S S
t t

div

ε
φ ω ρ ω ρ ω ρ ω ρ

ω ρ ω ρ

∂∂
+

∂ ∂
+ + + =i q i q  

(2.65) 

( )+gdiv p ρ′ − = 0I gσ . (2.66) 
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7 2D axisymmetric model 
In view of the high stiffness of the host rock (good quality rock mass, mainly Äspö diorite) as 
compared with the stiffness of the buffer materials (compacted bentonite bricks and bentonite 
pellets), it was decided to restrict the modelled region to the interior of the deposition hole and 
take the effect of the rock around the deposition hole as mechanical and hydraulic boundary 
conditions. The geometry of the Lasgit test (deposition hole, concrete plug, steel canister, 
compacted bentonite bricks) is axisymmetric about the axis of the deposition hole. Although 
some of the actions exerted on the Lasgit test (water hydration) are axisymmetric about the 
axis of the deposition hole, some other actions (water injection tests, gas injection tests, 
pressure relief boreholes) are not axisymmetric about the axis of the deposition hole, but the in 
situ measurements (liquid and gas pressures) show that their effects are rather local. Taking 
into account these considerations, and with the aim to reduce both the model complexity and 
calculation times, a 2D axisymmetric model of the Lasgit test was made using CODE_BRIGHT. 

7.1 GEOMETRY AND COORDINATE SYSTEM 
Taking into account the assumed axisymmetry about the axis of the cylindrical deposition hole, 
a rectangular region with a height of 8.5 m (length of the cylindrical deposition hole) and a 
width of 0.875 m (radius of the cylindrical deposition hole) was considered. Figure 1-1 shows 
the finite element mesh used (the left boundary coincides with the axisymmetry axis, taken as 
the y -axis), with 3591 elements (linear 4-noded quadrilaterals, with 4 degrees of freedom per 
node, namely, radial displacement xu , vertical displacement yu , liquid phase pressure lp  and 
gas phase pressure gp ), 3784 nodes and 15136 degrees of freedom. 

The main components of the Lasgit test, namely, compacted bentonite bricks, steel canister 
and concrete plug were taken into account by assigning appropriate constitutive laws to the 
corresponding 2D regions in the mesh. It should be mentioned that, despite the high stiffness 
of the steel canister as compared with the stiffness of the buffer materials, the steel canister 
was taken into account as a convenient way to model the mechanical boundary conditions 
corresponding to a (nearly) rigid material. This is an important aspect of the modelling, since 
the steel canister experienced vertical displacements. 

The anchors and the steel lid were taken into account as a mechanical boundary condition on 
the top of the concrete plug. The host rock was taken into account as mechanical and hydraulic 
(liquid and gas) boundary conditions on the surface of the deposition hole. The two conductive 
fractures in the host rock located at 2.75 m and 1.85 m from the bottom of the deposition hole 
were taken into account as point sinks. As there were uncertainties on their hydraulic activity, 
several options were explored. 

Interface zones were considered at the surfaces of the compacted bentonite brick elements 
(cylinders and rings) in contact with other compacted bentonite brick elements (bentonite-
bentonite), with the steel canister (bentonite-canister), with the rock (bentonite-rock) and with 
the concrete plug (bentonite-concrete). An interface zone was considered at the surface of the 
concrete plug in contact with the rock (concrete-rock). Note that all interfaces have been 
modelled using volume finite elements (rather than surface finite elements), whereby a true 
thickness of 0.05 m has been used in all of them. 
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Finally, the various inputs of liquid (artificial hydration and liquid injection tests) and gas (gas 
injection tests) at injection filters (IF) and filter mats (FM) have been taken into account as 
boundary conditions on the surface of the modelled region. 

 

 

 
Figure 22 Mesh of 2D axisymmetric finite elements, showing: (1) bentonite cylinders (blue) and 
bentonite rings (light green); (2) steel canister (olive green); (3) concrete plug (dark red); (4) 
horizontal bentonite-bentonite, bentonite-canister and bentonite-concrete plug interfaces 
(pink) and bentonite-rock interface (dark grey); and (5) vertical bentonite-rock (brown), 
concrete plug-rock (dark brown) interfaces and bentonite-canister (cyan) interfaces. The 
axisymmetry axis coincides with the left vertical boundary. 

Initial and boundary conditions 

Initial conditions describe the initial state of the Lasgit test, after installation of the various 
components. Boundary conditions model the rock, the anchors and the steel lid, the hydration 
phase and the test input protocol of liquid and gas. 
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The installation of the components of the Lasgit test was simulated with an auxiliary calculation 
stage of 106 days (see Table 7-1), whereby gravity was activated and a state of mechanical and 
hydraulic (liquid and gas) equilibrium was approached, corresponding to the situation just 
before the hydration of the Lasgit test. 

• Initial conditions 
The initial values considered for the unknown functions are (all pressures are absolute, rather 
than relative to the atmospheric pressure) 

liquid pressure 0.81lp MPa= −  

gas pressure  0.1gp MPa=  

displacements: 0s =u  

The initial value considered for the stress state is  

total stress   0.15 MPa= − Iσ  (isotropic compression stress) 

• Boundary conditions 
Boundary conditions at the rock surface 

The rock surface was considered to be rigid, 0s =u , and impervious, except for two zones 
where a pressure history allowing liquid and gas flow has been imposed. The fractured zones in 
the rock are represented by a prescribed pressure boundary condition with the value of 0.364 
MPa (for fractures at z = 2.725 m) and 0.373 MPa (for fractures at z = 1.8 m) (z measured from 
bottom of the test hole). In addition, gas can outflow on these zones when the gas pressure in 
the bentonite becomes higher than these values. 

Anchors and steel lid 

On the top of the concrete plug, a stress of 1 MPa was applied, equivalent to the force exerted 
by the anchors and to the weight of the steel lid. 

Test input protocol 

During the gas injection tests, either the displacement of the syringe piston or the gas pressure 
was prescribed during certain time intervals. In the first case, since the injected gas mass flux is 
not known a priori, the model should include the variable volume of the syringe. However, a 
boundary condition with time intervals of prescribed gas mass flow and time intervals of 
prescribed gas pressure was used, approximating the measured evolution of the gas pressure at 
the injection point. Figure 23 shows the measured evolution of the gas pressure at the injection 
point during the first gas injection test compared with the corresponding modelled evolution. 
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Figure 23 Evolution of the gas phase pressure gp  at the injection 
point during the first gas injection test: a) measured; and b) 
modeled. Note that different scales have been used. 

 

Table 7-1 shows the main actions on the Lasgit test (test input protocol) and the corresponding 
actions on the 2D axisymmetric model (model input protocol). Pressure histories have been 
imposed for the liquid, whereas both pressure and flux histories have been imposed for the gas, 
as explained earlier. Note that the second hydraulic testing was not reproduced, since the state 
of the Lasgit test before and after this testing is essentially the same, and the focus of the Lasgit 
test is on the gas flow. 
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Table 7-1 Test input protocol and model input protocol. (*) at the other injection filters (IF) and 
all filter mats (FM), hydration goes on, with lp  held at 2.35 MPa. 

Test Stage Test comments Test time 
begin (d) 

Test time 
 end (d) 

Model stage 

constr. + eq.  0 106  

hydration 1 
lp  increase by steps 

to 1.5 MPa 

106 169 
lp  ramp to 1.5 MPa at 

all IF+FM 

  169 415 
lp  const. at 1.5 MPa at 

all IF+FM 

 packer inflated at 
pressure relief holes 

415 418 deactivation lower filter 
mat 

  418 657 
lp  const. at 1.5 MPa at 

all IF+FM except lower 
FM 

 increase lp to 2.35 MPa 
in one step. 

657 666 
lp ramp to 2.35 MPa at 

all IF+FM 

  666 842 
lp  const. at 2.35 MPa 

at all  IF+FM except 
lower FM 

hydr. test 1 isolation of lower 
canister filters 

842 870 deactivation lower 
canister filter 

 
lp  to 4.3 MPa at FL901 870 898 

lp  ramp to 4.3 MPa at 
FL901 (*)  

 
lp  to 0.56 MPa at FL901 898 917 

lp  ramp to 0.56 MPa at 
FL901 (*) 

gas test 1 gas pumping at FL901 917 930 
gp  ramp 1.9 MPa at 

FL901 (*) 

 
gp  held at 1.9 MPa at 

FL901 

930 953 
gp  const. to 1.9 MPa at 

FL901 (*) 

 gas pumping at FL901 953 1010 gas mass flow ramp to 
1·10-5 kg/s at FL901 (*) 

  1010 1080 gas mass flow const. at 
1·10-5 kg/s at FL901 (*) 

hydr. test 2 not modeled 1080 1606 No gas injection (*) 

gas test 2  1606 1670 gas mass flow ramp to 
1·10-5 kg/s at FL901 (*) 

  1670 2000 gas mass flow const. at 
1·10-5 kg/s at FL901 (*) 
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7.2 MATERIAL MODELS 
To the various model regions corresponding to the considered components of the Lasgit test, 
appropriate constitutive models have been assigned, whose definitions have been detailed in a 
previous section. A summary of these assignations follows.  

• Compacted bentonite rings and cylinders: (1) mechanic model: BBM; (2) water retention 
curve: van Genuchten; (3) intrinsic permeability: deformation-dependent; (4) relative 
permeability to liquid: generalized power law; (5) relative permeability to gas: generalized 
power law. 

• Steel canister: (1) mechanic model: isotropic linear elastic; (2) water retention curve: van 
Genuchten; (3) intrinsic permeability: constant; (4) relative permeability to liquid: 
generalized power law; (5) relative permeability to gas: generalized power law. 

• Concrete plug: (1) mechanic model: isotropic linear elastic; (2) water retention curve: van 
Genuchten; (3) intrinsic permeability: constant; (4) relative permeability to liquid: 
generalized power law; (5) relative permeability to gas: generalized power law. 

• Bentonite pellets at interfaces with bentonite bricks bentonite-bentonite, bentonite-
canister and bentonite-concrete plug: (1) mechanic model: isotropic logarithmic elasticity; 
(2) water retention curve: van Genuchten; (3) intrinsic permeability: deformation-
dependent; (4) relative permeability to liquid: generalized power law; (5) relative 
permeability to gas: generalized power law. 

• Bentonite pellets at interface concrete plug-rock: (1) mechanic model: isotropic linear 
elasticity; (2) water retention curve: van Genuchten; (3) intrinsic permeability: constant; (4) 
relative permeability to liquid: generalized power law; (5) relative permeability to gas: 
generalized power law. 

• Bentonite pellets at interface bentonite-rock: (1) mechanic model: isotropic logarithmic 
elasticity; (2) water retention curve: van Genuchten; (3) intrinsic permeability: deformation-
dependent; (4) relative permeability to liquid: generalized power law; (5) relative 
permeability to gas: generalized power law. 

The values assigned to the parameters of the aforementioned constitutive models are 
summarized in the three following tables. 

Notes 

• For bentonite bricks and interfaces between them and other materials, 1lA =  and 10gA =  
have been used, because in clays the intrinsic permeability for gas is higher than for water. 

• Filter mats have been modelled as materials with the same properties as the interface to 
which they belong. For the bottom mat, however, an increased permeability of 10-18 m2 has 
been used.  

• In all materials to which a BBM model was assigned, the initial value of the hardening 
variable 0 *p  has been 13 MPa. 
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Table 7-2 Parameters used for the isotropic linear elasticity model. 

symbol concrete interf. 
rock- 
concrete 

canister units 

w.r.c.     

λ  0.3 0.3 0.3 −  

0P  5 5 5 −  

i.perm.     

matrixk  1·10-18 1·10-18 1·10-45 2m  

0b  −  −  −  m  

maxb  −  −  −  m  

a  −  −  −  m  

0ε  −  −  −  −  

r.perm.     

lA  1 1 1  

ln  3 3 3 −  

gA  1 1 1 −  

gn  1 1 1 −  

diff./disper     

lD  5.45·10-10 5.45·10-10 5·10-12 2m s  

lQ  0 0 0 3MPa m mol⋅  

gD  0 0 0 2 gQm s MPa K −⋅ ⋅°  

gQ  0 0 0 −  

ld  0.1 0.1 0.1 m  

td  0.01 0.01 0.01 m  

mech.     

E′  1·104 1·104 2.1·105 MPa  

ν ′  0.25 0.25 0.3 −  
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Table 7-3 Parameters used for the isotropic logarithmic elasticity model. 

symbol interf. 
bentonite- 
rock 

interf. 
bentonite- 
canister 

interf. 
bentonite- 
bentonite 

units 

w.r.c.     

λ  0.2 0.3 0.3 −  

0P  0.5 5 5 −  

i.perm.     

matrixk  1·10-18 5·10-19 5·10-19 2m  

0b  1·10-8 1·10-8 1·10-8 m  

maxb  2·10-6 2·10-6 2·10-6 m  

a  1·10-5 1·10-5 1·10-5 m  

0ε  –0.002 –0.002 –0.002 −  

r.perm.     

lA  1 1 1 −  

ln  3 3 3  

gA (*) 10 10 10 −  

gn  1 1 1 −  

diff./disper     

lD  5.45·10-10 5.45·10-10 5.45·10-10 2m s  

lQ  0 0 0 3MPa m mol⋅  

gD  0 0 0 2 gQm s MPa K −⋅ ⋅°  

gQ  0 0 0 −  

ld  0.1 0.1 0.1 m  

td  0.01 0.01 0.01 m  

mech.     

G  10 10 10 MPa  

κ  5·10-3 4·10-3 4·10-3 −  

minK  10 10 10 MPa  

sκ  5·10-4 4·10-4 4·10-4 −  
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Table 7-4 Parameters used for the Barcelona Basic Model (BBM). 

symbol bentonite 
bricks 

units 

w.r.c.   

λ  0.3 −  

0P  20 −  

i.perm.   

matrixk  5·10-20 2m  

0b  1·10-7 m  

maxb  1·10-6 m  

a  0.12 m  

0ε  –0.01 −  

r.perm.   

lA  1 −  

ln  3  

gA (*) 10 −  

gn  1 −  

diff./disper   

lD  5.45·10-10 2m s  

lQ  0 3MPa m mol⋅  

gD  0 2 gQm s MPa K −⋅ ⋅°  

gQ  0 −  

ld  0.1 m  

td  0.01 m  

mech.   

G  10 MPa  

κ  4·10-3 −  

minK  10 MPa  

sκ  6·10-3 −  
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0λ  0.25 −  

r  0.75 −  

β  0.1 1MPa−  
cp  0.5 MPa  

0sp  0.02 MPa  

k  0.03 −  

M  1.2 −  
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7.3 RESULTS 
In this section, the geomechanics sign convention is used: (1) strain components and volumetric 
deformations are positive for contraction and negative for expansion; and (2) stress 
components and pressures are positive for compression and negative for tension. 

In order to provide an understanding of the processes that take place in the bentonite buffer 
due to the application of the test protocol, a set of Figures has been prepared: 

• Figure 24 to Figure 28 show the distributions of gas pressure, liquid pressure, degree of 
saturation, volumetric deformations, volume flux of gas and volume flux of liquid at 5 time 
instants. 

• Figure 29 to Figure 32 show the evolutions of stresses, strains, liquid pressure, gas pressure 
and intrinsic permeability at 3 points located on interfaces. 

• Figure 33 shows the evolutions of gas pressure at several points located both in the 
bentonite and in the interfaces. 

• Figure 34 shows the evolutions of horizontal stresses at several points in the bentonite. 
• Figure 35 shows the evolutions of normal stresses and gas pressure at several points located 

both in the bentonite and in the interfaces. 
• Figure 36 shows the evolutions of the vertical displacements of the canister and of the steel 

lid. 
 

Comments to these Figures highlight the main processes taking place in the bentonite buffer 
due to the application of the test protocol.  
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a)  b)  c)  

d)  e)  f)  

Figure 24 Distributions at t = 169 days of: a) gas phase pressure gp  (MPa);  b) liquid phase 
pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); d) volumetric 

deformation vε  (–); e) volume flux of the gas phase gq  (m/s); and f) volume flux of the liquid 

phase lq  (m/s). 

 

At 169 days (Figure 24), water injection is in progress. Water pressure increases near the 
injection points and progresses along the interfaces. Volumetric deformations due to effective 
stress decrease (reaching tension in some places) show the effect of water pressure increase. 
Saturation of the buffer materials is in progress at this time. Water fluxes are significant and 
higher along the interfaces due to the increased intrinsic permeability due to dilatant 
deformations. Some gas fluxes are consequence of the displacement of the gas initially present 
in the pores that are progressively saturated. 
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a)  b)  c)  

d)  e)  f)  

Figure 25 Distributions at t = 500 days of: a) gas phase pressure gp  (MPa);  b) liquid phase 

pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); d) volumetric 

deformation vε  (–); e) volume flux of the gas phase gq  (m/s); and f) volume flux of the liquid 

phase lq  (m/s). 

 

At 500 days (Figure 25), water pressurization has produced/induced an almost full saturation of 
the clay elements. Only the interface between the blocks and the rock in the upper zone 
remains unsaturated. Deformations near the water injection points are dilatant in the buffer 
and compressive at the interface as the interfaces close during clay swelling. Interfaces undergo 
opening during the early stages of water injection (before 500 days). 
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a)  b)  c)  

d)  e)  f)  

Figure 26 Distributions at t = 1000 days of: a) gas phase pressure gp  (MPa);  b) liquid phase 

pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); d) volumetric 

deformation vε  (–); e) volume flux of the gas phase gq  (m/s); and f) volume flux of the liquid 

phase lq  (m/s). 

 

At 1000 days (Figure 26), the first gas injection event is taking place. Gas pressure develops in 
the vicinity of the injection zones. This produces desaturation of the interfaces and barrier, 
more pronounced along the interfaces as their retention curve is lower and decreases with 
aperture opening. Gas fluxes concentrate along the interfaces due to their higher permeability 
(because intrinsic permeability is higher and relative permeability is also higher. 
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a)  b)  c)  

d)  e)  f)  

Figure 27 Distributions at t = 1660 days of: a) gas phase pressure gp  (MPa);  b) liquid phase 
pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); d) volumetric 

deformation vε  (–); e) volume flux of the gas phase gq  (m/s); and f) volume flux of the liquid 

phase lq  (m/s). 

 

At 1660 days (Figure 27), is just before the second gas injection event. Gas pressure distribution 
indicates that there is an accumulation of dissolved gas in the lower part of the buffer. The gas 
is dissolved because the material is fully saturated. Deformations remain dilatant in the zone 
where gas has been injected during the first gas injection event. 
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a)  b)  c)  

d)  e)  f)  

Figure 28 Distributions at t = 2000 days of: a) gas phase pressure gp  (MPa);  b) liquid phase 

pressure lp  (MPa); c) degree of saturation of the liquid phase lS  (–); d) volumetric 

deformation vε  (–); e) volume flux of the gas phase gq  (m/s); and f) volume flux of the liquid 

phase lq  (m/s). 

At 2000 days (Figure 28), there is a well-developed gas injection during the second gas injection 
event.  Gas pressure has propagated along the barrier and only remains low near the rock. 
Desaturation of the interfaces is significant in both the contact with the canister and the 
contact with the rock, and along the horizontal interfaces as well. Gas fluxes show the paths of 
gas migration. Water fluxes are much smaller in magnitude and also show the movement along 
interfaces. Water movement is also due to water displacement as gas is injected, because no 
water is injected during gas injection. 
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a)  

b)  

Figure 29 a) Evolutions at the lower injection filter (FL901) (  indicates its position) of: (1) gas 
phase pressure gp (MPa); (2) liquid phase pressure lp  (MPa); (3) horizontal (normal to the 
bentonite-canister interface) total stress xxσ  (MPa); (4) horizontal effective stress xxσ ′  (MPa); 
and (5) horizontal strain xxε  (–). b) evolutions at the same point of: (1) horizontal effective 
stress xxσ ′  (MPa); and (2) intrinsic permeability k  (m2). 

Near the injection points (Figure 29) sharp variations of variables take place as a consequence 
of water or gas pressure sharp variations. At early times (before 200 days) water pressurization 
induces a peak of dilatant deformations normal to the interface combined with a sharp increase 
of intrinsic permeability. This process is reversed by the swelling of the clay as it is hydrated. 
This implies that intrinsic permeability reduces back to the original values. During the first event 
of gas injection (day 917 to day 1080), dilatant irreversible deformations normal to the 
interface take place which cause intrinsic permeability increase. This is not recovered as the 
swelling of the clay blocks is no longer available. During the second gas injection test (day 1606 
to day 2000), only a small variation of the intrinsic permeability is observed as the interfaces 
have already been damaged during the first gas injection event. Though effective stresses 
normal to the interface sometimes reach values in tension, they are mainly compressive. Note 
that, according to the isotropic logarithmic elasticity model (2.44) used, the volumetric 
deformation depends on the effective pressure and on suction, which explains why 
deformations normal to the interface can be dilatant in spite of stresses normal to the interface 
being compressive. 
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a)  

b)  

Figure 30 a) Evolutions at a point near the lower injection filter  (FL901), at the midpoint of the 
contact between a compacted bentonite ring (R3) (  indicates its position) of: (1) gas phase 
pressure gp (MPa); (2) liquid phase pressure lp  (MPa); (3) horizontal (normal to the bentonite-
canister interface) total stress xxσ  (MPa); (4) horizontal effective stress xxσ ′  (MPa); and (5) 
horizontal strain xxε  (–). b) evolutions at the same point of: (1) horizontal effective stress xxσ ′  
(MPa); and (2) intrinsic permeability k  (m2). 

 

Along the vertical interface between the canister and the buffer (Figure 30) results are similar 
to the ones near the injection point, shown in Figure 29. 
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b)  

Figure 31 a) Evolutions at a point near the lower injection filter  (FL901), at the midpoint of the 
contact between two compacted bentonite rings (R2 and R3) (  indicates its position) of: (1) gas 
phase pressure gp (MPa); (2) liquid phase pressure lp  (MPa); (3) vertical (normal to the 

bentonite-canister interface) total stress yyσ  (MPa); (4) vertical effective stress (MPa) yyσ ′ ; and 
(5) vertical strain yyε  (–). b) evolutions at the same point of: (1) vertical effective stress yyσ ′  
(MPa); and (2) intrinsic permeability k  (m2). 

 

Along the horizontal interface between the injection zone and the rock (Figure 31) the increase 
in permeability due to interface opening during water injection is similar to what has been 
observed near the injection point. This increase of permeability is recovered as the clay blocks 
swell. During gas injection, permeability increases but decreases as the gas injection finishes. 
This is possibly caused by gas pressure reduction but also by the still in progress swelling 
process of clay blocks.  The second gas injection event causes again an increase of intrinsic 
permeability. Though effective stresses normal to the interface sometimes reach values in 
tension, they are mainly compressive. Deformations normal to the interface are dilatant, except 
in the period from around day 300 to around day 900, during which they are compressive. In 
this regard, recall the remark on the constitutive model used made in the paragraph below 
Figure 29. 
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a)  

b)  

Figure 32 a) Evolutions at a point near the lower injection filter  (FL901), at the midpoint of the 
contact between a compacted bentonite ring (R3) and the rock (  indicates its position) of: (1) 
gas phase pressure gp ; (2) liquid phase pressure lp  (MPa); (3) horizontal (normal to the 
bentonite-rock interface) total stress xxσ  (MPa); (4) horizontal effective stress (MPa) xxσ ′ ; and 
(5) horizontal strain xxε  (–). b) evolutions at the same point of: (1) horizontal effective stress 

xxσ ′  (MPa); and (2) intrinsic permeability k  (m2). 

 

Along the vertical interface between the clay blocks and the host rock (Figure 32), there is not a 
significant variation of intrinsic permeability. Effective stresses normal to the interface are 
mainly compressive and extension is not reached. Deformations normal to the interface are 
mainly compressive, except for a short initial period during which they are dilatant. 
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a)     

b)     

c)     

Figure 33 Evolutions of gas phase pressure gp  (MPa) at points with vertical coordinates 
1.48y m= , 2.00 m , 2.50 m , 3.00 m , 3.50 m , 4.00 m , 4.50 m , 5.00 m  on vertical lines, located 

at: a) 0.55x m=  (canister wall); b) 0.70x m= ; and c) 0.85x m=  (rock wall). 

 

The gas pressure development induced by gas injection shows a sharp front (Figure 33). The gas 
pressure evolution indicates that some points far from the injection zone do not show any 
response while other respond sharply as the gas front arrives. Actually, the arrival of the gas at 
certain points can be observed clearly and the sharp gas increase occurs at points at larger 
distances with a certain delay in time. This is observed in both gas injection events.  The process 
is similar in figures a), b), c) although the three figures correspond to points near the canister 
(a), points near the rock (c) and points at half distance between canister surface and borehole 
wall (b). 
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Figure 34 Evolutions of horizontal stresses xxσ  (MPa) at several points in the bentonite. 

Figure 34 shows the evolution of horizontal stresses. At early times, stresses develop induced 
by swelling of the clay blocks. At 650 days total stresses increase as the water pressure is 
increased under fully saturated conditions. Total stresses respond at the water pressure test at 
870-900 days. The injection of gas and the corresponding gas pressure development induces 
some desaturation of the porous materials. This implies some suction development and the 
associated contraction. This contraction under nearly confined condition produces total stress 
decrease 
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 a)   

 

 

x= 0.50 , y=  4.00         
x= 0.50 , y=  3.00         
x= 0.50 , y=  2.00         
x= 0.50 , y=  1.00         

  

b) 

 

 

x= 0.70 , y=  4.50         
x= 0.70 , y=  3.50         
x= 0.70 , y=  2.50         
x= 0.70 , y=  1.50         

  

Figure 35 Evolutions of normal stresses nσ  (MPa) (continuous lines) and gas pressures gp  
(MPa) (dashed lines) at several points in the bentonite: a) near the canister; and b) at the 
center of horizontal interfaces. 

 

In Figure 35 gas pressure and total stress normal to interfaces are represented together for 
points near the canister a) and for points along the horizontal interfaces b). It can be observed 
that gas pressure evolves below the normal stress during most of the process but there are 
some exceptions. This happens when the gas pressure increases sharply and manages to 
overcome the normal stress values. 
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Figure 36 Evolutions of vertical displacements yu  (m) of the canister and of the lid. 

The vertical displacement of the canister (Figure 36) is a consequence of the different processes 
of water pressurization, gas injection, swelling and contraction of the blocks. In contrast the lid 
shows a small vertical movement as a constant stress on top has been assumed.     
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8 Conclusions 
 

The Large scale gas injection test (Lasgit) is located in the Äspö Hard Rock Laboratory (Sweden) 
at 420 m of depth. After excavating a vertical cylindrical deposition hole (8,5 m in length and 
1.75 m in diameter) in the rock, a modified SKB-3 canister (4.835 m in length and 1.05 m in 
diameter) was laid down, surrounded by compacted bentonite bricks and the existing gaps 
were filled with bentonite pellets. A concrete plug was poured to close the deposition hole and 
a steel lid anchored to the rock was placed to simulate the backfill of the gallery over the 
deposition hole. After an initial hydration phase, a series of both liquid and gas injection tests 
were conducted, the first allowing to determine properties of the buffer and the latter 
simulating gas generation due to canister corrosion. The response of the bentonite buffer and 
other test components measured by the multiple sensors installed was recorded over several 
years. 

 

The Lasgit test has been modeled using the framework of multiphase flow in deformable 
porous media, whereby a solid phase (with 1 species: clay mineral), a liquid phase (with 2 
species: water and air) and a gas phase (with 2 species: water and air) were considered. 
Equilibrium with respect to phase changes of both water and air species were assumed to hold, 
and to be governed by the psychrometric and Henry’s laws. Saturation was governed by a van 
Genuchten water retention curve. Motions of the liquid and gas phases were governed by 
generalized Darcy’s laws and motions of the water and air species within the liquid and gas 
phases were governed by generalized Fick’s laws. A generalized form of Terzaghi’s effective 
stress principle was used. Whereas the buffer material (compacted bentonite bricks and 
bentonite pellets interfaces), concrete plug and the steel canister were modeled as continua, 
the surrounding rock, the steel lid and the anchors were taken into account as boundary 
conditions. For the bentonite bricks and the bentonite pellets interfaces, a version of the 
Barcelona Basic Model for unsaturated clayey materials with a deformation-dependent intrinsic 
permeability law was used. Finally, the test input protocol, including the hydration phase and 
the liquid and gas injection tests, was taken into account as boundary conditions. Calculations 
were made using CODE_BRIGHT, a FEM code developed at the Geotechnical Engineering 
Department of the UPC. 

 

Though the model involved some simplifications, the main coupled processes taking place in 
the bentonite buffer as a result of the application of the test protocol are believed to be 
properly taken into account. The deformation-dependent intrinsic permeability law allowed to 
model gas break-through along the buffer. The model was able to reproduce the opening and 
closing of the bentonite pellets interfaces. In general, the main features of the bentonite buffer 
recorded by the test instrumentation were reproduced.  
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