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Preface
Gas generation and migration from a nuclear waste repository have potential implications on its
long term safety. In order to assess the above implications, an understanding of the mechanisms
responsible for gas generation and migration is needed. Therefore, the Canadian Nuclear Safety
Commission (CNSC) is contributing to the present study. The study consists of the development
of mathematical models of gas migration in sedimentary rock formations and their use in
performing scoping calculations for gas migration from a proposed deep geological repository
for low and intermediate wastes in Ontario. The principal investigator of the project is Prof.
Mamadou Fall.
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1 Introduction
Significant quantities of gas could be generated in underground repositories for radioactive waste
from several processes, such as the degradation of waste forms or corrosion of waste containers.
These gases could migrate through engineered and natural geological barrier systems. The gas
pressure buildup if sufficiently large could induce the formation of either microcracks or
macrocracks, which would affect the integrity of the barriers and geosphere as a long-term
contaminant barrier (Figure 1.1). Furthermore, these gases could significantly impact the
biosphere and groundwater as shown in Figure 1.1. Thus, the assessment of the long term safety
of a repository for nuclear waste in deep geological rock formation requires a good
understanding of the mechanisms of gas generation and migration as well as their effects on the
mechanical (M) and hydraulic (H) stability of the geosphere.
Mechanical damage due to
pressure rise:
Disruption to near field barriers;
Fracture creation in host rock.

Gas release to biosphere:
Transport of gaseous radionuclides to
biosphere;
Flammability hazards at surface;
The release of toxic gases;
Human intrusion leading to rapid gas
releases.

GAS GENERATION

Modification to groundwater
flow and transport:
Forcing of contaminated water from
repository or canisters;
Induced groundwater flows;
Transport associated with bubbles;
Providing a barrier to water flow.

Chemical effects of gas:
Alteration of chemical environment in
repository, potentially affecting some
repository processes, e.g. spent fuel
modification

Figure 1.1. Schematic of the range of effects that may follow from gas generation in a repository
(Rodwell et al. 2003)
At the time of writing, the implications of gas generation and migration on the long term safety
of underground repositories for radioactive waste are the subject of very active research activities.
The objective of these research activities is to improve the understanding of the mechanisms of
6

gas generation and migration and their effects on mechanical (M), and hydraulic (H) stability of
the geosphere. The CNSC is contributing to the present study in order to obtain independent
tools and data for the assessment of gas generation and migration from proposed geological
repositories.
The study consists of the following steps:
- To review current experimental and theoretical research on Thermal-HydraulicMechanical-Chemical disturbances in sedimentary rock due to gas generation from a
repository in sedimentary rock formations. Particular attention is given to state-of-art
conceptual and mathematical models for simulation of gas generation and transport.
- To compile published geochemical, mechanical, hydraulic and thermal data on
sedimentary rock formations in Ontario, which are relevant to the study of gas generation
and transport. Compare the data to those from European sedimentary rocks. Discuss and
analyze the usefulness and transferability of the research results in Europe to the Ontario
situation.
- To develop constitutive relationships and mathematical models to determine the THMC
disturbances of sedimentary rock due to gas generation from a repository. The
development of the models should be calibrated with results from in-situ tests performed
in underground research laboratories (e.g., Tournemire in France, Mont-Terri in
Switzerland).
- By using the developed model, to perform mathematical modeling of the impact of gas
generation on a hypothetical repository in Ontario sedimentary rocks.
The report describes the results of the study, and will be organized as follows. Chapter 1
provides an introduction to the issues that will be addressed and the objectives of the project.
Chapter 2 deals with the following points: (i) the mechanisms of gas generation and transport in
underground repositories for radioactive waste are presented , (ii) this is followed by a review of
the main concepts and modelling approaches with regards to the simulation of gas generation and
transport through engineered and natural barriers, (iii)and finally relevant case studies carried out
in laboratories and/or in European Underground Research Laboratories (URLs) will be presented
and discussed. Chapter 3 presents a review and analysis of the existing geological and
geotechnical data from Ontario’s sedimentary rocks, which are relevant to the study of gas
7

generation and transport. Furthermore, the aforementioned data are compared with those from
European sedimentary rocks. This is followed by the discussion about usefulness and
transferability of the research results in Europe to the Ontario situation. Chapter 4 deals with the
development and verification of a mathematical model for the prediction of gas migration from a
Deep Geological Repository (DGR) for nuclear wastes as well as for the assessment of the
impacts of gas migration on sedimentary rocks. Chapter 5 presents the application of the
developed mathematical model to numerically analyze the gas migration from a proposed DGR
for low and intermediate level wastes in Ontario’s sedimentary rocks and the disturbance of the
sedimentary rocks by the gas generation and transport. Chapter 6 presents our conclusion.
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2 Background and literature review
2.1 Gas generation and transport mechanisms
This chapter presents the current understanding of the main mechanisms of gas generation and
migration in underground radioactive waste repositories.
2.1.1 Gas generation mechanisms
In deep repositories, several mechanisms have been identified which could contribute to gas
generation in different degrees. The main gas generation mechanisms are:
- The anaerobic corrosion of metals in waste and packaging (production of hydrogen).
- The radiolysis of water and certain organic materials in packaging (mainly production of
hydrogen; also oxygen, carbon dioxide, methane, etc., which can be produced in lower
quantities).
- The microbial degradation of organic waste components (production of methane and carbon
dioxide).
The gas generating materials will be mainly the wastes and their containers. However, in some
repository concepts, there may also be significant quantities of “construction” steel, including for
example, rock bolts, abandoned machinery, and concrete reinforcement (Rodwell et al. 2003).
The gas generation rates are likely to be significantly higher for repositories with Intermediate
Level Waste (ILW) and Low Level Waste (LLW) than for those for High Level Waste (HLW) or
spent fuel. The reason is that there are larger volumes of metals and organic materials in the
former compared to the two latter (Rodwell 1999) types of repositories. The aforementioned gas
generation mechanisms are described below.

2.1.1.1 Corrosion of metals
The following metals are considered corrodible: iron (including carbon steel and various
stainless steels): "Inconel" (refers to a family of austenitic nickel-chromium-based superalloys),
aluminium, zinc, magnesium, Zircaloy, lead, and the alloy "Ag80/In15/Cd5" (Nagra 2008).
Several studies have been conducted on gas generation through the corrosion of metals. Most of
these studies focussed on gas generation through iron corrosion. The reason is that iron is the
dominating metallic component in radioactive waste, waste packaging and eventually, the
9

engineered structure of a repository. Corrosion is an electrochemical process by which a metal is
transformed into a higher oxidation rate, i.e. the metal releases electrons. Under repository
conditions, oxygen and water are mainly considered for this process (Mueller 2000).
It is widely accepted that the largest source of gas generation will be the anaerobic corrosion of
iron. Indeed, after closure of an underground nuclear waste repository, anaerobic conditions will
be reached rapidly in the repository (within a few hundred years). Two chemical reactions are
involved in anaerobic corrosion (Ortiz et al. 2001):
Fe + 2H2O→Fe(OH)2 + H2

(1)

3Fe + 4H2O→Fe3O4 + 4H2

(2)

Corrosion may further depend on a number of physical and chemical parameters, some of which
have been studied for their effects on gas generation extensively. Examples of such physical
parameters are temperature, pressure and radiation. The primary chemical factor is the waste
itself. In addition, the geochemical conditions determined by the groundwater composition and
the host rock material have to be considered. Investigations normally use groundwater samples
or comparable synthetic solutions to cope with the latter parameter. Other chemical factors that
have been checked in experiments include pH value, Eh value, mineralisation of groundwater
(salt content) and impurities contained in the groundwater (Mueller 2000).
For example, the ferrous hydroxide shown in Equation 2 is metastable in low temperature
anaerobic groundwater environments (Reardon, 1995) and converts thermodynamically to
magnetite according to the Schikorr reaction (Schikorr, 1929):

3Fe(OH)2→Fe3O4 + 2H2O+ H2

(3)

The presence of some catalysts (such as surfaces containing nickel) as well as dissolved oxygen
can lower the activation energy of this reaction (Joshi et al. 1993) and accelerate the
transformation process.
In practice, most safety assessments prescribe a constant metal corrosion rate, in conjunction
with estimates of the metal surface areas in order to determine the rates of gas generation. Table
2.1 summarises some typical corrosion rates in different host rock environments. The values are
meant as indicators for the range of corrosion rates that might be expected. For a detailed
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assessment, the individual site and concept specific conditions have to be taken into regard,
which can lead to substantial changes in corrosion rates (Mueller 2000).
Table 2.1. Typical corrosion rates in different geological environments (in µm/a; Mueller 2000).

Material
Iron
low allow steel
• ca. 25
• ca. 50
• ca. 90
• ca. 150
cast iron/steel
• ca. 25
• ca. 50
• ca. 90
• ca. 150
copper/Cu alloys
titanium

Hard rock

Clay

Salt

1
0-6.5
1-2.5
-

2
5-8
9

0
0.1
0.2-2
0.1-0.5

0-5
1.7-13
0
0-0.15

0
0
0

0
0
0-5
25
0-0.5

2.1.1.2 Radiolysis
Over the past decade, consideration has been given to radiolysis as a source of gas generation by
several research groups. Internal and external radiolyses have been recognized as the two
mechanisms that can lead to the decomposition of chemical compounds by radiation (Mueller
2000). Internal radiolysis means processes that take place in the waste product and its packaging.
External radiolysis occurs in the backfill material that surrounds the waste and possibly in the
host rock. Inside the waste packages, all kinds of radiation (α, β, γ, n) may contribute to gas
generation by radiolysis. In the backfill, γ–radiation dominates due to the shielding properties of
the packaging.
Gas generation by radiolysis means that gases are produced as primary or secondary
decomposition products of radiolytic processes (Mueller 2000). The leading example for this
kind of reaction is the decomposition of water (H2O) resulting under idealised conditions in the
formation of stoichiometric amounts of hydrogen and oxygen gas. Since oxygen is generated in
an atomic form, it normally reacts immediately with its environment. Therefore, gas generation
by radiolysis of H2O is commonly characterised by the amount of hydrogen produced per unit
mass of substrate and applied radiation dose (Mueller 2000). This model implies a linear
11

relationship between gas generation and the applied dose, which is expressed by a constant; the
so-called G value (Mueller 2000):
B=G•D•m
where
B = generated gas volume
D = radiation dose
m = mass of irradiated material.
G is specific for the generated gas – for example G(H2) - and the irradiated material.
Mueller (2000) reported that internal radiolysis mainly appears with LLW and ILW and may
have an effect on waste, the matrix and eventually, the container (e.g., if made from concrete).
Typical G(H2) values for different waste products are published in Rodwell et al. (1999), and
Mueller (1992). Due to the low activity concentration, radiolysis in general, plays a secondary
role for gas generation in these wastes. It is only for some cemented waste producing heat (fuel
element hardware, dissolver sludge from reprocessing) that the contribution of internal radiolysis
to total gas generation may be relevant.
In contrast, HLW gas generation by radiolysis happens mainly in the surrounding backfill or host
rock material, since the waste contains nearly no material that may be decomposed by radiation.
If thin-walled containers are used, this may even contribute to gas generation. Otherwise, the
container walls have a shielding effect which substantially prevents gas generation (Mueller
2000).
However, this shielding ability may change in the long term if container degradation by
corrosion allows for direct contact between the groundwater and waste. Table 2.2 provides some
common G(H2) values for different host rocks and backfill materials (Mueller 2000).
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Table 2. 1. G(H2) values (µl/kg.Gy) in host rock and backfill materials (Mueller 2000)

Material

G(H2)

salt

0.002

granite

0.0051)

clay

0.05-0.26

bentonite (α radiation)
concrete
1)

2.3
0.14-0.7

assuming 0.2 % water content

2.1.1.3 Microbial degradation
Gas generation from microbial degradation of organic wastes is only an issue for certain types of
ILW and LLW (Rodwell 2003). As reported by Small et al. (2008), microbial generation of gas
is particularly important for LLW/ILW that contains organic matter (Humphreys et al. 1997,
Small et al. 2000, BNFL 2002a, Rodwell et al. 2003). Organic matter includes a variety of
materials, such as cellulose waste materials, ion-exchange resins, bitumen, plastics, rubbers, and
oils. Some organic wastes are easily degradable, such as cellulose, while others, such as plastics,
resins and bitumen, may resist complete degradation. Carbon dioxide and CH4 are the main gases
produced by microbial degradation of organic matter. It is often assumed that carbon dioxide will
react with cementitious backfill and be precipitated as calcium carbonate (Rodwell 2003).
Furthermore, some bacteria are able to consume hydrogen, producing methane or hydrogen
sulphide as observed in Belgian Boom clay (Rodwell 2003). If a reaction that produces methane
occurs, it will reduce the rate and volume of total gas production.
However, it should be emphasized that there are some prerequisites for microbial gas generation
to be considered when deriving the rates and limiting factors for gas generation potential. The
proportion of microbial gas generation is influenced by several factors, such as: (i) the
availability of H2O; (ii) the existence of nutrients; and (iii) further environmental factors (pH
value, temperature, oxygen supply, salinity or impurities in H2O, radiation, and pressure).
Finally, it should be mentioned that an accurate assessment of microbial gas generation rates
from organic waste is scientifically challenging. Many safety assessments rely on simple
13

bounding estimates of gas generation rates based on available experimental data in an attempt to
ensure that these rates are the upper limits (Rodwell 2003). Only a few assessments have used
complex computer models or codes to predict the rates of microbial gas generation from organic
waste as will be discussed later in the report.
2.1.1.4 Other
There are other possible mechanisms that could contribute to gas generation, however the
amount of gases produced would be genrally less significant as compared to the previous
mechanisms. These mechanisms are:
(i) gas release from the host rock. However, the production of radioactive gas is insignificant
relative to non-radioactive gases in term of volume; and
(ii) radioactive decay or chemical reactions other than corrosion. The volume of gases that is
produced may be significant compared to that for non-radioactive gases.
2.1.2 Gas transport paths and mechanisms
A crucial aspect in assessing the effects of gas generated in a repository is analyzing how the gas
will migrate away from the repository (gas migration mechanisms), thus dissipating pressure rise
and avoiding the ensuing consequences (Rodwell, 2003). However, in order to understand and
predict gas migration, it is necessary to identify potential gas transport paths in a repository
system.
2.1.2.1 Potential gas transport paths
Figure 2.1 shows a schematic sketch of the potential transport paths of gases generated in a
repository. The transport routes of the gases include:
- The engineered barrier systems, backfill in the repository chambers, galleries and drifts and
shafts().
- The excavation-damaged zone (EDZ) around the backfilled and sealed underground
structures (). The EDZ is generally considered as a hydraulic transition zone between the
repository and host rock, and offers a more favourable transport medium (Alkan and Mueller
2008).
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- The host and overlying rocks (), and the transport through the host and overlying rocks,
might also be disturbed by structural discontinuities, such as faults ().

Figure 2.1. The pathways of gas transport in underground repository systems (Alkan and Mueller 2008).

2.1.2.2 Gas transport mechanisms
The transport of gases through low-permeability rock of geological repository systems is
controlled not only by hydraulic (H) and mechanical (M properties of the rock mass or
engineered barriers (intrinsic permeability, porosity, rock strength), but also by the gas pressure
at the place of gas entry and the hydromechanical state of the rock or engineered barrier (i.e.
water saturation, pore water pressure, stress state) (Nagra 2008). Consequently, the mechanisms
of gas transport are strongly related to the individual gas paths (intact rock, EDZ, sand/bentonite)
and specific features of gas transport need to be addressed for the different paths (e.g. scale
effects) (Nagra 2008). A phenomenological description of the transport mechanisms of gases in
clay (engineered or natural) was made by Nagra (2008).
Phenomenological considerations suggest the following subdivision of basic transport
mechanisms (Figures 2.2 and 2.3):
• advective-diffusive transport of gas dissolved in pore water,
• visco-capillary two-phase flow,
• dilatancy-controlled gas flow, and
• gas transport along macroscopic tensile fractures (hydro- and gas-fracturing).
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For any of the aforementioned mechanisms, gas transport is controlled by the microscopic
structure of the porous medium. Small-scale heterogeneities may have a distinct impact on largescale transport processes (Nagra 2008). On the other hand, it is practically impossible to resolve
heterogeneities in sufficient detail for inclusion in the numerical simulation of the transport
process on a large-scale. Hence, simplified models which still capture the impact of the
heterogeneities as much as possible are needed (Dagan 1989, Gelhar 1993, Nagra 2008).

•

Advective-diffusive transport of gas dissolved in pore water

The advection and diffusion of gas dissolved in pore water is governed by Darcy’s law which
describes advective groundwater flow under the impact of pressure and gravitational forces,
Fick’s law which represents the diffusion of dissolved gas due to concentration gradients in the
pore water, and Henry’s law which describes the solubility of gas in pore water. Table 2.3 gives
solubilities and diffusion coefficients of selected gases. It should be mentioned that for a
repository in clay, mud rock, or salt, advection is not likely to contribute significantly to
dissolved gas transport in the host rock.

•

Visco-capillary two-phase flow

If a gas exceeds its solubility limit or the gas generation rate is higher than its transport by
advection-diffusion, a free gas phase will form, and a (visco-capillary) two-phase flow will start.
Basically, a visco-capillary two-phase flow is defined as a transport process whereby pore water
in the pore volume of a rock formation is displaced by gas under the influence of viscous and
capillary forces (e.g. Bear 1972). The controlling factor for the two-phase flow is the gas entry
value (also known as the capillary threshold pressure). Once the gas entry pressure has been
exceeded, gas mobility is controlled mostly by the intrinsic permeability (k) of the rock medium,
relative permeability (permeability-saturation relationship) and capillary pressure curves (Alkan
and Mueller 2008).
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a) Advective-diffusive transport of gas dissolved in pore
water

b) Two phase flow

c) Dilatancy-controlled gas flow

d) Transport along macroscopic tensile fractures

Figure 2.2. Phenomenological description of gas transport mechanisms through low-permeability
rock in a geological repository (Andra 2005)
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Figure 2.3. Classification and analysis of gas transport processes in Opalinus clay (Nagra 2008)

Table 2.2. Solubility and diffusion coefficients of a selection of gases in H2O for standard conditions (25°°C, 1
atm) (Lide 2000)

Gas

Formula

Solubility (25°°C, 1
atm) (mg l-1)

Diffusion (25°°C)
(x10-9 m2s-1)

Hydrogen

H2

1.58

5.11

Helium

He

1.56

7.28

Oxygen

O2

40.76

2.42

Nitrogen

N2

18.41

2.00

Carbon dioxide

CO2

1503.52

1.91

Methane

CH4

22.74

1.84

•

Dilatancy-controlled gas flow (“pathway dilatation”)

If gas pressures continue to increase, microscopic gas pathways may form as the result of the
poroelastic effects (Alkan and Mueller 2008) because a two-phase flow cannot transport gas
quickly enough. This dilatancy controlled gas transport is known as a coupled hydromechanical
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transport mechanism with a high gas transport capacity. It is associated with rock deformation.
The critical level of pressure that characterizes the onset of pathway dilation is determined by
both the strength of the host rock and local stress conditions around the emplacement caverns
(Nagra 2008). This transport mechanism is especially important for argillaceous media with low
tensile strength. Clay-rich rock cannot withstand long-term gas pressure with a magnitude
greater than the minimum principal stress acting on the rock mass (Nagra 2008). The process of
gas-driven microfracturing leads to an increase in pore space, which is accompanied by a
detectable increase in intrinsic permeability and a change in the capillary pressure-saturation
relationship. In the terminology of multiphase flow concepts, gas flow is still controlled by
visco-capillary forces (phase interaction between wetting and non-wetting fluid). The main
difference with respect to the conventional two phase flow is that the transport properties of the
solid phase (rock permeability, relative permeability, capillary pressure relationship) can no
longer be viewed as invariants since they depend on the state of deformation of the rock
(Marschall et al. 2005).
-

Gas transport along macroscopic tensile fractures (hydro- and gas- fracturing)

As a rule of thumb, a macroscopic tensile fracture (hydrofrac/gasfrac) is expected when the gas
pressure is higher than the sum of the minimum principal stress and the tensile strength of the
medium (e.g. Valko and Economides 1997, Marschall et al. 2005, Nagra 2008). The macroscopic
fracture is generated quasi-instantaneously and propagates at about the velocity of a shear wave.
Gas flow in such a macroscopic tensile fracture can be viewed as a single-phase flow mechanism.
The propagation stops when the gas pressure in the fracture becomes less than the value of the
minimum principal stress (shut-in pressure, Nagra 2008). Large-size hydrofracs are characterized
by fracture transmissivity which increases the bulk permeability of a rock by many orders of
magnitude. In a rock with low tensile strength, a macroscopic fracture develops only when the
gas pressure build-up is rapid, i.e. when the combined effect of pore water displacement and
formation of small-scale fractures (i.e. dilatancy) no longer counterbalances the gas production
rate (Nagra 2008).
It should be mentioned that extensile fractures in the EDZ around underground repository
excavations are usually dilated, leading to enhanced gas permeability along the general line of
excavations. The capillary threshold for gas entry into these dilated fractures will also be lower
19

than entry into an undisturbed host rock (Horseman 2000). However, the long-term self-healing
of the EDZ will tend to increase the threshold for gas entry and reduce the gas transport and
storage ability of the EDZ.
Aside from the aforementioned hydro-mechanical coupled processes, hydro-chemical
interactions may significantly affect (reduce) the gas permeability of the seals and the host rock
in the long-term. Such self-sealing processes might lead to an increase of the gas pressure in the
emplacement caverns. These coupled hydro-chemical interactions are summarized in Figure 2.4.
Opalinus Clay

Cementitious Backfill
Waste

3

2

2
1

1

Sand/Bentonite
80/20

4

1

Reaction of cement pore water with clay

2

Reaction of clay pore water with cement

3

Interaction of waste with cement pore water

4

Chemical reactions in the unsaturated rock zone
during construction and operating phase

Figure 2.4. Self-sealing processes resulting from hydro-chemical interactions (Nagra 2008)

2.2 Main conceptual and modelling approaches for simulation of gas generation and
transport
In this chapter, a compilation of the modeling efforts of gas generation and transport is presented.
2.2.1 Models for predicting and simulating gas generation
In practice, most safety assessments have used constant gas generation rates obtained from
laboratory experimental tests or simple approximation models (Table 2.1 summarizes some
typical corrosion rates in different host rock environments). However, this leads to high
conservatism with regards to the quantity and rate of gas produced in a repository during its
lifetime. Consequently, the above approach for predicting gas generation has resulted in an
overly conservative assessment of the effects of gas on the safety of repositories for nuclear
waste.
However, recent advances in geochemical modelling, including the consideration of kinetic
microbial processes, provide a further means to investigate processes of gas generation.
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Modelling of gas generation, including the effects of spatial heterogeneity, requires integration
and coupling of reactive processes of corrosion, microbial activity and aqueous, mineral and
gaseous speciation with transport models. Several codes or software have been developed in the
last decades to predict gas generation and its main features. A description of these codes is given
below with details available in the references given in the report.
2.2.1.1 GAMMON
GAMMON deals with gas generation in ILW and LLW. The mathematical model in GAMMON
simulates the effects of various metal corrosion reactions (production of hydrogen) and different
microbial reactions (production of methane and carbon dioxide) leading to gas generation. For
both gas generation processes, the mathematical model is based on a set of chemical reactions
that represent the reactions that are likely to occur under appropriate repository conditions, and
encompass dominant gas generation mechanisms. GAMMON can be used to estimate the
quantity, composition and generation rate of gas over the timescales of interest in operational and
post-closure safety assessments (UKNL, 2003). GAMMON was used in a number of major
assessments for about ten years in the early 1990s. Figure 2.5 shows an example of the prediction
results for gas generation that are obtained by using GAMMON. This UK study applied
GAMMON software to model gas generation from the disposal vaults as a whole, modelling all
the ILW inventory as homogeneously distributed within the ILW vaults, and the ILW/LLW
inventory as homogeneously distributed within the ILW/LLW vaults (UKLN, 2003).
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Figure 2.5. Rates of total bulk gas generation in the sample case that are calculated at a standard
temperature and pressure (0°C, 0.1 MPa), for the entire repository, UILW vaults and SILW/LLW
vaults (UKLN 2003)
Furthermore, several experimental studies on gas generation by nuclear waste were conducted to
validate GAMMON. The validation tests showed that GAMMON predicts gas generation by
corrosion relatively well. However, modelling the microbiological processes quantitatively
appeared to be difficult and ascribed to heterogeneities in the gas-producing experiments, in
contrast to the homogeneous system assumed in the model (UKLN, 2003). It was also argued by
Rodwell et al. (2003) that a new gas generation model should be simpler than GAMMON. Thus,
a simplified kinetic model needs to be produced (UKLN, 2003). This led to the development of a
tool called the simplified model of gas generation (SMOGG).
2.2.1.2 SMOGG
SMOGG was developed to overcome the deficiencies of GAMMON as mentioned above.
Overall, functionality is considerably increased to incorporate the following processes (Rodwell
2003, UKLN 2003): (i) corrosion of relatively unreactive (steels, Zircaloy and uranium) and
more reactive (Magnox and aluminium) metals, leading to the formation of hydrogen; (ii)
microbial degradation of cellulosic wastes, producing carbon dioxide and methane; (iii)
radiolysis of water and organic wastes to yield hydrogen. Simplified kinetic equations are used
(most notably in the model of microbial degradation) in comparison with GAMMON, enabling
SMOGG to be implemented in a C++ computer program interfaced with an Excel work book.
The model is in principle, easier to calibrate than its predecessor, runs faster and is designed to
be numerically more stable (run times and obtaining a properly converged solution have, on
occasion, been a problem when using GAMMON (UKLN 2003)).
2.2.1.3 GETAR
Gas Evolution, Transport and Reaction (GETAR) is a code that consists of several modules
developed to describe C-14 release from a near-surface waste repository to the environment. One
of these modules deals with gas generation. It models gas generation from LLW mainly by
microbial activity and hydrolytic reactions. Corrosion is considered only for its effect on oxygen
consumption (Yim et al. 1996). The mathematical model of GETAR includes a time-dependent
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effect of gas generation, diffusion, advection, chemical reactions, and radioactive decay for each
gas of concern. The resulting space- and time-dependent partial differential equations are solved
through a model geometry with appropriate boundary conditions (Yim et al. 1996).
2.2.1.4 RadCalc
Radcalc was developed to assess gas generation by radiolysis in certain types of waste during
transport. The main objective was to demonstrate compliance with the requirement to limit
pressure build-up in waste containers and avoid explosive gas mixtures during transport
(McFadden, 1999). The Windows version of RadCalc is user-friendly (McFadden, 1998). The
RadCalc program has been extensively tested and validated (Green et al. 1995, McFadden et al.
1998, McFadden, 1999) by comparing each RadCalc algorithm to hand calculations. McFadden
(1999) reported that RadCalc for Windows version 2.01 calculates the hydrogen gas volume as:

(4)

H (t ) = K ∑ G j Di (t ) Eij
ij
i = Index for radionuclide type
j = Index for radiation type. Radiation types are:
j = α (hereafter referred to as "heavy particle"), which are decays of heavy, charged particles,
such as alpha and spontaneous fission as well as delayed neutrons,
j = β (hereafter referred to as "beta-type"), which are all electron-related radiation, such as
electrons, positrons, conversion-electrons, and Auger electrons, and
j = γ (hereafter referred to as "gamma"), which includes all electromagnetic radiations, such as
gamma rays, x-rays, annihilation radiation, and internal bremsstrahlung.
G = Hydrogen G value for the given radiation type (molecules1100 eV)
Di(t) = Total number of disintegrations for the radionuclide over time t
Eij = Total energy absorbed per disintegration
K = Conversion factor from molecules to volume for an ideal gas at 20ºC and standard pressure
(101.325 kPa).
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2.2.1.5 GRM
Small et al. (2008) developed the Generalised Repository Model (GRM) to represent the
biogeochemical processes that occur in disposing LLW at the UK LLW repository (the LLWR)
located nearby Drigg, Cumbria. The GRM code has detailed functionality that can describe the
kinetic processes of cellulose hydrolysis, corrosion, and microbial activity, and is able to
consider equilibrium reactions amongst mineral, aqueous and gaseous species (Small et al. 2008).
In GRM, the corrosion process is modelled in an empirical manner and does not take into
account the specific microbial processes and localized effects, such as pitting corrosion
(extremely localized corrosion that results in the creation of small holes in the metal). The GRM
corrosion model considers rates of steel corrosion under saturated and unsaturated groundwater
conditions in both aerobic and anaerobic environments (Small et al. 2008). The microbial kinetic
model used within the GRM is based on Monod kinetics (Koch 1988, Humphreys et al. 1995,
Humphreys et al. 1997 and Graham et al. 2003). The ability to discretize the GRM model
domain enables investigation of the effects of heterogeneity in the main features of gas
generation. Version 5.1 of the GRM (Graham et al., 2003) can be also used to model the
transport of chemical species under an imposed flow field in saturated groundwater. This
calculation of solute transport is coupled to a calculation of equilibrium chemical speciation by
using the PHREEQE source code (Parkhurst et al. 1980), which models the reaction of aqueous,
mineral and gaseous species in each finite difference cell under a specified redox potential
(Small et al. 2008).

2.2.1.6 The Reaction-Path Model (Brush et al. model)
Brush et al. (1994) developed a kinetic reaction path model based on thermodynamic equilibrium
considerations. This reaction-path model includes: (i) oxic and anoxic corrosion of steels and
other Fe-base alloys, including passivation by the adherent corrosions; FeCO3 and FeS, and
depassivation caused by the destabilization of these phases due to changes in the composition of
the gaseous phase; (ii) microbial degradation of cellulosics; (iii) α radiolysis of brine; and (iv)
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consumption of CO2 by Ca(OH)2 (in hydrated cementitious materials) or CaO (a proposed
backfill additive) (Brush et al. 1994).

2.2.1.7 Other models
GaBi is a code developed for all types of waste and based on the German repository concept of
salt with crushed salt backfill. Time dependent gas generation rates are calculated with an
interactive selection of starting and boundary conditions. GASFORM deals with HLW in
granitic host rock. Sand or bentonite is considered as backfill material. GASFORM was intended
to be coupled with a gas transport code, such as TOUGH2 (Mueller 2000).
Finally, it can be concluded that modelling and prediction of gas generation in repositories for
nuclear waste is most advanced with respect to corrosion. Radiolysis can be predicted with well
established models. The accuracy is dependent on the available characterization of the activity
contents in the waste package and the degree of details implemented in the model (Mueller 2000).
The modelling of microbial gas generation is limited to well-defined scenarios, which are not
necessarily similar to the long-term conditions in an underground repository. For an
extrapolation outside their validation range, a better knowledge of the processes, their governing
parameters and limiting conditions, are necessary. Interactions have to be considered in
modelling between gas generation mechanisms (e.g. by water balance in the case of limited
supply) as well as with other processes, such as fluid flow (water saturation), geochemical
history and geomechanical forces (vs. pressure build-up) (Mueller 2000).

2.2.2 Conceptual and modeling approaches for simulating gas transport
During the past decades, significant research effort has been devoted to developing conceptual
and modelling approaches for predicting and simulating gas transport in repository systems,
especially in clay formations. This sub-chapter will present a summary of the main conceptual
and modelling approaches that are developed to predict gas transport in a repository system
(especially for clay or clayey formations). These approaches can be divided into three types:
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- Approaches related to Darcy’s law,
- Modified Darcy approaches, and
- Models for gas transport through EDZ.

2.2.2.1 Approaches related to Darcy’s law
The models presented in this section are based on Darcy’s law or its precursors, such as NavierStokes equations.
2.2.2.1.1 Capillary bundle model
Ortiz et al. (1996) developed the capillary bundle model, a two
two-phase
phase flow through clay
formations. The principle of this model is shown in Figure 2.6. It is assumed that the porous
medium is made of a series of intersecting capillaries, characterized by a radius r and a tortuosity
factor (τ). N(r)dr represents the number of capillaries per unit cross sectional area of core, with r
in the range of [r, r + dr], while the length of each capillary is given by τL. A slow flow is
assumed in the capillaries. A capillary pressure concept is brought into the picture. Hence, the
position of the gas–water
water interface R(r,t) is calculated based on a Navier–Stokes
Stokes equation as
follows (Alkan and Mueller 2008):
` (5)
This equation is valid in the region 0

R(r,t)

τL.

Figure 2.6. Schematic of the capillary bundle model ((Ortiz et al. 1996).
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It is known that a capillary begins to desaturate only if the gas pressure is higher than the
combined water and capillaryy pressure. Furthermore, based on the capillary pressure concept, the
smallest capillary pressure (rs), can be calculated by using Eq. 6:

(6)
The saturation degree of capillaries with an r smaller than rs will remain equal to 100%. At a
predeterminedd gas and water pressure, each capillary with r greater than rs will be desaturated
until gas breakthrough, which happens when the length of the part filled with water is zero
(Alkan and Mueller 2008). After breakthrough in a capillary of r at time tb(r), the gas pressure
distribution along the capillary reaches equilibrium at a rate controlled by the conservation of
mass and Darcy’s law (Alkan and Mueller 2008). The saturation profile of the core can be
computed at any point by adding the contribution of eeach
ach capillary. The capillary bundle model
which is presented above was used to simulate flow experiments performed with Boom clay core
samples from HADES (Belgian Underground Research Laboratory). Ortiz et al. (1996) showed
that the simulation results obtained
ined with the capillary bundle model are close to those obtained
experimentally. Further details on the model development and validation are given in Ortiz et al.
(1996).

2.2.2.1.2 Multiple interacting media
The basic idea of the model presented here is tthe
he fact that clay formations or the porous medium
is considered as a microfractured
ractured media. Several studies were conducted to model fluid transport
in clay as a problem of fractured porous media. For example, based on the theory of dual
porosity (DP) or multiple
tiple interacting media, various researchers (Barrenblatt et al. 1960, Warren
and Root 1963, Gerke and van Genuchten 1993, Du et al. 2006) developed models to describe
and predict fluid movement in microfractured clay systems. The models combine two systems:
system a
macropore or fracture pore system at the macroscopic level by fracture continuum (FC) and a
less permeable matrix pore system by matrix continuum (MC) (Alkan and Mueller 2009). In the
DP model, the transfer value between these two continua plays an im
important
portant role for model
accuracy (Alonso et al., 2006).
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Figure 2.7 shows a finite
nite element composed by a rock matrix and a series of n fractures. The
number of fractures in an element depends on the width associated with each fracture (a),
( which
is a common size of the material, and the element size ((s) (Alkan and Mueller 2008). H and M
effects have to be included because gas flow depends critically on the mechanical interactions as
they control fracture aperture or po
porosity changes (Alonso et al. 2006). Liquid
quid and gas flow will
be calculated using Darcy’s law, when the flow mechanisms through a single fracture are
considered first. The most important parameter in this law is the intrinsic permeability. It can be
calculated with cubic law for discrete fractu
fractures, assuming laminar flow as:
kfracture = b2/12

(7)

When a set of n fractures is included in a finite element (Figure 2.7), the equivalent intrinsic
permeability of the element can be calculated as (Alkan and Mueller 2008):

(8)

where kmatrix is the reference intrinsic permeability of the matrix. In the case of gas propagation
through rock, the matrix refers to the rock without fractures (Alonso et al. 2006). The definition
of basic capillary pressure in a fracture of width b can be used directly
tly to calculate the air entry
pressure value for the corresponding element (Alonso et al. 2006):

(9)

where subscript 0 refers to a reference (initial) aperture.
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Figure 2.7.Rock with a single idealized fracture and a series of parallel fractures uniformly
separated (Alkan and Mueller 2008).
It should be noted that the permeability of the matrix will be relevant only for very low apertures;
otherwise, the total permeability will be entirely controlled by fracture permeability and matrix
permeability will be negligible. Alonso et al. (2006) validated the model presented above against
experimental results obtained from tests conducted on Boom clay samples in the framework of
the MEGAS Project. They reported that the model calculations are in good agreement with the
experimental results.

2.2.2.1.3. Matrix diffusion in fractured clay rock (Brush model)
Lege and Shao (1996) proposed the Brush model to better take into account matrix diffusion in
clay formations. Figure 2.8 shows a schematic description of the modelling approach. The
porous media is geometrically modelled as a fractured medium. Gravitational effects are ignored.
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Figure 2.8. Transport mechanisms in fractured geological media (Alkan and Mueller 2008).
Advective–dispersive
dispersive transport wi
without
thout retardation is assumed. The transport of a substance that
is not sorbed through a fracture is modelled using the following 22-D
D advection–dispertion
advection
equation (Alkan and Mueller 2008):

(10)

where c is the solute concentration (mg/l). It is indic
indicated
ated that the tracer velocity (v
( D/

e),

is

sufficiently high as the molecular diffusivity ((Dm), does not significantly contribute to the total
dispersion coefficients (DL and DT). Darcy’s law is applied for the flow velocity in the fracture
(Alkan and Mueller
er 2008); and the concentration in the rock matrix satisfies the 1-D
1 diffusion
equation:

(11)

where De is the effective diffusion coefficient.
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The model is implemented in the computer code Rockflow. The flow velocities in fractures are
describedd by Darcy’s law. Alkan and Mueller (2008) reported application of the model for waterwater
tracer transport. However, two--phase gas–water
water transport can also be modelled by using the
basic principles of the model.

2.2.2.2 Modified Darcy approaches
Darcy's law is only applicable within certain limitations. It is not very suitable for non-linear
non
flow. Therefore, attempts have been made to modify Darcy’s law for coupling non-linearities
non
resulting from mechanical and physico
physico-chemical effects in clay formations or other lowpermeability rock media. As reported in Alkan and Mueller (2008), it is known that the
geomechanical effects play a leading role in controlling the shape of the pathways. For example,
the gas may have to overcome the local effective stress to open or enlarge a microfracture as
explained above. Swelling and other physico
physico-chemical
chemical aspects of the fluid flow in clay media
were also attempted for inclusion in the main flow equations. In the following, relevant models
that use these approaches are presen
presented:
ted: (i) empirical, (ii) planar pathway, (iii) modified capillary
bundle, (iv) extended multiple interacting media, (v) multiple front propagation, and (vi) models
that incorporate swelling.

2.2.2.2.1 Empirical models
Experimental studies on gas transpor
transportt in clays have been performed by many authors. This has
resulted in the development of empirical relationships for predicting relevant gas flow
parameters, such gas discharge, and gas entry pressure for specific types of porous media.
Rodwell et al. (1999)
9) proposed the following relationship for the prediction of gas discharge for
Pondita clay:

(12)
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where q is the gas discharge, µl/s, pg the excess gas pressure, σv the vertical stress, Pa, S the
saturation in the sample and St the saturation limit below which the threshold pressure needed for
the gas to penetrate the medium is equal to zero. Push et al. (1995) developed empirical
equations to correlate the gas entry pressure to permeability and bentonite swelling pressure for
compacted clays.. It should be emphasized that these empirical models are specific to the cases
studied rather than universallyy accepted models.

2.2.2.2.2 Planar pathway model
Figure 2.9 illustrates a schematic description of the planar model (Horseman and Harrington
1996). In this model, the flow rate through a planar fracture is determined by using the cubic law
that originatedd from the Poiseuille equation. In Figure 2.9, the pressures p1 and p2 allow for the
determination of the source and sink terms. It is assumed that the aperture of the pathway
(fracture) is a function of the applied overburden (confining) stress ((σ)) and pore
po pressure (pg)
(Alkan and Mueller 2000):

b = f(σ - pg)

(13)

Following this concept, a critical value of ((σ − pg) is assumed which results in total closure of the
flow pathway with b = 0. This is identified as the sealing criterion and written as:

(14)

When fluid pressure is progressively developed in the source reservoir, a point will be arrived
where the sealing criterion is no longer met and fluid begins to flow towards the sink. The
incorporation of a pathway aperture relationship in the cubic law makes the effective
permeability of thee pathway a highly non
non-linear
linear function of the local fluid pressure and stress
distribution. The resulting flow law therefore exhibits a threshold and also non-linearity.
non
The
critical pressure is physically comparable with the threshold or entry pressure (Alkan
(A
and
Mueller 2008).
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Figure 2.9. Simple conceptual model of pathway flow in clay formation (Horseman and
Harrington, 1996).
2.2.2.2.3 Modified capillary bundle model
The capillary bundle model (Ortiz et al. 1996) presented above does not take the geomechanical
ge
effect into account. For this reason, the capillary bundle model was extended by Impey et al.
(1996) to incorporate gas migration behaviour. In the model, pathways (bundles) are dynamically
opened as the gas pressure surpasses a local threshold value, propagates through the material and
closes if the gas pressure falls (Alkan and Mueller, 2008). Further details about the modified
capillary bundle model are given in Impey et al. (1996).
2.2.2.2.4 Extended multiple interacting media
The fracture model
odel described above is extended to incorporate rock deformation (ε).
( From a
mechanical point of view, this means that we are interested in the process of fracture formation
and aperture. The aperture of the fracture can be estimated as a function of deformation in the
following way:

(15)

Here, it is assumed that deformation
eformation is localized and results in changes in aperture. A threshold
value (ε0) is considered. Therefore, the changes in aperture start when deformation reaches this
value (Alonso et al. 2006, Alkan and Mueller 2008). Deformation normal to the fracture plane is
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used when aperture changes have to be obtained. The ε0 is associated with fracture initiation.
This parameter will be set to zero if the fractures already exist and have an initial aperture (b
( 0).
In practice, the b0 can be essentially zero when fr
fractures
actures exist, but are closed (Alkan and Mueller
2008).

The stress-strain
strain behaviour of the medium (clay bar
barrier
rier or rock), including fracture formation, is
a crucial component of the aperture changes. If an elastoplastic model is considered for the mass
behaviour, fracture initiation can be associated with tension stress or dilatancy. On the other hand,
fracture orientation is sensitive to the stress tensor orientation so the plane where the minimum
principal stress (compression positive) occurs will def
define
ine the plane of fracture formation.
Equation (15) is introduced into Equation (8) to calculate the element permeability in the
following way (Alonso et al 2006):

(16)

From this relationship, it is clear that the element per
permeability depends on a,, which
wh
is a typical
parameter of the material, but is independ
independent from s. The so-formulated
formulated permeability is used as
the Darcy permeability in flow equations as a function of elastoplastic deformation in clay
formations. Figure 2.10 shows the general stress
stress-strain
rain behaviour coupled to aperture changes for
tension that takes place in the medium. A threshold strain ((εo) defines the initiation of fracture
aperture, as mentioned before. A strain corresponding to failure is also considered (ε
( 1). In this
case, failuree is achieved when the normal stress reaches the tensile strength ((σt). εo, ε1 and σt are
the model parameters (Alonso et al. 2008).
The model presented above has been implemented in CODE_BRIGHT (Olivella et al. 1995) and
in some cases, have been analy
analyzed to investigate the response of the coupled behaviour. The
analyses showed the sensitivity of the results to several parameters controlling the tests that are
usually conducted. It is recommended that further improvements of the model may incorporate
different
rent aspects, such as the influence of the formation of infilling material due to shear
displacements between crack interfaces (Alonso 2006).
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Figure 2.10. General stress-strain behaviour coupled to aperture changes for a tension opening
(Alonso et al. 2006).

2.2.2.2.5 Multiple front propagation model
A “multiple front propagation model” (MFPM) with simpler dynamics has been proposed to
simulate laboratory gas migration experiments on cylindrical clay cores (Brown, 1999). This
model uses a stochastic representation of independent gas pathways to emulate the
microstructural heterogeneity of the medium. It predicts gas pressure, gas and water fluxes with
key expected features; namely (Brown, 1999): (i) a threshold effect which requires the gas
pressure to rise above a critical value before migration can begin; (ii) a propagation phase during
which the front moves along capillary-like paths; and (iii) pressure release and relaxation phases
at and after breakthrough.
The MFPM consists of two parts; an outer part which handles experimental pressure stresses that
may change with time, and an inner part which manages the migration of gas through the sample
core (Brown, 1999). The model is based on the solution of mass conservation and Poiseuille flow
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equations for the two types of fluids (wetting and non
non-wetting)
wetting) and on the equation for
advancing through the clay at the tip of the propagating gas flow channel. The gas-filled
gas
pathways are assumed to dilate elastically for small displacements (Alkan and Mueller, 2008).
2
The model operates within QuantiSci's uncertainty shell (QUEST) on a PC, and includes a time
stepping routine to vary the experimental pressure stresses in a piecewise constant manner
(Brown 1999). The QUEST shell allows parameter values to be assign
assigned
ed as definite or uncertain,
or set as functions of other parameters, e.g. Pstart may be made a function of Pconfine. Due to the
stochastic nature of the overall model, several instances or ‘experiments’ are normally run in
QUEST to illustrate the variety of results that may be expected in real experiments (Brown 1999).
Horseman and Harrington (1997) applied the MFPM to gas migration data for Mx80 bentonite.
bentonite
The MFPM was used to simulate experiment Mx80
Mx80-1,
1, with results shown in Figure 2.11. Details
on the experiment Mx80-11 bentonite are given in Brown (1999).
Figure 2.12 shows the calculated history from 10 MFPM calculations for the excess
exces pressure and
gas flow. The variability in the results reflects the stochastic nature of the model. This figure
compares well with Figure 2.11.

Figure
2.11. Experimental history for Mx80--1 (Brown, 1999).
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Figure 2.12. MFPM excess pressure and gas fl
flow for Mx80-1 bentonite (Brown, 1999).

2.2.2.2.6 Modelling swelling
Swelling clays play a major role in current concepts for the underground disposal of nuclear
waste in deep geological formations. Furthermore, some host rocks contain swelling clay
minerals.
als. The basic challenge in modelling the gas movement in bentonite buffers or rocks that
contain expansive minerals is the incorporation of swelling into the fluid transport process. As
presented above, often governing equations used in predicting gas tra
transport
nsport through porous
media do not take the swelling mechanism into account, i.e. they apply only to non-swelling
non
porous media. Therefore, during recent years, some models have been developed to introduce the
swelling mechanism into the predictive models ffor
or fluid transport through deformable porous
media. Bennethum et al. (1997) summarized some generali
generalizations
ations of Darcy’s law, Terzaghi’s
effective stress principle and Fick’s law for swelling porous media obtained by using the hybrid
mixture theory (HMT) which
ch involves the averaging of field equations (mass, momentum
balance and energy balances) and obtaining constitutive restrictions subject to the second law of
thermodynamics. In the same way, Maßmann et al. (2006) used an extension of the Biot
consolidationn theory for integrating swelling or shrinkage (Alkan and Mueller, 2008).
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2.2.2.3 Models for gas flow through EDZ
The EDZ around the backfilled underground structures may serve a dual function with respect to
gas release. As a result of the increased porosity in comparison to the intact rock, the EDZ may
provide additional gas storage capacity. In addition, the (self-sealed) fracture network within the
EDZ may serve as a potential gas pathway through which gas generated in the emplacement
caverns can be transported to the backfilled branch, operation and access tunnels (Nagra 2008).
A recent overview of the time dependent behaviour of EDZs in clay formations is given in
Blumling et al. (2007). Dilatancy boundary and unstable crack growth are also reported for EDZs
in clay formations. The permeability induced by the dilatancy is the principal parameter
representing the EDZs in transport equations (Akan and Mueller 2008). As reported above,
dilatancy controlled gas flow is known as a coupled hydromechanical transport mechanism with
a high gas transport capacity. Alkan and Mueller (2008) reported that when crystalline and salt
rocks are the repository host rocks, the dilatancy induced permeability, geometry and the extent
of the EDZs are well studied (Tsang et al. 2005, Alkan et al. 2007). Principally, the concepts that
originate from crystalline host rocks can be applied to plastics and indurated clays as well as
other sedimentary rocks. However, EDZ studies for clay formations or other sedimentary rocks
are not advanced enough to set a universal solution of coupling the changes on stress equilibrium
onto H properties (Alkan and Mueller 2008). Attempts have been made to model gas propagation
through swelling clay media. Some relevant models are described below.
The modelling approach for gas–oil migration in shales is used for modelling the dilation
behaviour of the gas pathways in clay formations (Duppendecker et al., 1997). The model takes
the linear elastic fracture mechanics as the theoretical basis (Alkon and Mueller 2008). The
cracks are represented by ellipsoidal cavities with dimensions defined by semi-axes a, b and c in
Figure 2.13.
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Figure 2.13. Schematic description of the crack dilatation model (Duppendecker et al. 1997).
New models (discrete fracture propagation models) were developed within the Nagra project
(Nagra 2008) to describe and predict the creation and propagation of "pathway dilation" in the
EDZ. Compared to classical geomechanical continuum models, the discrete fracture propagation
models have the advantage of more realistically reflecting observations (discrete fracture
networks in the EDZ). In addition, discrete fracture network models are better suited for the
simulation of self-sealing mechanisms in the EDZ after repository closure. The discrete fracture
propagation models are expected to improve the understanding of the hydromechanical
phenomena, associated with the gas flow along the EDZ. This includes not only the gas pressureinduced fracture propagation process, but also the self-sealing which takes place when the gas
pressure decreases (Nagra 2008).
Johnson et al. (2005) developed a simplified model of gas pressure evolution and migration of
corrosion gases in an underground nuclear waste disposal system in Finland. The conceptual
model includes gas generation, pressure build-up, pore water displacement, dissolution and
diffusion of gas in the aqueous phase, capillary leakage within fractures in the host rock,
formation of gas pathways along the deposition holes and gas breakthrough to major geological
features of enhanced transmissivity (Figure 2.14). In the model, gas leakage is assumed to occur
within the fracture network in the host rock and the EDZ when the corrosion gas pressure
exceeds the sum of formation pore pressure and gas entry pressure. The latter is calculated by
using measured properties of microfracturing in the EDZ (Autio et al. 2006).
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Figure 2.14. Different gas transport routes and repository domains (Autio et al. 2006)

2.3 Case studies on gas generation and migration
In this section, the main results from relevant studies on gas generation and migration performed
in laboratory or URLs will be presented and discussed.
2.3.1 Laboratories studies
During the past decade, several laboratory studies have been performed to better understand gas
generation by nuclear waste and its transport through and/or interaction with porous media (e.g.
natural clays, bentonite) under various environmental or mechanical loading conditions. Some
relevant laboratory studies are presented below. They provide a convenient background on gas
transport and migration, and emphasize the role played by coupled hydro-mechanical effects in
gas migration as well as coupled bio-chemo-hydraulic effects in gas generation.
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2.3.1.1 Studies on gas migration
Many investigators have performed experimental and modeling studies on gas generation and
migration.
Gallé (2000) reported controlled H2 gas migration
ation experiments (coupled with a simple modeling
study) with Fo–Ca clay,, a candidate engineered clay barrier considered in France.
France Experiments
allowed measurements of gas permeability and estimated gas transport threshold pressures. The
gas migration and permeability were determined by using an oedometer
oedometer-type
type vessel (Figure 2.15)
that was developed by Tanai and Gallé (1998). Gallé (2000) used compacted clay specimens
with dry densities of 1.6, 1.7, 1.8 and 1.9 g/cm3 for water saturation degrees between 70% and
100%. During the gas injection tests, gas pressure was incrementally applied to one of the ends
of the clay specimen without any water backpressure and mechanical stress. Each pressure step
was maintained until steady flow was reached then, gas outflow
w rates were measured.

Figure 2.15. Schematic of the experimental gas migration testing system ((Tanai et al. 1997)

He observed that gas transport starts at a gas threshold pressure called gas entry pressure. A
second
cond threshold pressure; the breakthrough pressure, was detected for sharp gas outflow
increase. Their results showed that the breakthrough pressure is equal to the sum of the clay
swelling pressure and water backpressure. The author suggested that the gas issue cannot be
underestimated for long-term
term engineered clay barrier stability (Gallé 2000).
Arnedo et al. (2008) investigated gas flow through clay barriers on the basis of laboratory and
modelling work. The mechanism of gas flow and the development of a preferential path in sand–
sand
41

bentonite mixtures were experimentally investigated by conducting a series of “dipole” tests in a
cylindrical sample that is confined volumetrically (Figure 2.16). The formation of preferential
paths was achieved in dipole tests that used needles. Arnedo et al. (2008) reported that
observations of the samples after testing revealed discontinuities that followed the compaction
layers which could play a role during gas flow. A large scale breakthrough pressure was clearly
observed when a marked pressure peak was recorded in the upstream vessel. Arnedo et al. (2008)
also used a coupled hydro-mechanical model to simulate the gas flow. The coupled solution of
the mechanical and two-phase flow equations is performed using finite elements with
CODE_BRIGHT (Olivella et al.1996). The modelling results agree well with the experimental
results (an example is shown in Figure 2.17).

Figure 2.16. Schematic of experimental setup for gas injection in soil samples using needles (Arnedo et al.
2008).
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Figure 2.17. Computed versus measured injection and recovery pressures (“Model” stands for calculated
results and “Test” stands for experiment measurements) (Arnedo et al. 2008).

Initiated by ANDRA, Davy et al. (2007) conducted an extensive experimental program that was
6 months in duration, to study the coupled effects of mechanical and chemo-hydraulic
(chemically active fluid seepage (H2O)) loadings on gas and water permeability of cracked
argillite located in the EDZ. Argillite formations are currently studied in detail in many European
countries (e.g. Belgium, France, Switzerland, and the UK) as a potential host for the
implementation of a repository for radioactive waste. Davy et al. (2007) performed steady state
gas flow and transient water flow tests on pre-cracked argillite samples. The argillite samples
were macro-cracked along a diametral plane using a Brazilian splitting test. The samples were
extracted from the French Meuse/Haute Marne URL, Bure site, at several depths in the argillite
layers. The main petro-physical characteristics of the argillite samples and permeability tests that
were performed on them are given in Table 2.4.
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Table 2.3. Main petro-physical characteristics of the argillite plugs and permeability tests performed samples
as received from ANDRA (Davy et al. 2007).
Plug no.

EST5600

MSE761

MSE748

Borehole no.

EST205

MSE101

MSE101

Extraction date

16/09/2000

–

14/01/1995

Upper extraction depth
(m)

467.47

567.72

564.50

Lower extraction depth
(m)

467.77

568.02

564.80

Cored sample quantity

2

4

2

Permeability test type

Steady state gas
flow

Steady state gas flow (1 test) and transient water
flow (3 tests)

Transient water
flow

Density

2.43

2.31

2.35

Water content (%)

7.4

8.3

7.3

Sonic celerity Vp (m/s)

3170

3146

3170

CaCO3 (%)

24.0

19.4

25.2

Davy et al. (2007) drew the following conclusions from the experimental research: (i) according
to the permanent gas flow test results, permeability K depends mainly on crack closure (cc), with
values in the order of 10−13–10−16 m2. Permeability from transient water flow tests varies with
test duration from 10−18 to 10−21 m2. In both types of tests, K also depends on confining pressure
(Pc), mainly during the first three loading–unloading phases; (ii) swelling does not contribute to
unloading in the crack zone, but rather creates additional closure and pressure in the crack area;
(iii) there is a strong coupled effect between H2O and the crack closure amplitude and
permeability; and (iv) the physico-chemical phenomena that govern macro-crack self-sealing
have extremely rapid kinetics.
Horseman and Harrington (1997, 1999) conducted seven gas migration tests on cylindrical
samples of saturated compacted MX-80 bentonite subjected to different values of isotropic
confining stress and a water backpressure of 1 MPa. Samples were divided in two groups; high
swelling (HS, 4 samples) and medium swelling (MS, 3 samples). The samples were first
saturated and consolidated under different values of isotropic confining stress and a water
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backpressure of 1MPa. Figure 2.18 illustrates an example of the test results on specimen MX804A (HS). These results represent the experimental findings. The applied confining stress was
16.0 MPa. A gas breakthrough event was detected approximately on day 7 after the beginning of
the injection. Gas injection was stopped on day 14 and the shut-in transient was monitored. Gas
injection was restarted on day 30 at the same value of flow rate. After the second gas injection
stage, the specimen was subjected to a decreasing history of pumping rates; 180, 90, 45 and 0
µl/h.
Horseman et al. (1999) reached several conclusions in their investigation. As commented by
Alonso et al. (2006), the most relevant result is probably that no water displacement was
observed to occur inside the specimen, despite the fact that the observed breakthrough pressure
seems to be higher than the air entry pressure of the compacted bentonite. The peaks observed in
gas pressure and measured flows in and out of the specimen are also quite typical. Such
behaviour has been measured in other clay materials as well. There is a spontaneous decrease in
pressure after the peak is reached which indicates the aperture of a preferential path of high
conductivity. The absence of a marked peak during the second injection phase indicates that the
initial path remained partially open (Alonso et al. 2006). This interpretation is also consistent
with the lower gas pressure that is reached during the second injection phase. It was also checked
that the gas pressure at peak is equal to the swelling pressure plus the existing pore pressure. In
other words, the gas pressure has to reach the total stress in a critical plane in order to develop a
preferential path (Alonso et al. 2006).
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Figure 2. Evolution of flow rate into system, injection pressure and outgoing flux during the first
injection and shut-in stage. Test MX80-4A (Horseman and Harrington 1999).
In conclusion, the analysis of the experimental studies presented above indicates that gas
transport in underground repository media is mainly governed by coupled hydro-chemicalmechanical processes. However, It be should emphasized that most of the studies conducted
have ignored the thermal effect. This effect may significantly affect the gas migration through
the aforementioned porous media.

2.3.1.2 Studies on gas generation
Major experimental investigations on gas generation were performed by Small et al. (2008).
They conducted extensive experimental studies by establishing a large-scale gas generation
experiment at an LLW/ILW repository in Olkiluoto, Finland. They examined gas generation
from LLW in waste drums that were disposed in the operational VLJ Repository (VLJ is a
Finnish acronym which translates to ‘‘reactor operating waste”). In a period of 9 years, the
experiment monitored the rate and composition of gas generated, and the aqueous geochemistry
and microbe populations present in various locations within the experiment (Small et al. 2008).
The large-scale gas generation experiment is presented in Figure 2.19. The experiment has been
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also modelled (Figure 2.20) by using the biogeochemical reaction-transport code (GRM) for
predicting gas generation that is presented in Section 3.1.5.

Figure 2.19. Plan (a) and side elevation (b) of the gas generation experiment showing the position of the waste
drums and sampling lines.
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Figure 2.20 Conceptual model of biogeochemical processes occurring within the gas generation
experiment and represented in the GRM model (Small et al. 2008).
The main conclusions of the experiment and modelling efforts are as follows: (i) gas generation
is a complex mechanism that involves biological, geochemical and hydraulic factors; (ii) the
GRM code is able to capture all of these factors and their interactions, and predict the gas
production rate with relatively good accuracy; (iii) a key uncertainty in the current GRM model,
particularly for simulation of pH variations, concerns the transport of species amongst the waste,
water and concrete regions of the experiment. An understanding of these transport effects will be
required in order to fully apply these models at the repository scale.
2.3.2 Field studies
2.3.2.1 Background
Key field studies on gas migration performed in European URLs will be presented in this section.
In many European countries (e.g. Belgium, France, Italy, Switzerland, and the UK), deep
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argillaceous rocks are considered as a potential host rock for the construction of repositories to
dispose radioactive waste. Among these argillaceous rock formations, we have mentioned
Opalinus clay in Switzerland, Boom clay in Belgium and Callovo-Oxfordian clay in France. The
URLs of Mont Terri, HADES (Mol Site) and Meuse/Haute Marne are built in the formations of
Opalinus, Boom and Callovo-Oxfordian clays, respectively. Those formations represent a
spectrum ranging from clay with a 40% volumetric H2O content with relatively high plasticity up
to a highly consolidated stiff clay stone with a volumetric water content as low as 5%. The main
characteristics of these formations are described by Su (2007) as follows:
Boom clay: Boom clay is marine fine-grained sediment from the Rupelian Age (about 30 million
years before present). It shows distinctive layering, which is the result of variations in grain sizes,
organic matters and carbonates (Su, 2007). The grain size distribution indicates a relatively wide
variation; the clay fraction (< 2µm) ranges from 30 to 70% (average of 55%). The predominant
clay minerals are: illite (50%), smectite and illite-smectite interstratifications (30%), kaolinite
(10%), chlorite (5%), degraded chlorite and illite-chlorite interlayers, and glauconite (3%).
Muscovite and biotite (mica minerals) are only present in small quantities. Boom clay also has 15% of carbonates, pyrite and organic matter. Its hydro-mechanical properties are usually
considered homogeneous (Su 2007). The basic geomechanical characteristics and conditions of
Boom clay that is located around the Mol Underground Laboratory (225 m in depth) are given in
Table 2.5. The hydraulic conductivity of Boom clay in the flow direction parallel to the bedding
plane is twice that of the orthogonal direction to the bedding plane.

Table 2.4. Geomechanical characteristics of Boom clay in the Mol Site, Belgium (Su 2007).
Initial total stress

4.5 MPa

Porosity n

Initial pore pressure

2.25 MPa

Water bulk modulus Kw

0.2-2 GPa

Young’s modulus E’

300 MPa

Hydraulic conductivity k

2*10-12 m/s –
4*10-12 m/s

Poisson’s coefficient vh
Cohesion c’
Friction angle Φ
Rc

0.39

0.125

Plastic limit

23-29 %

300 kPa

Liquid limit

55-80 %

18°

Plasticity index

32-51 %

2 MPa

Water content

22-27 %

49

Callovo-Oxfordian argillites: Callovo-Oxfordian argillites are marine sediments from the
Jurassic Age (about 150 million years ago). They are overlain and underlain by relatively
impermeable carbonate formations. The argillites contain an average of 40-45% clay minerals
(illite, regular mixed layer R1 illitesmectite, chlorite and kaolinite in the lower part, illite and
irregular mixed layer R0 illite-smectite in the upper part), 20-30% carbonate and 20-30% quartz
silts. The layer is almost horizontal. The mechanical behaviour of the rock is ruled by the
geological characteristics of the argillites. Its mineralogical composition and sedimentation have
led to a slightly anisotropic behaviour of the argillites. The combined effect of sedimentation,
compaction and diagenesis has decreased the interstitial or connected pore space. Hence,
Callovo-Oxfordian argillites are regarded in their natural state as a saturated porous medium with
very low permeability. Their mechanical behaviour is closely coupled with the pore pressure and
the degree of saturation. From a geomechanical viewpoint, the Callovo-Oxfordian formation
may be subdivided into three rheological zones with different geomechanical properties: two stiff
(higher carbonate) zones that surround a central and less stiff (more clayey) zone (Su 2007).
Table 2.6 shows the basic mechanical characteristics of the three zones as observed at a depth
varying between 420 and 550 m.

Table 2.5. Basic mechanical characteristics of the different geological zones in the Callovo-Oxfordian
formation (Andra, 2005)
Characteristics
Depth (m)
Initial total stress
Initial pore pressure
Density (g/cm3)
Water content (% mass)
Porosity (%)
Young’s modulus (GPa)
Uniaxial compressive strength
(MPa)
Uniaxial tensile strength (MPa)
Hydraulic conductivity (m/s)

Upper
420-455

2.42
6.1
14
6.2
30

Rheological zone
Median
455-515
12-16 MPa at -500 m
~ 5 MPa at -500 m
2.42
7.1
15.5
5.5
21
10-13-10-14

Overall
Lower
515-550

420-550

2.46
5.9
13
7.2
21

2.40-2.45
5.3-8.0
11.5-17
6.0
24
2.6
10-13-10-14

Opalinus clay: Opalinus clay generally consists of dark grey, silty, calcareous and micaceous
clay stones from the Jurassic Age. In Zürcher Weinland, Northern Switzerland, the Murchisonae
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Beds (approximately 20 m thick) that are located above the Opalinus clay, consist of black silty
to fine sandy, calcareous claystones and are thus similar, in terms of lithology, to the uppermost
Opalinus clay. Mineralogical investigations reveal that the phyllosilicate fraction contains mainly
kaolinite, illite and illite/smectite interlayer minerals in about equal amounts (average amount is
54% at Benken) (Volckaert et al. 2004). The carbonate content is rather high, ranging from 10 to
50% (average 26% at Benken), and dominated by calcite. Quartz is also present in relatively
large quantities (average 20% at Benken). The content of organic matter is about 0.5%. Figure
2.21 illustrates the mineralogical and structural features of the Opalinus clay in Zürcher
Weinland at various scales. Petrophysical logs indicate moderate variability and a slight increase
of clay content with depth, suggesting a division of the Opalinus clay into five lithostratigraphic
sub-units (facies). The mechanical properties of Opalinus clay were found to be highly
anisotropic (transversally isotropic). A dependency of the elastic properties and strength
parameters on water content are observed. In addition, a transition was noticed from brittle
behaviour at lower water content to more ductile behaviour at higher water content. The physical
properties of the rock depend to a lesser extent, on its mineral composition. Although no
direction dependency was observed for Poisson’s ratio, the elasticity moduli showed a clear
anisotropy in relation to stratification with Eparallel > E45° > Eperpendicular (Su 2007). The
following observations were made in Zürcher Weinland at a depth of about 600 m (Table 2.7).
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Figure 2.21. Illustration of the mineralogy and structure of Opalinus clay at different scales (Nagra, 2008)
a) vertical profile of clay content determined by petrophysical logging
b) Core samples
c) Thin sections
d) :e) SEM images (Nagra 2002a)
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Table 2.6. Geomechanical characteristics of Opalinus clay (Volckaert et al. 2004)
Site

Mont Terri
Matrix

Zuricher Weinland

Bedding

Matrix

Bedding

6-7 MPa

15.9 MPa

2-3 MPa / 4-5 MPa

22.6-15.1MPa

Initial total mean stress

4-5 MPa

18 MPa

Initial pore pressure

1-2 MPa

6-7 MPa

0.16

0.12

Initial vertical stress
Initial max./min. horizontal
stress

Porosity
Young’s modulus
Poisson’s ratio
Cohesion
Friction angle
Uniaxial compressive
strength
Tensile strength
Hydraulic conductivity

6 GPa

3 GPa

10.5 GPa

5 GPa

0.24

0.24

0.27

0.25

3 MPa

1 MPa

6.9-8.6 MPa

1.5-1.7 MPa

25°

23°

21-25°

20-24°

10-16 MPa

no data

30 MPa

6 MPa

1 MPa

0.5 MPa

2.7 MPa

1.2 MPa

-14

-13

-14

1*10-13 m/s

8*10

m/s

2*10

m/s

2*10

m/s

It should be mentioned that most of the studies that were conducted in the aforementioned rock
formations and URLs or other URLs, focussed on the hydrogeological, geochemical, and
geomechanical aspects that are related to the safety of underground repositories of nuclear waste.
Gas generation and migration problems were assigned a lower priority and their investigation has
commanded fewer resources than issues which are regarded as most central to the safety case; all
performance assessments include detailed analyses of the groundwater pathway, but only a few
have addressed the gas problem, although this problem may potentially affect the safety of the
nuclear repository. Consequently, there is relatively, fewer published field data and studies on
the gas problem. Most investigations into gas migration through engineered and geological
barriers of deep radioactive waste repositories have only taken place over the past 15 years, a
shorter period of investigation than other issues that affect repository behaviour. The results of a
major field study on gas migration conducted in an Opalinus clay formation will be presented
and discussed below.
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2.3.2.2 Gas migration field study in Opalinus clay formations
As part of the Swiss waste disposal programme, gas transport processes were investigated in
Opalinus clay (Nagra, 2002a; Nagra, 2002b; Nagra, 2004). The studies focussed on Zürcher
Weinland in Northern Switzerland, with a deep investigation borehole in the neighbourhood of
the village of Benken, and the Mont Terri Rock Laboratory situated in the Folded Jura of northwest Switzerland close to the town of St-Ursanne. The field studies included mainly:
(i)

hydraulic packer tests (Figure 2.22): packer tests in boreholes have been the main
source of field data that contribute to the characterization of gas transport properties
(e.g. flow model identification, estimation of hydraulic conductivity, storage
coefficient and hydraulic head) in Opalinus clay, and

(ii)

(ii) gas injection tests (Figures 2.22, 2.24). The primary purpose of the gas test
sequence is to determine the gas entry pressure of the formation.

Table 2.8 gives the main results of the conducted gas parameter tests. The determined entry
pressures range from 0.4 to 10 MPa and exhibit a marked dependence on intrinsic permeability
as illustrated by Figure 2.24. Marschall et al. (2005) pointed out that both in situ gas tests and gas
permeameter tests on drill cores demonstrate that gas transport through the rock is accompanied
by pore water displacement, suggesting that classical flow concepts of immiscible displacement
in porous media can be applied when the gas entry pressure (i.e. capillary threshold pressure) is
less than the minimum principal stress that is acting within the rock. At elevated gas pressures
(i.e. when gas pressure approaches the level of total stress that acts on the rock body) evidence
was seen for dilatancy controlled gas transport mechanisms.
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Figure 2.3. Gas threshold pressure testing in boreholes - test configuration and procedure: a) hydrotest
sequence; b) water/gas displacement DISP; c) gas injection phase GRI; and d) gas pressure recovery phase GRIS.

Figure 2.23. Gas threshold pressure test GP-4 at Mont Terri:
a) entire test phase comprising of a hydrotest and gas test sequence; b) log-log derivative plot of the GRI
phase; and c) Horner plot of the GRIS phase.
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Table2.7. Overview of gas parameter tests with core specimens from Benken and Mont Terri (Marschall 2005)
Core sample

Injection period
(d)

Direction of flow
relative to
bedding

Intrinsic
permeability(a) k
(m2)

Gas entry
pressure pae MPa

OPA-1

140

90°

kp= 3-6 *10-21
kn= 5-7 *10-22

~4

OPA-2

120

0°

3*10-21

7.5-10

0°

-20

<0.03

BED-B3 06

(b)

BFP 16
BWS-E4 06
BED-C5/7

60
110
180
174

50°
90°
35°

2*10

1.5*10

-20

0.5

2*10

-20

0.2

2*10

-20

0.2

a: intrinsic permeability: kp parallel to bedding, kn normal to bedding
b: core sample is not representative of undisturbed Opalinus clay (visible fracture in flow direction)

Figure 4. Relationship between gas entry pressure and intrinsic permeability for various low permeability
rock formations (claystones, shales, sandstone) (Marschall 2005)

Beyond packer testing and gas injection in boreholes, laboratory tests were also conducted to
determine the unsaturated properties of Opalinus clay. It is known that the key parameters
required for the simulation of gas transport processes in the undisturbed rock zone around an
L/ILW repository are porosity of the intact host rock, intrinsic permeability, capillary pressuresaturation relationship, and relative permeability-saturation relationship (Nagra 2008). Figure
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2.24 summarizes the main results for determining the water retention curves of the Opalinus clay,
while Figure 2.25 gives the capillary pressure - water saturation curves of the clay.

Figure 2.25. Capillary pressure measurements (water retention curves) by stepwise desaturation and
resaturation in a desiccator (photo, Nagra 2008).

Figure 2.26. Capillary pressure - water saturation curves for Opalinus clay samples (Nagra 2008)

The results of field studies on gas migration presented above are in good agreement with the
observations made at the laboratory scale. The field results presented above were used in the
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development of numerical and simulation tools to assess issues on post-disposal gas generation
for a generic geological repository in Northern Switzerland with regards to L/ILW in Opalinus
clay. The main findings with respect to gas generation rates, gas pressure build-up, design
measures to mitigate overpressures and pore water displacement, are presented in Nagra (2008).
2.4 Summary and Conclusions
In this chapter we reviewed current experimental and theoretical research on gas generation and
migration from a repository in sedimentary rock formations. We gave particular attention to
state-of-art conceptual and mathematical models for the simulation of gas generation and
transport. Based on the information obtained and analyzed in this chapter, the following
conclusions can be drawn:
-

Significant quantities of gases can be generated in underground repositories for
radioactive waste. These gases can potentially influence the safety of the repositories.

-

The main gas generation mechanisms are: (i) the anaerobic corrosion of metals in waste
and packaging (production of hydrogen); (ii) the radiolysis of H2O and certain organic
materials in the packages (mainly production of hydrogen, but also oxygen, carbon
dioxide, methane, etc., can be produced in lower quantities); and (iii) the microbial
degradation of organic waste components (production of methane and carbon dioxide).
The most important mechanism is the corrosion of metals.

-

In practice, the gas generation rates are often estimated by using constant gas generation
rates obtained from laboratory experimental tests or simple approximation models. This
results in a highly conservative estimation of the quantity and rate of gases produced in a
repository during its lifetime. In order to avoid this overly high degree of conservatism,
complex geochemical codes were developed to estimate and predict the type, amount and
rate of generated gases.

-

Several geochemical codes have been developed in the last decades to predict gas
generation and its main features (e.g. GAMMON, SMOGG, GETAR, RadCalc, GRM,
RPM). However, modelling and prediction of gas generation in repositories for nuclear
waste is most advanced for corrosion. Radiolysis can be predicted with well established
models. The modelling of microbial gas generation is only limited to well defined
scenarios. Furthermore, interactions have to be considered in modelling between the gas
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generation mechanisms (e.g. by water balance for limited supply) as well as with other
processes, such as fluid flow (water saturation), geochemical history and geomechanical
forces (vs. pressure build-up). This has been mostly ignored in previous studies.
-

The gases that are generated can have various potential transport paths in a repository.
These paths greatly influence the transport mechanisms of the gases. The transport paths
include: (i) the engineered barrier systems, backfill in the repository chambers, galleries
and drifts; (ii) the EDZ; (iii) the host and overlying rocks; and (iv) the structural
discontinuities.

-

The transport of gases through low-permeability rock of geological repository systems is
controlled not only by the hydraulic and mechanical properties of the rock mass or
engineered barrier (intrinsic permeability, porosity, rock strength), but also by the gas
entry pressure and the hydromechanical state of the rock or engineered barrier.

-

There are four main phenomenological gas transport mechanisms: (i) advective-diffusive
transport of gas dissolved in the pore water; (ii) visco-capillary two-phase flow; (iii)
dilatancy-controlled gas flow; and (iv) gas transport along macroscopic tensile fractures
(hydro- and gas-fracturing).

-

However, gas transport mechanisms are not only controlled by the above hydromechanical processes, but hydro-chemical interactions (self-healing processes) can also
significantly affect the gas transport in an underground repository.

-

The main conceptual and modelling approaches developed in the last decade that describe
and predict the gas transport mechanisms can be divided into three types: (i) approaches
related to Darcy’s law; (ii) modified Darcy approaches; and (iii) models for gas transport
through EDZ. These models have been validated against experimental results. There is a
relatively good agreement between the modeling results and the experimental tests
(mostly at laboratory scale). However, most of these models only consider the coupled
hydro-mechanical effects without taking into account the mechanical damage or dilatancy
effects; the thermal (e.g. heat generated by the waste) and chemical factors (e.g. chemical
self-healing) are often ignored.

-

Most of the previous experimental investigations which study gas generation and
migration are performed at laboratory scale. These laboratory studies have allowed
tremendous progress to be made in understanding the mechanisms of gas generation and
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migration as well as acquiring a significant amount of laboratory data. These data will be
very useful for the modeling part of the present study. The results of the laboratory
studies generally confirm the good ability of the gas transport models (presented above)
to capture the flow mechanisms of the gases that are generated with reasonable accuracy.
-

However, there are relatively few published field data and studies on the gas problem.
This is because most investigations into gas migration through engineered and geological
barriers of deep radioactive waste repositories have only taken place over the past 15
years, which is a shorter period of investigation than any other issue that affects
repository behaviour. The results of field studies performed in the URL Mont Terri are in
good agreement with those obtained from laboratory tests as well as theories of gas
transport mechanisms that are presented above. These field results can be used in the
calibration for developing models in the present study.

-

In conclusion, an analysis of the experimental and theoretical studies presented above
indicates that gas generation and transport in underground repository systems are
governed by complex coupled processes that can involve bio-hydro-chemical processes
for gas generation, and hydro-chemical-mechanical processes for gas transport.The
thermal factor which is mostly ignored should be taken into account in future work.
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3 Geological and geotechnical characteristics of sedimentary rock formations in
Ontario and comparison with European formations
3.1 Introduction
The objectives of the present chapter are: (i) to compile published geochemical, mechanical,
hydraulic and thermal data on sedimentary rock formations in Ontario, which are relevant to the
study of gas generation and transport. (ii) Compare the data to those from European sedimentary
rocks. Discuss and analyze the usefulness and transferability of the research results in Europe to the
Ontario situation.
To achieve the aforementioned objectives, three main stages are carried out:
- The first stage includes the collection of data on sedimentary rock formations in Ontario,
which are necessary to build and validate a conceptual model for the area of study.
Geological, geomechanical, geochemical, hydrological and thermal data are gathered and
analyzed with regards to gas generation and migration.
- The second stage deals with a review and analysis of the experimental (laboratory and field)
data from European sedimentary rocks and URLs for nuclear waste storage with respect of
gas transport. Figure 3.1 summarizes the different components or units (container, buffer,
backfill, excavation disturbed zone (EDZ), and host rock) of an underground repository
system and the sources (e.g. URL tests, lab tests) of the data. Note that the current OPG’s
proposal for LILW relies on the multiple layers of low permeability shale for contaminant
barriers, and not on other engineered systems such as container, buffer and backfill. From
Figure 3.1, it can be seen that studies accomplished in the oil/gas-waste industry or CO2
sequestration can also be valuable sources of data and information. Field tests performed in
URLs, such as Opalinus Clay (OPA) at Mont Terri and Benken in Switzerland, Boom Clay
under the MEGAS and PROGRESS projects in Belgium, Callovian-Oxfordian (COX)
studied by Andra at the Bure URL in France and the Grimsel Test Site (GTS) in Switzerland
as well as results from laboratory tests conducted on materials that (mainly) originate from
the aforementioned URLs, are reported and analyzed.
- The third stage includes an analysis of the quality, suitability and transferability of the data
gathered with respect to the investigation of gas generation and migration in a hypothetical
repository in Ontario’s sedimentary rocks (especially limestone).
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Container
Buffer
Backfill
Disturbed Zone

Undisturbed Zone
(Host Rock)

URL Tests Results (Borehole and Large Scale)
Lab.Tests
Oil&Gas Industry Data Sets
CO2 Storage (Tests/)
Tests on Porous Media (Chemical Engineering ,other fields)

Figure 3.1. Types and sources of collected information
3.2 Review of geomechanical, geochemical, hydraulic and thermal properties of sedimentary
rock formations in Southwest Ontario
The main source of the data gathered in this section comes from Ontario Power Generation (OPG).
In order to obtain the information needed to present their safety case for a DGR for LILW, OPG has
gathered published data on the regional scale, and has conducted a site investigation to obtain sitespecific data. The OPG’s proposed repository will be at a depth of approximately 680 m in a
limestone formation overlain by multiple low permeability formations. The goal of this section is to
collect and present the data and parameters which will possibly play relevant roles in the analysis of
gas generation/migration in such a repository.
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3.2.1 Geological and geomechanical properties
The OPG’s proposed DGR will be located at a depth of 680 m below the surface. The repository
would be situated within the Cobourg Formation, a low permeability limestone that is overlain by
more than 200 m of low permeability shale. The results of a site characterization program have
provided a conceptual model of the site (Figure 3.1) and allowed refinement to the geology and
hydrogeology aspects of the model. The conceptual model shows that the DGR is overlain by
multiple low permeability formations, including 280 m of low permeability limestone, shale and
dolostone before the first higher permeability formation (Guelph Formation- Figure 3.2).

Figure 3.2. Conceptual geosphere model of the proposed DGR (Gartner Lee Limited, 2008)

The shale and anhydrite units with lower permeability are above the Guelph Formation within the
Silurian deposits. The DGR would be located in the Cobourg limestone and under the Queenston
Shale. The deep groundwater system that exists in these Ordovician formations is very old and
highly saline (approximately 300 g/L). The intermediate system covers all of the Silurian
formations. This zone has mixed permeability formations (e.g., high permeability Guelph
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Formation and low permeability shale/anhydrite beds in the Salina Formation) with groundwater
salinity ranging from saline to slightly salty. The Devonian and Quaternary formations represent the
shallow groundwater system (see Figure 3.2) for the successive formations and layers over the
proposed DGR (Hobbs et al. 2008).

Figure 3.3. Subsurface stratigraphy in the study area (Gartner Lee Limited, 2008)
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Transport of non-wetting fluids in a low-permeability formation, such as the Cobourg limestone and
Queenston shale, is largely controlled by the microstructure of the rock. Hence, an assessment of
gas transport processes in those formations requires careful consideration of both structure and
texture. Figure 3.3a shows the samples of the upper Ordovician Queenston Shale and Upper
Ordovician Cobourg (Lindsay) Limestone which were drilled during February 2005 in Niagara
Falls, Ontario and in 1978, as part of geotechnical investigations and stored in an unheated core
shed (Vilks and Miller, 2007).

A)

B)

Figure 3.4. a) The drilled core samples from Queenstone Shale and Cobourg Formations, and b)
mineralogical contents of Queenstone Shale and Cobourg Formations (Vilks and Miller, 2007)

The overall patterns of joints from all sources in southern Ontario, Michigan, Ohio and New York
are compiled in Gartner Lee Limited (2008). The latter compiled the data from surficial joint sets;
this does not necessarily imply that these joint sets will be consistent with depth at any one location.
The collected data indicates a consistent joint set ranging from ENE to ESE in the upper 300 m. At
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a greater depth, the NE-ENE trend becomes more consistent. A SSE set is found at below 760 m. In
general, the NE-ENE is present across all depths, but other minor joint directions show no
discernable pattern (Hill et al., 2002). In a recently released document (Itasca, 2008) on the
evaluation of long-term stability of a possible cavern, instead of joint structures, the formation
(especially in shale and Cobourg limestone) is modeled with separated horizontal layers.
Information is assembled with regards to the in-situ and regional geomechanical properties of
sedimentary formations, as part of the site characterization work (Intera, 2006). The regional data
comprise of over 700 test results from 29 sites as described in the public domain literature and
laboratory reports (e.g., Gartner Lee Limited, 2008; Gorski et al. 2009, 2010). The database
contains a wide range of information on bedrock formations that are of interest to the DGR project,
ranging in age from Devonian to Ordovician. Table 3.1 summarizes the general geomechanical
properties of the main formations in the study region.
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Table 3.1. Laboratory geomechanical properties of rock units (NWMO, 2011)

67

Table 3.1 (continued)

For the upper Ordovician shale layers, both the Queenston and Georgian Bay Shales show moderate
strength with estimated mean values of 44 MPa and 35 MPa, respectively. Figure 3.4 shows
histograms of the UCS data for both the Queenston and Georgian Bay Shales from the regional data.
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Figure 3.5. Unconfined compressive strength of: (a) Queenston, and (b) Georgian Bay Shales from
regional data (Gartner Lee Limited, 2008).

Uniaxial comprehensive strength of the Cobourg Formation (as an argillaceous limestone), have
been obtained by using the results of the 94 samples. These specimens were retrieved from sites at
Mississauga, Pickering, Bowmanville, Wesleyville and Port Hope, Ontario. Despite a large data
range from 22 to 140 MPa, a well-defined distribution of strength measurements is shown on Figure
3.5. The arithmetic mean of the uniaxial compressive strengths is 72 MPa. Figure 3.5 also illustrates
a histogram of the corresponding elastic modulus of the limestone. It has a mean elastic modulus of
31.5 GPa. Table 3.2 shows mechanical properties obtained from one deep borehole at the site of the
proposed DGR. The average value for uniaxial compressive strength obtained from that borehole is
higher for the COBL compared to the regional data (109.7 MPa vs. 70-80 MPa), and lower for the
QES (31.1 MPa vs 40-50 MPa).
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a)

b)

Figure 3.6. a) Unconfined compressive strength and b) elastic modulus of the Cobourg Formation
from regional data (Gartner Lee Limited, 2008b)

Most of the available in-situ stress data in Paleozoic rock (Gartner Lee Limited, 2008) were
collected from over 20 sites in the Great Lake region. Figure 3.6 shows a plot of the maximum and
minimum horizontal stresses (σH and σh) as a function of depth. There are only a few deep
boreholes with in-situ stress measurements drilled within a few hundred kilometers of the selected
repository site. A part of these boreholes were completed in Ordovician limestone between 45 and
208 m in depth. Based on these measurements, the σh varies between 8.3 and 9.5 MPa within the
Ordovician Formations (75 – 208 m). The σH for the two rock types was determined to vary
between 10.6 MPa and 15.4 MPa in the Ordovician rock and between 17.2 MPa and 19.6 MPa in
shield rock.
A recent study at the Norton Mine, which is slightly west of Akron in Ohio, was accomplished by
the overcoring method at a depth of about 700 m, yielding an average σH and σh of 36.7 MPa and 28
MPa, respectively. A higher σH was measured by using the same method (σH = 44.7 MPa and σh =
23.4 MPa). The stress value is consistent with earlier hydraulic fracturing measurements (Bauer et
al., 2005), where an average σH of 44.6 MPa and σh of 23.2 MPa were reported for the southern
portion of the mine. Also, at the repository horizon, σH /σv will likely vary from 1.7 to 2.5; σh /σv
from 1.0 to 1.2; and σH/σh from 1.5 to 2.1 (Gartner Lee Limited, 2008). The scatter in data with
depth can be followed in Figure 3.6.
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Table 3.2. Average test results for samples from borehole DGR-2 at the site (Damjanac, 2008)
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Figure 3.7. Distribution of principal stress with depth in the Appalachian and Michigan Basins.
Included are both hydro-fracturing and over-coring results (Gartner Lee Limited, 2008).

The measurements of in-situ stress orientations show an ENE (N70°-75E) direction and are similar
to that in the North American continent as defined in the World Stress Map. There is a lack of site
specific information on in situ stresses.
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3.2.2 Hydraulic and hydrochemical properties
Hydraulic conductivity and porosity values for each formation are shown in Figure 3.6 and 3.7,
respectively. Anisotropy at intra- and inter-formation scales within the nearly horizontally layered
bedrock formations is expected to be an important factor that influences fluid and solute migration.
Gartner Lee Limited (2008) indicated that there is a vertical anisotropy of 10:1.

Figure 3.6. Horizontal formation hydraulic conductivity and estimate average values (NWMO 2011)
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Figure 3.7. Total Porosity vs depth in the study area (NWMO, 2011)
Salinity plays an important role in groundwater movement. Salinity significantly increases with
depth in the Michigan Basin, from fresh shallow groundwater to deep saline brines. The increase in
salinity (density) with depth influences vertical hydraulic gradients and water viscosity for the NaCa-Cl fluids. Groundwater total dissolved solid (TDS) values for the study area are shown in Figure
3.8.
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Figure 3.8. TDS vs depth in the study area (NWMO, 2011)
Figure 3.9 shows the measured formation pressures from DGR-4. The pressure profile shows an
upward gradient from the permeable Cambrian to the under pressured Ordovician Georgian Bay
Formation and downward gradients from the Silurian Niagaran Group to the Georgian Bay
Formation (Sykes et al. 2008).
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Figure 3.9. Formation pressures vs. depth in the study area (Straddle-packer tests in DRG-4)
Figure 3.10 illustrates the variation of the laboratory effective diffusion coefficients (De) for NaI
with depth. From this figure, it can be observed that the majority of the effective diffusion
coefficients (De) values are in the range 10-13 < De < 10-11 m2/s. These values are low. The lower
porosity of the Middle Ordovician limestones (< 2%) leads to low De values (in the range 10-13 <
De < 10-12 m2/s) (NWMO, 2011).
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Figure 3.10. Effective diffusion coefficient for NaI vs depth in the study area

3.2.3 Thermal properties
Using the linear regression of records from deep borehole temperature measurements versus depths
in the Lower Peninsula of Michigan (Vugrinovich 1989) as shown in Figure 3.11, the following
equation

is

proposed

for

the

geothermal

gradient

in

the

Michigan

Basin:

( T(°C) = 14.5 + 0.0192 × depth(m) ) . Thermal properties of the formations are listed in Table 3.4.

The experimental results show that thermal properties of rocks are temperature dependent so that
there is a decrease of thermal conductivity and diffusivity and an increase of specific heat with
increasing temperature as shown in Figure 3.12 for various kinds of rocks (Mongelli et al. 1982).
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Figure 3.11. Subsurface temperatures vs. depth. Straight line is the least-squares 'best-fit'
(Vugrinovich 1989).
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Table 3.4. Thermal properties of sedimentary rocks in the study area (source of data: Everham 2004,
Clauser and Huenger 1985, Cemak and Rybach 1982).

*Heat capacity in kJ/kg.K

79

Figure 3.12. Effect of temperature on the thermal properties of rocks

3.3 Review of experimental data related to gas migration in European low permeable
formations
3.3.1 Introduction
In this section, we will summarize and discuss relevant results from several large scale,
small scale and laboratory tests (gas injection and permeability in samples, boreholes and chambers)
that were performed in Europe during the past decades to investigate and characterize the behaviour
of natural (host rock) and engineered barriers with respect to gas migration. The collected
information would be examined for transferability, and usefulness for the development of a THM
model of gas generation and migration from a hypothetical repository in Ontario.
In the following sections, we will summarize the information that is related to the gas
transport phenomena in three main large scale tests located at Mont Terri (gas transport properties
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of the OPA), in the MEGAS and PROGRESS projects (Boom Clay), at Meuse/Haute-Marne URL
(COX argillite) and the Grimsel GTS (gas migration test (GMT)). Furthermore, relevant results of
small scale (laboratory) tests on gas behaviour and migration in bentonite, clay and limestone will
be reviewed. The information and data presented in this section are important for the development,
calibration and validation of the aforementioned THMC model as well as the understanding of gas
migration in the study area.

3.3.2 Gas transport properties of Opalinus clay
As part of the Swiss waste disposal program, gas transport processes were studied in a
potential host rock called the OPA (Nagra 2004; Nagra 2006). The field investigations included
hydraulic packer tests and gas injection tests in boreholes. These field tests were complemented by
studies of an unsaturated zone around the ventilated tunnels at Mont Terri. The laboratory
investigations on OPA drill cores from Benken and Mont Terri consisted of micro structural
analyses, determination of the capillary pressure relationship and gas permeability measurements.
The OPA was deposited 180 Ma ago in a shallow marine environment (Marschall et al.
2005). The OPA formation is a moderately overconsolidated clay stone. On a regional scale, the
mineralogical composition of the OPA exhibits moderate lateral variability and a slight increase in
clay content with depth. Quantitative laboratory analyses of core samples from Benken and Mont
Terri provided a total mass fraction of 54.66% clay minerals, 14.20% quartz and 13.16% calcite.
The fraction of swelling clay minerals, with 11.14% illite/smectite mixed layers, is of
particular interest for gas-related studies. Other minerals are siderite, pyrite and feldspar. The mass
fraction of organic carbon is < 1%. Figure 3.13 illustrates the mineralogical and structural features
of the OPA. The pore space of the rock is formed by a network of micro/meso- and macropores.
This network of pores actually dominates the flow and transport properties of the rock. Table 3.5
presents the main physical properties of OPA.
In low permeability media, the understanding of the pore network as a prevalent structure for gas
(generally fluid) flow is necessary. Therefore, deduction of the pore size distribution and the water
retention function (capillary pressure-saturation relationship) is necessary. Figure 3.14 shows the
results of mercury intrusion porosimetry (MIP) data (only pores with a radius larger than 3.7 nm).
Assuming that the OPA samples have a physical porosity of 0.12, the volume fraction of pores with
radii larger than 25 nm is estimated to be about 10%, the fraction with radii between 3.7 and 25 nm
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about 51%, and the fraction with radii below 3.7 nm about 39% from the MIP data. Figure 3.15
shows the water adsorption and desorption data and the mercury injection data interpreted as water
retention functions (capillary pressure-saturation relationship).

Figure 3.13. Mineralogy and structure of the OPA at different scales, based on data from the
Benken borehole: a) vertical profile of clay content determined by petrophysical logging, b) core
sample, (c) thin sections, and (d+e) SEM images (Nagra, 2002).
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Table 3.5. Physical properties of OPA from Benken and the Mont Terri rock laboratory (Marschal
et al. 2005)

Figure 3.14. Equivalent pore size distributions in the mesopore range (Nagra, 2004)
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Figure 3.15. Capillary pressure - water saturation curves for OPA samples from Mont Terri and
Benken (Nagra, 2004).

According to van Genuchten (1980), the functional relationship between water saturation and
capillary pressure is given as:
pc =

1

α

1

n

.(Sec1−n − 1) n

(1)

S w − S wr
(2)
,
1 − S wr
where pc represents the capillary pressure, 1/α; the inverse of van Genuchten’s α parameter, is
S ec =

known as the apparent gas entry pressure and n is the shape factor (pore size distribution index).
The effective saturation (Sec) can be determined when the actual pore water saturation (Sw) (volume
of pore water per volume of pores) and the residual pore water saturation (Swr) are given. The
parameters of the van Genuchten function, such that it fits the measured adsorption and desorption
data approximately, are: n = 1.6, α = 0.065 MPa–1 for desorption, n = 1.5, α = 0.14 MPa–1, and a
maximum saturation of 0.95 for adsorption. The corresponding apparent gas entry values; 1/α, are
about 7 MPa and 15 MPa, respectively (Marschall et al. 2005).
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Six long-term gas permeability tests were conducted on OPA core samples from Mont Terri and
Benken. Figure 3.16 shows a schematic sketch of the British Geological Survey (BGS) isostatic cell
with the main components and the changes of the flow rate/pressure (upstream; downstream). The
cylindrical rock specimen (diameter: 54 mm, thickness: 34 mm) is sandwiched between the endcaps and can be subjected to an isotropic confining stress up to 40 MPa. Testing has been
performed in an air-conditioned laboratory at a temperature of 20 ± 0.3ºC. The test procedure is a
sequence of the stages; namely, saturation and equilibration, constant rate water flow, pressure
recovery, and sequence of constant gas pressure (CP) test stages. A numerical analysis of the entire
hydraulic test sequence (water injection and pressure recovery) provided estimates of intrinsic
permeability parallel and normal , respectively of, 3.8 × 10–21 m2 and 5-7 × 10–22 m2, suggesting an
anisotropy ratio of approximately 10. Specific storage estimates ranged between 1× 10–5 and 2 ×
10–5 m–1. The gas pressure phase is a sequence of 6 pressure stages; CP1 to CP6, as shown in Figure

Total flow rate

Excess pressure-Mpa

3.15b. Table 3.6 shows the results obtained from the laboratory tests.

Time(days)

Figure 3.16. Gas permeability measurements on an OPA core sample from the Benken borehole
(Marschall et al. 2005).
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Table 3.6. Gas permeameter tests with core specimens from Benken and Mont Terri (Marschall et al.
2005)

Also, Packer tests in boreholes were implemented in the OPA for the characterisation of gas
transport properties. The general test procedure consists of a combination of hydrotests, gas
injection and pressure recovery sequences (Figure 3.17). At the end of the hydraulic test sequence,
the fluid in the test interval is replaced by gas (Figure 3.18) when the interval pressure has
recovered (close to the static formation pressure). Usually, in situ gas tests are conducted with
nitrogen (Senger et al. 2006). Gas threshold pressure is typically identified from the pressure buildup curve, indicating a deviation from linear increase when gas starts to migrate into the formation
(Finsterle et al. 1999).

Figure 3.17. Gas threshold pressure testing in boreholes - test configuration and procedure: a)
hydrotest sequence, b) water/gas displacement (DISP), c) gas injection phase (GRI), and d) gas
pressure recovery phase (GRIS) (Marschall et al. 2005).
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Figure 3.18. The results of gas threshold pressure test at Mont Terri: a) entire test phase comprising
of a hydrotest and gas test sequence, b) log-log derivative plot, and c) Horner plot of the GRIS
phase (Marschall et al. 2005)
Assuming an initial pressure (pi), a linear increase of interval pressure (p) is seen during the
wellbore storage. When the gas entry pressure is reached, p begins to deviate from the linear trend,
because gas is released into the rock formation. On the log-log derivative plot, the graphs of
pressure change ∆p = (p – pi) and pressure derivative ∂ (∆p)/ ∂ (log t) begin to deviate at this point.
The Horner plot for gas pressure recovery phase (Figure 3.18c) extrapolates the stabilized interval
pressure (ps) at later periods in the recovery phase.
Given the maximum gas pressure (pmax) at the end of the gas injection phase (3 MPa) and the
Horner intercept pressure (pic) in accordance to Figure 3.18c (1.8 MPa), the stabilized interval
pressure of the recovery phase is nearly 1.2 MPa. Assuming a static formation pressure of 0.35 MPa
(determined with the hydrotest analysis), the inferred gas entry pressure is 0.85 MPa. The overall
results of the gas injection experiments can be found in Table 3.7.
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Table 3.7. Gas injection experiments in the Benken borehole and at the Mont Terri rock laboratory
(Marschall 2005)

3.3.3 Boom Clay
The Boom Clay layer (see Figure 3.19) has been investigated as a potential host formation
for the disposal of high-level (HLW) and medium-level radioactive waste (MLW) in Belgium.
Experimental work on gas generation/migration that is associated with a theoretical waste
repository in the Boom Clay has been performed with an integrated approach in several Belgian and
European projects, especially MEGAS (Volckaert et al. 1995; Ortiz et al. 1997) and PROGRESS
(Rodwell, 2000). Table 3.8 illustrates the properties of Boom clay based on the different literatures.

Figure 3.19. Boom Clay and the sequence of the formations (Ortiz et al. 1997)
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Table 3.8. Boom Clay properties (Boom Clay properties, Su 2007, François et al. 2009)

Different laboratory methods and tests that included the use of permeameters, oedometers,
isostatics, and triaxial cells, were used to identify the basic control mechanisms of a two-phase flow
through the Boom Clay (Horseman and Harrington, 1994; Volckaert et al., 1995; Ortiz et al., 1997).
Some fundamental parameters were measured; namely, gas entry pressure, breakthrough pressure,
gas and water flow-rates, and the saturation evolution.
The hydraulic conductivity of the Boom Clay around the gas injection source was first
measured. Then, helium was injected between filters 13 and 14 (see Figure 3.20), and separated by
0.25 m on a multi-screen piezometer installed from the HADES underground laboratory in the clay
formation. Also, three other piezometers were installed horizontally from the gallery and formed a
three dimensional configuration network for pore pressure measurement.
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Figure 3.19.View of the three dimensional configuration of the multi-screen piezometers used for
gas migration field experiments. (a) Position of the multi-screen piezometers in the plane of the
main gallery axis. (b) Detailed view of the multi-screen piezometer layout with screen numbering
and their respective distance indicated from the outer diameter of the main gallery (Ortiz et al.
2002).

An artificial gas pathway was opened between these two screens by maintaining a steadystate gas flow-rate of 2.1×10−2 mls −1 , and standard temperature and pressure (STP) for 1 year by
imposing a constant pressure gradient. Forty days after the end of the gas injection, a tritiated water
(HTO) loop was connected to filter 13. By monitoring the HTO migration, it was possible to detect
possible closings of the gas pathway. Figure 3.9 shows the experimental data during the first 350
days.
A comparison with a conventional transport model which was performed by using typical
transport parameters showed that in less than 10 weeks after the end of the gas injection experiment,
the former gas channel between filters 13 and 14 no longer constitutes a preferential pathway for
the radionuclide transport (Ortiz et al. 2002). The results indicated that the preferential pathway
phenomena, which are especially the case for relatively soft geo-materials, have a significant
function in gas transport.
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Figure 3.20. Experimentally measured HTO activities in pore- water (Ortiz et al. 2002).

3.3.4 Gas migration test (GMT) at the Grimsel Test Site (Switzerland)
GMTs at the GTS in central Switzerland were designed to investigate gas migration through
an engineered barrier system (EBS). The EBS consisted of a concrete silo embedded in a
sand/bentonite buffer that was emplaced in a cavern which intersected a shear zone in the
surrounding granite host rock. The experiment was performed in a series of stages, which included:
(1) excavation of the access drift and silo cavern; (2) construction and instrumentation; (3)
saturation of the EBS; (4) water tests; (5) long-term gas injection at different rates; (6) post-gas
water testing; (7) gas injection with a “cocktail” of gas tracers; and (8) depressurization and
dismantling (Senger et al. 2006(b)). The detailed geometry of the EBS, which consists of the
concrete silo, gas vent, sand/bentonite layers, and surrounding host rock, is shown in Figure 3.21.
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Figure 3.21. Detailed geometry of the EBS, showing layering of the sand/bentonite at GMT
(Senger et al. 2006(b)).
The sand/bentonite buffer material which consisted of 20% bentonite and 80% sand (by weight)
was emplaced as a series of lifts, typically 6-9 cm thick after compaction at an in-situ density of
about 1.8 g/cm2 and a water content of 11% (water saturation of about 70%). Instrumentation was
arranged by layers (made up of between 3 and 9 lifts). The sand/bentonite in layers 8 to 10 was
mixed with a lead-nitrate solution to visualize the gas flow-path. Initial estimates of hydraulic and
two-phase properties were obtained from laboratory studies of sand/bentonite material; see Table
3.9 (Romero et al., 2003; Romero and Castellanos, 2006).

92

Table 3.9. Summary of initial hydraulic properties from laboratory studies of sand/bentonite
material (Senger et al. 2006a)

The entire GMT test involved a series of experimental stages over a six year period which started in
1998, including: (1) excavation of the access drift and silo cavern; (2) construction and
instrumentation; (3) saturation of the EBS by natural water inflow and water injection (ca. 12
months); (4) water testing (WT1) that included constant-rate injection (RI) and withdrawal (RW)
and sinusoidal withdrawal (RWSin) from the silo, sinusoidal injection tests (CVRISin) in the upper
cavern, and a withdrawal test (WL1) from layer 1 (4 months); (5) gas injection at different rates
(RGI1.3b) into the concrete silo (8 months); (6) post-gas water testing (WT2, 3 months); (7)
second gas injection phase (RGI4a-b) (3 months); (8) depressurization and dewatering, and (9)
EBS excavation and characterization (Senger at al. 2006b). The pressure responses in selected
sensors and the injection rates during the GMT that started with the saturation in stage 3 are shown
in Figure 3.22.
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Figure 3.22. Measured pressures and injection rates during the GMT (PI/z/x/y indicates the
transducer location in layer ‘z’ and ‘y’ corresponds to the max. radial distances: ‘0’=0.m, ‘1’
<0.75m,’ 2’<1.25m,’3’<1.5m).
The saturation stage started with water injection in layer 1 at a relatively low rate, followed by
water injection into the upper cavern (layer 13) in mid 2001. Fluctuations in the cavern injection
rate (FlowL13/2) caused significant pressure responses in the upper cavern (PI/13/Plug) and S/B/Pb
layers 8-10, whereas the lower permeability S/B layers 3-5 indicated only a gradual and
significantly delayed response to the pressurization of the upper cavern (Senger et al. 2006b). The
overall trend of the water injection indicated a decreasing rate whereas the cavern pressure
increased prior to the gas injection phase (RGI1.RGI3; see Figure 3.22).
Following this first gas injection phase, the water injection rate was reduced to lower the upper
cavern pressure to the level prior to gas injection. The first gas injection phase (RGI1 – RGI3b) was
followed by increases in N2-gas injection from 1.2 ml(STP)/min to 248 ml(STP)/min. The
individual gas injections produced distinct increases in the silo pressure (PI/7/9/0) and lesser, but
noticeable responses in S/B/Pb layers 8- 10. At the start of RGI3b, the pressure in the lower
permeability S/B layer (PI/5/4/3) showed a steep increase, whereas the pressures in layer 3
indicated a more delayed response (PI/3/8/1) (Senger et al. 2006a).
The first gas injection phase was followed by a recovery period that included a constant-rate water
injection at the top of the upper cavern (UCV-RI1), a reduction in water injection into the upper
cavern, and removal of gas from the silo, vent (Figure 3.22). For the second gas injection phase
(Stage 7) following WT2, gas was injected at two different rates: (a) 2.5ml(STP)/min (RGI4a), and
(b) 50 ml(STP)/min (RGI4b-c). During the analysis of the large GMT performed in Grimsel, it was
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proven that there are no reliable procedures to track the path of gas through a saturated buffer
(Arnedo et al. 2008).

3.3.5 Gas threshold pressure test at Andra underground research laboratory, Bure (France)
A gas threshold pressure test (GTPT) in a deep borehole at Andra (Agence nationale pour la gestion
des dechets radioactifs) near Bure, France, was conducted to better understand gas transport
processes in low permeability clay formation under conditions of constant rate gas injection. In
2004, Andra conducted a GTPT in the borehole EST363. The primary objective of the GTPT was to
gain an understanding of gas transport processes taking place in the undisturbed COX formation,
under conditions of constant rate gas injection. The procedure of the overall testing is similar to the
gas injection testing at the OPA. Table 3.10 provides data of the sample characteristics.
Table 3.10. Characteristics of the COX samples (Zhang and Rothfuchs 2008).

The EST363 packer-isolated wellbore interval was at a depth of 490.00 to 495.15 m with a wellbore
radius of 0.76 m. The initial design of the GTPT consisted of a constant-rate gas injection phase
(GRI1) followed by a recovery phase (GRIS1). Due to the apparent fracture or flow-path dilation
event during GRI1, a second gas injection phase (GRI2) was followed by a second recovery phase
(GRIS2) (Senger et al. 2006a). The entire gas injection sequence was followed by pulse withdrawal
tests (PW1 and PW2), which is shown in Figure 3.23.
Induced fracturing and borehole closure appear to influence the injection phase data. GRI1 indicates
a near linear pressure increase to a maximum pressure of 11.9 MPa, followed by a sudden pressure
decline (Figure 3.23). For the GTPT, a relatively slow pressure build-up is required to better
identify the onset of gas migration into the formation, based on a deviation from linear pressure
increase, representing wellbore storage of gas filled test interval (Senger et al. 2006a).
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Injected Gas Pressure

Borehole Pressure

Figure 3.23. Pressure responses of the entire test sequence in the test zone-COX- and associated gas
injection rates (Senger et al. 2006 b).
The diagnostic plot of the GRI1 sequence (Figure 3.24) in terms of the derivative of the pressure
build-up (dP’) indicates a noticeable deflection after about 23 hours at a dP of about 2.6 MPa. This
pressure corresponds approximately to the air-entry pressure of the inner zone (disturbed). Gas
threshold pressure of the outer zone can be obtained from the recovery periods following the GRI1
and GRI2 injection sequences (Figure 3.23). The Horner extrapolation of the recovery phases
indicates a Pgt (gas threshold pressure = air entry pressure formation pressure) of about 9.5 MPa
(Figure 3.14), which corresponds to a Pe2 (air entry pressure) of 4.5 MPa for the outer zone, based
on a static formation pressure of about 5.0 MPa. The estimated Pe2 of 4.5 MPa is representative of
the undisturbed formation, despite the fracture event that occurred at the end of GRI1 and fracture
reopening during GRI2 (Senger et al. 2006a).
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Deflection Point

Figure 3.24. Diagnostic plot of GRI1 pressure response (Senger et al. 2006a).

Figure 3.25. Horner extrapolation of GRIS1and GRIS2 pressure recoveries (Senger et al. 2006 b).
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3.3.6 Relevant gas migration behaviour in low permeability samples (small-scale tests)
In this section, some relevant laboratory tests on gas migration that were performed on bentonite,
clay and limestone will be reviewed and discussed.
First, the Klinkenberg effect and its relevance on gas transport in low permeable porous media will
be addressed. The Klinkenberg’s effect can have a significant impact on gas flow behaviour,
especially in low permeable media (Chastanet et al., 2004). Klinkenberg (1941) discovered that the
permeability of a medium to gas is higher than that to water, and he attributed this phenomenon to a
‘‘slip flow’’ between gas molecules and solid walls.
In Darcy flow, molecular collisions dominate, and collisions between gas molecules and the pore
wall, which are described as adherence at the fluid–solid boundary, are neglected. As the pore
radius approaches the size of the mean free path of the gas molecules, the frequency of collisions
between gas molecules and the solid walls increases. Therefore, this additional flux due to the gas
flow at the wall surface, which is called the ‘‘slip flow’’, begins to effectively enhance the flow rate.
This phenomenon is called the Klinkenberg effect and could be mathematically represented by the
following equations (Tanikawa and Shimamoto 2009):
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where g is the permeability of a medium to gas (m ), kl is the permeability of the medium to
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liquid (m2), l is the mean free path of gas molecules (m), r is the pore radius (m), κ is Boltzmann’s
constant (J/K), T is the temperature (K), c is a dimensionless constant, P is the pore pressure (Pa),
and b is the Klinkenberg slip factor (Pa).
The Klinkenberg factor b depends on the rock properties and the physical properties of gas to a
lower degree. Some investigations showed that the relationship between Klinkenberg slip factor b
and water permeability (kl) (in about 100 core samples) follows a linear increase upon the scale of
−0.36
log b - log kl where the permeability range is between 10-12 to 10-17m2 ( b ∝ k l Jones and Owens

1980, Tanikawa and Shimamoto 2009). A recent study on limestone showed that gas permeability
is larger than water permeability by several times to one order of magnitude and increases with
increasing pore pressure (Tanikawa and Shimamoto 2009). The relationship between the parameter
b and water permeability for 30 sedimentary rocks from the western foothills of Taiwan
(Pleistocene to Miocene rocks-330 points), is described by the formula (see Figure 3.26):
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−0.37

b = 0.15 × kl

.

Tanikawa & Shimamoto 2009

Figure 3.26. The Klinkenberg factor b and estimated water permeability power law relationship,
obtained from the results of gas permeability tests of 30 sedimentary rocks from the western
foothills in Taiwan (Tanikawa and Shimamoto 2009).
Aside from the GMT as a large scale test for analyzing gas migration in bentonite (+sand), some
other laboratory tests have also been conducted. Related to the latter case, a comprehensive review
on the most recent investigations for soft geomaterials was given in GAMBIT (CLAY Club
Workshop on Gas Migration in Bentonite, Rodwell and Assurance 2005). The main features
observed in the experiments on gas migration in bentonite can be summarized as follows (Rodwell
and Assurance 2005):
• A threshold pressure for gas entry into the bentonite is observed in many experiments.
• It appears that there is a displacement of only small volumes of water from saturated bentonite
by migrating gas, although the amount of water displaced has often not been determined.
• Changes in pore-water pressure and external stresses are observed in response to the applied
gas pressure and the creation of gas pathways.
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The aforementioned prevalent mechanisms are described in more details in the following references:
Fall 2009, Horseman et al. 1999, Alonso 2006, Delahaye and Alonso 2002, Rodwell and Assurance
2005. The results of the experimental tests that were carried out by Horseman et al. (1999) are
presented below as an illustration of gas migration mechanism in bentonite.
Horseman et al. (1999) performed two experiments in a constant volume and radial flow (CVRF)
apparatus (see Figure 3.27). The bentonite sample had a diameter of 60 mm and length of 120 mm.
The values quoted for the sample properties were in the following ranges: water mass fraction;
26.7–27.1, dry density; 1.568–1.582 Mg m–2, and water saturation; 97.6–98.6%. The permeability
and specific storage were determined from hydraulic tests for samples MX80-8 and MX80-9. The
results showed that the average permeability from the CVRF test is 1.4×10–21–1.7×10–21 m2, with a
specific storage in the range 1–9×10–6 m–1. This small value of specific storage is indicative of a
fully-saturated constant volume system.

Figure 3.27. Cut-away diagram of CVRF apparatus (Rodwell and Assurance 2005)
The main features found in gas injection tests with the CVRF geometry and sample MX80-8
include the following (see Figure 3.28):
• As the upstream gas pressure rises, a very small amount of fluid is produced from the sinks at
a gas pressure of 13.8 MPa (accompanied by a rise in axial and radial stress). At 18.7 MPa,
gas pressure drops slightly (axial stress increases), but then increases again. This is
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interpreted as the opening of a gas pathway that failed to intersect any of the 12 sinks around
the circumference of the sample.
• The peak gas pressure reaches 19.4 MPa . At this point, there is a flow of large quantities of
gas to one set of sink arrays (99.9%), indicating channelled gas flow. After breakthrough,
the upstream gas pressure falls to a steady-state value of 11.2 MPa. When the injection
pump is turned off, the upstream value falls towards a “shut-in pressure” of around 8 MPa at
which flow from the sample ceases.
The tests with sample MX80-9 were carried out with a stress of 10 MPa that was applied to the
floating end caps, and a water backpressure of 1 MPa was applied to the sinks on the circumference
of the sample. In this test, the water injection pump is turned off when the pressure reaches 8.8 MPa
(before gas breakthrough) and the upstream pressure is kept at this value for ~ 80 days. When gas
injection resumed, the following features were observed (Rodwell and Assurance 2005):
• There is a major gas breakthrough at a peak pressure below 10 MPa, followed by a rapid decline
in pressure. This is consistent with the presence of unstable gas pathways. The shut-in pressure is
around 8.2 MPa (Figure 3.28).
• When pumping is restarted after the shut-in, the flow rate out of the specimen begins at around 8.5
MPa. The gas pressure increases to a peak value of 9.3 MPa before decaying slightly to a steady
state pressure of 9.2 MPa. A break seen in the slope of the pressure decline curve after termination
of pumping is considered indicative of pathway closure.
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Mx80-8 background flow from sink arrays

Mx80-8 second gas injection history

Mx80-9 first 100 days of gas test

Mx80-9 main gas breakthrough event

Figure 3.28. The results of CVRF tests on two compacted bentonite samples (Rodwell and
Assurance 2005)

3.4 Comparison, Discussion and Analysis of the Collected Data and Results
3.4.1 Introduction
A significant amount of data on the properties of sedimentary rock formations (which are potential
host rocks for nuclear waste disposal repositories) in Ontario and Europe were presented in the
previous sections. These data are valuable for the development of a mathematical and numerical
model to predict the response of a hypothetical underground repository in Ontario to the migration
of gases generated as well as analyze the safety of the repository with respect to gas transport. The
comparison of data from Ontario (Cobourg limestone/Queenstone shale) and Europe will be a good
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source for identifying their similarities and differences, i.e. to determine the suitability of the data
obtained from Europe for studying gas transport issues in Ontario repositories.
Furthermore, previous chapters mentioned field and laboratory gas migration tests that were
conducted on European sedimentary host rocks. These tests provided relevant information and
parameters (e.g., gas entry pressure, intrinsic permeability, relative permeability, and water
retention curve) for the development, calibration and validation of a mathematical model to study
gas migration in European underground repositories.
In consideration of the facts that are mentioned above, the objectives of this section are:
- To compare the geochemical, geomechanical, hydraulic and thermal data on sedimentary
rock formations in Ontario and Europe, and discuss their suitability for addressing gas
transport issues in Ontario.
- To analyze the collected results of GMTs and develop relationships that will determine the
relevant parameters that are necessary to model and analyze gas transport in sedimentary
formations of Ontario.

3.4.1 Comparison and discussion of geomechanical, geochemical, hydraulic and thermal data
on sedimentary host rock formations from Ontario and Europe
In this section, geomechanical, geochemical, hydraulic and thermal data, which are relevant for the
study of gas generation and migration, and its effects on host rock formations in Ontario, will be
compared with those of three well characterized European sedimentary host rock formations;
namely, the COX in Bure, OPA in Benken (Zürcher Weinland) and Mont Terri in Switzerland.
Furthermore, data, properties and processes that may (or may not) be transferable from European
formations or locations to Ontario will be identified and discussed.
In Table 3.11, compiled information from the five aforementioned sedimentary rock formations
(three from Europe and two from southern Ontario) are listed. The source of these data sets and
their detailed descriptions can be found in Sections 2 and 3 as well as various references (e.g.
Mazurek et al. 2008, Damjanac 2008, Gartner 2008, Gruescu et al. 2007, Mugler et al. 2006). From
Table 3.11, the similarities and differences between the European and Ontario formations can be
observed. The main similarities and differences as well as the transferability of the features and
parameters will be discussed below.

103

Table 3.11. Basic characteristics of the considered formations
Opalinus
Callovo–
Opalinus
Clay at
Property/Parameter Oxfordian Clay in the
Mont Terri
at Bure
Zürcher

Cobourg
Formation
(COBL)

Queenston
Formation
(QUESS)

Depositional environment

Shallow marine

Shallow marine

Shallow marine

Marine

deltaic, marine to
non-marine flood
plains

Age

163– 158 Ma

ca. 174 Ma

ca. 174 Ma

Mid-Ordovician
(488.3±1.7 to
443.7±1.5 Ma)

Upper-Ordovician

33-38

85

85

>90

>90

488

596

275

685

550

138

113

160

50

200

25–55

54

66

{ limestone shows
distinct lithological
variations}

65

11–17
Illite/smectite
mixed-layers,
illite, (chlorite,
kaolinite)
20-30
1
20-38
4
-

12
Illite, kaolinite,
ill/smec
mixedlayers,
chlorite
20
3
16
1
55

16
Illite, kaolinite,
ill/smec
mixedlayers,
chlorite
14
2
13
55
11.4

0.4-3.6
Illite/ Quartz/
Chlorite –Kaolinite/
Calcite/
Illite/smectite
trace
-

4.0 - 5.3
Illite/ Quartz/
Chlorite –
Kaolinite/ Calcite/
Illite/smectite
21-28
0-9
5
<1
60
4

Na–Cl–SO4

Na–Cl–SO4

Na–Cl–SO4

<30(TDS(g/L)

<30(TDS(g/L)
2.4E-14, 1–10

Maximum temperature
reached during diagenesis
(°°C)
Present burial depth (centre
(m))
Thickness (m)

Mineralogy & Porosity
Clay–minerals (weight-%)
Physical porosity (%)
Clay–mineral species (in
the order of decreasing
abundance)
Quartz (wt.%)
Feldspars (wt.%)
Calcite (wt.%)
Dolomite/ankerite (wt.%)
Clay mineral (%)
Swelling clay mineral

Hydrochemistry
Pore-water type
Mineralization (mg/L)

<30(TDS(g/L)

NaCl CaCl2
MgCl2 -KCl
300(TDS (g/L))1

300(TDS (g/L))

4.0E-14, ca. 5

2.4E-14, 1–10

2.4E-14, 1–10

NaCl+ CaSO4

Hydraulic properties
Hydraulic conductivity Kx
(m/s), anisotropy factor2
Effective diffusion coeff. (De)
(m2/s)

5E-14;5E-13;
2–10
1.5 10-11 (for
HTO)

-13

4.5 10 (for HTO)

-12

-12

-13

4.5 10 (for HTO)

10 -10 (HTO)

10-12 -10-13 (HTO)

1.5-2.0

1.5-2.5

2.5-3.5

overconsolidated

overconsolidated

21

30

16

113

48

4000

5500

3600

36400

17650

6.4

8.6

5

19.09

2.05

29

25

25

45

31

Geomechanical properties
Overconsolidation ratio
Uniaxial compressive strength
normal to bedding (MPa)
Undrained E (tangent)
modulus normal to bedding
(MPa)
Cohesion normal to bedding
at low confining pressure
(MPa)
Friction angle normal to
bedding at low confining
pressure

Thermal properties
1 Total Dissolved Solids (often abbreviated

as TDS) is an expression for the combined content of all inorganic and organic substances contained in a liquid which are present in a molecular, ionized

or micro-granular (colloidal sol) suspended form
2 . Anisotropy factor = value parallel/value normal to bedding
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Thermal Conductivity(W/mk)

1.04-2.92

1.2-1.4

1.2-1.4

1.63-3.63

2.07

Specific heat Cp(J kg_1 K_1)

UD

800

800

670-750

670-750

5000-9000

>5000

400-1000

2100-51001

<51001

Gas transport
Gas entry Pressure (KPa)3

(1) Estimated by using indirect modelling technique (see Chapter 4.4)

3.4.1.1 Geomechanical properties
In Table 3.11, some basic geomechanical parameters of rock formations in Ontario are compared
with those of European formations. It can be observed that the geomechanical parameters for the
formations in Ontario generally show higher values in strength, cohesion, Young’s modulus and
friction angle than those in Europe. However, the observed differences are relatively low for some
parameters, such as uniaxial compressive strength, and friction angle. Moreover, there is a relative
analogy with regards to overconsolidation and the maximum stress anisotropy. The European and
Ontario formations are all overconsolidated (overconsolidation ratio data for Ontario formations are
not available). The regional stress field in southern Ontario formation is characterised by high
horizontal excess stresses, and the maximum principal stress is horizontal. This feature is beneficial
from the viewpoint of fault sealing. The principal stress direction in Europe is however subvertical.The maximum stress anisotropy is only slightly higher in southern Ontario (1.9) when
compared to OPA (1.4) (Mazurek, 2004). Given this relative analogy of geomechanical parameters
and in situ stress, it can be assumed that some of the experience and conclusions about the
mechanical behavior of the host rock in the OPA could be approximately extrapolated to the
situation in southern Ontario.

3.4.1.2 Mineralogy and porosity
Mineralogy and porosity (or pore structure) are among the most important macroscopic parameters
of argillaceous systems (argillaceous limestone, clay, and shale). Several processes and parameters
are functions of mineralogy and porosity, and the understanding of this dependency is a key prerequisite for transferability and adaptation of information from one site to another site (Mazurek et

3 .The values of gas entry pressures for Cobourg (COBL) and Queenstone (QUESS) formations were predicted by
using soft-computing modeling techniques (see chapter 4.3)
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al. 2008). Table 3.12 shows how the transferability of features and parameters among different
argillaceous formations is dependent on the mineralogy and porosity and/or on the state of the
system (in situ stress, hydraulic head, temperature, pore-water salinity).
Table 3.12 Transferability of features and parameters among different shale formations (Mazurek et
al. 2008)

From a mineralogical point of view, a key factor that controls a number of relevant features and
processes of argillaceous rocks is the presence of clay mineral, the type and amount of clay
minerals that are present in the rocks. Indeed, the following processes and features are significantly
dependent on the clay mineral (Mazurek et al. 2008):
• Advection and diffusion of water and gas depend on the structure of the pore space
(interconnected network on a nanometric scale), which in turn, is determined by the spatial
arrangement of clay platelets.
• Sorption is mainly determined by the high specific surfaces and reactivity of clay minerals (e.g.,
kaolonite, illite, and montmorillonite).
• Self sealing of fractures depends on the swelling properties of clay minerals and rheology of the
rocks.
• Geomechanical properties, such as strengths and moduli, depend on the nature of the minerals as
well as the microstructure of the pore space and its water content.
• The degree of anisotropy of transport and geomechanical properties is linked to the bedding; the
parallel alignment of clay platelets.
In consideration of the facts mentioned above, the mineralogical compositions of the argillaceous
rocks in Europe and Ontario in the framework of radioactive waste disposal are qualitatively and
quantitatively compared. The comparisons are shown in Table 3.11 and Figure 3.29 (quantitative
mineralogical composition of Cobourg limestone is not available). From the table and figure, it can
be noticed that there is a high degree of overlap in the mineralogical composition (especially clay
minerals); namely, Queenston shale and Cobourg limestone (only qualitative comparisons)
formations with OPA. However, the proportion of swelling clay minerals present in the OPA at

106

Mont Terri (11.4% of illite/smectite mixed layers) is higher than that of Queenston Shale (4% of
illite/smectite mixed layers). This may have a significant impact on swelling potential, fluid flow
transport and sorption properties of the aforementioned formations and thereby limit the
transferability of such properties.

Figure 3-29: Mineralogical composition of various argillaceous formations compared with that of
Upper Ordovician shales in southern Ontario (Mazurek et al. 2008). Adapted from Nagra (2000a),
Ontario data from Russell & Gale (1982). Data represent weight proportions.
Aside from the mineralogy, the porosity or pore structure has significant impact on some properties
(e.g. hydraulic conductivity, strength) of argillaceous rocks, and thus on the transferability of the
features and parameters. The data presented in Table 3.11 highlight that the studied formations in
Europe and Ontario all present low physical porosities (≤16%). However, the Cobourg and
Queenston Formations have lower porosities; 1.5 to 2.0% and 4.0 to 5.3%, respectively. These
lower values could be explained by the higher degree of compaction and diagenetic (calcic)
cementation in the Ontario formations.
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3.4.1.3 Hydraulic properties
The European and Ontario formations show some common hydraulic properties. The hydraulic
conductivity in both formations is anisotropic. The anisotropic factor is relatively similar (except
for OPA at Mont Terri) as shown in Table 3.11. The vertical conductivity is approximately 10 times
smaller than the horizontal conductivity. The hydraulic conductivities of both formations are low
(≤10-13 m/s) and comparable; i.e. advective transport is expected to be insignificant or low. The
hydraulic conductivity values obtained in the European formations and the relatively similar
anisotropy factor could be useful for the development of relationships to predict the hydraulic
conductivities of Ontario formations and the transferability of features related to hydraulic
conductivity. However, for hydraulic data such as the hydraulic head, which depends substantially
on the state of the repository system, site-specific information is essential and transferring features
from Europe to Ontario will be generally not possible. Furthermore, in contrast to several European
disposal projects in sedimentary rocks, the host formations (whether Ordovician shales or
limestones) are not directly bounded by aquifers that contain young, fresh waters. This could mean
a lower risk of groundwater contamination and different boundary conditions for model
development with regards to the Ontario situation.

3.4.1.4 Thermal properties
Thermal conductivity and heat capacity of the studied Ontario and European rock formations follow
approximately a similar range.

3.4.1.5 Geochemical and hydrochemical properties
Significant differences in the hydrochemical properties of ground and pore waters between the
European and Ontario sedimentary argillaceous rocks are noted. The ground and pore waters in the
Cobourg Limestone and Queenston Shale formations are brines. TDS values of around 300 g/l have
been determined in these formations (Table 3.11). Salinity increases significantly with depth in the
Michigan Basin from fresh shallow ground waters to deep saline brines. The salinities of most
European argillaceous formations are 1 - 2 orders of magnitude lower than those of shale and
limestone in southern Ontario. Potential reason for this high salinity in Ontario is: episodes of sea
water evaporation, particularly during the Silurian and Devonian periods, would have created an
unstable high salinity brine layer in the upper stratigraphic levels of the basin (NWMO, 2011). This
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important difference in water salinity will limit the transferability of some experience and
conclusions with regards to gas generation and transport from European formations to the situation
in Ontario as explained below.

- A higher corrosion rate of Ontario repository materials (e.g. waste canisters) than in European
DRGs should be expected due to this higher salinity. In the Swedish safety case, a maximum
salinity of 100 g/L is a design criterion for siting a repository (Mazurek et al., 2008). Thus,
special attention is required in the estimation of the gas generation rate in Ontario. Values
obtained in the European situation could underestimate the rate, which could result in safety
issues.

- The capability of clay minerals (present in the host rock or bentonite backfill) to swell and
self seal (in bentonite backfill, EDZ and natural faults of the host rock) will be probably
affected by the high salinity in Ontario formations. Extrapolations from European sites may
not be valid due to the different hydrochemical environments.

- Geochemical modeling (e.g. speciation, disolution/precipitation and sorption equilibria) of the
Ontario formations with respect to gas migration may be more complex than the European
formations, which are dilute systems, due to substantial deviations of activity coefficients
from ideal behaviour.

- The increase in salinity with depth influences vertical hydraulic gradients and water viscosity
for the Na-Ca-Cl fluids when it increases gas entry pressure.

3.4.1.6 EDZ permeability and evolution
In contrast to European formations where several measurements of the hydraulic properties of the
EDZ were performed, no permeability measurements of EDZ in the Ontario argillaceous host rocks
are available. However, given the relatively similar geomechanical properties (e.g. in situ stress
state, uniaxial compressive strength, and degree of compaction) between the Cobourg limestone and
the OPA, it can be expected that the initial permeability of the formations will be relatively similar.
Therefore, a transfer of observations and measurements pertinent to the initial permeability of the
EDZ may be feasible. However, a transfer of the observations and measurements pertinent to the
evolution (with time) of the permeability of the EDZ in OPA to Cobourg formations will be not
appropriate, because the high salinity of the ground and pore waters in the Cobourg Formations will
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certainly inhibit the swelling potential of the clay minerals, and thereby reduce the self sealing
potential of the EDZ.

3.5 Gas migration
In the previous section, information was provided on the conduction of several gas migration tests
in the European argillaceous rocks. These tests provided relevant information on the gas transport
mechanisms and gas transport parameters (e.g. gas entry pressure, relative permeability). However,
no testing has been performed in Ontario host rocks yet. Despite this, it can be assumed that the
transport mechanisms of gas in Ontario formations, if chemical effects are assumed to be negligible,
will be similar to that in European argillaceous rock (see Figure 3.30, and Fall 2009) because both
formations and the argillaceous rocks present relatively similar geomechanical properties.

Figure 3.30. Classification and analysis of gas transport processes in Opalinus clay (Nagra 2008)

However, due to the differences in porosity or pore structure, the gas transport parameters, such as
gas entry pressure and relative permeability as well as the Klinkenberg factor should not be
transferred from the European to the Ontario situation.
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3.6 Conclusion
The following objectives are achieved in the present work:
(i)

Compilation of published geochemical, mechanical, hydraulic and thermal data on

sedimentary rock formations in Ontario, which are relevant to the study of gas generation and
transport.
(ii)

Review and analysis of the results of gas transport tests performed in European URLs

(iii) Comparison of the Ontario data to those from European sedimentary rocks.
(iv) Discussion and analysis of the usefulness and transferability of the research results in Europe
to the Ontario situation.
The European and Ontario potential host rock formations present some similarities and
differences. However, no gas transport test has been performed in Ontario. Hence, there is a need to
predict the relevant gas transport parameters for Ontario based on the European data.
The main common property of the above formations is the low/very low permeability media
of fine grained rock (sedimentary rocks). This attribute, which is one of the main characteristics of
gas migration behaviour in association with gas permeability and water retention related parameters,
has been used to recognize possible successive changes of gas behaviour regimes (along with time).
The results show that despite some differences between the geomechanical properties of
Cobourg limestone and OPA, the gas procedure evolves in the same way. Futhermore, some
additional comments which must be taken into account within the analysis are as follows:
1. The geochemical property of the Cobourg limestone /Queenston shale includes a
relatively high value of brine. Salinity plays an important role in groundwater
movement. Salinity increases significantly with depth in the Michigan Basin from
fresh shallow ground waters to deep saline brines. The increase in salinity with depth
influences vertical hydraulic gradients and water viscosity for Na-Ca-Cl fluids. This
salinity will certainly have an impact on the self sealing ability of the EDZ. This is a
major difference with the European host rocks.
2. A higher corrosion rate of Ontario repository materials (e.g. waste canisters) than in
European DRGs should be expected due to this higher salinity. In the Swedish safety
case, a maximum salinity of 100 g/L is a design criterion for siting a repository
(Mazurek et al., 2008). Thus, special attention is required in the estimation of the gas
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generation rate in Ontario. Values obtained in the European situation could
underestimate the rate, which could result in safety issues.
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4 Development and validation of a mathematical model to predict gas migration
from in DGR in sedimentary rocks
4.1 Introduction
The following tasks will be performed in the present chapter:
- Task # 1: Develop constitutive relationships and mathematical models to determine the
disturbances of sedimentary rock due to gas generation from a repository. The development of
the models should be calibrated with results from tests performed on materials from European
underground research laboratories, such as the Tournemire in France and Mont-Terri in
Switzerland.

- Task # 2: Validate and calibrate the developed models with results from laboratory tests
performed on materials from European underground research laboratories, such as the
Tournemire in France and Mont-Terri in Switzerland.

- Task # 3: Validate and calibrate the developed models with results from field tests performed
in European underground research laboratories, such as the Tournemire in France and MontTerri in Switzerland.
To achieve the objectives of the aforementioned tasks, two main stages are carried out:

-

the first stage includes the development of mathematical models to predict and analyze gas
migration in sedimentary host rocks; and

-

the validation and calibration of the developed model against gas migration experimental
tests and numerical simulations will be carried out on European sedimentary rocks.
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4.2 Development of the THM model
4.2.1 Basis of the mathematical formulations and general assumptions
For modelling purposes of the porous medium (host sedimentary rock), we will adopt a
continuum approach, in which a representative elementary volume (REV) around any
mathematical point considered in the domain always contains both solid and fluid phases,
and classical mass balance laws of continuum mechanics hold for each phase. The total
volume of the medium is given by:

V = Vs + Vv (1)
where V represents the total volume; Vs refers to the solid volume; and Vv refers to the
void spaces occupied by the fluids (gas, liquid).
Since the porous medium is made of three phases (solid, s; liquid, l; and gas, g), it can be
written that
V = Vs + Vl + Vg (2)
M = Ms + Ml + Mg (3)
where Vl, and Vg refer to the volumes of the liquid (water) and gas; and M, Ms, Ml, Mg
are the total mass of the medium, the mass of the solid, liquid and gas, respectively.

The governing equations of the model result from a combination of a set of balance and
constitutive equations. The balance equations include: (i) momentum; (ii) mass; and (iii)
energy conservation equations. The fundamental macroscopic balance of an extensive
thermodynamic property (e.g., mass, momentum, energy density) is applied here to
derive the aforementioned balance equations as described below. The macroscopic
balance equation of any thermodynamic property in a continuum can be expressed in the
following general form (Bear 1991).
∂ κ
M π + ∇.( jπκ ) − f πκ = 0 (4)
∂t

where the quantity M πκ can refer to the mass or energy per unit volume of the porous
medium, with κ the mass components (air, water or solid) or “heat component”, and π
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the phases (gas, liquid or solid). jκπ is the total flux (vector) with respect to a fixed
reference system, and f πκ is the rate of the production/removal of component κ per unit
volume.

To develop the aforementioned governing equations, the following main assumptions are
made:
(i)

the porous medium includes three constituents: a solid and two fluids (water,
gas). These constituents are considered as three independent overlapping
continua in the context of the theory of mixtures. Water is wetting, whereas
gas is not. The voids of the solid skeleton are partially filled with liquid water,
and partially with gas;

(ii)

the three constituents are distributed in the three phases as mentioned above.
The gas phase is considered as an ideal gas mixture composed of dry air (gas
generated by the repository; air is considered in this study; ga index) and
water vapour (gw index). The solid matrix is chemically inert with regard to
the fluid contained in its pores. The only reaction that can occur in the porous
medium is a change of phase from liquid to vapour. The liquid phase consists
of water and dissolved gas (air);

(iii)

local thermal equilibrium is assumed for the three-phase system, i.e. locally,
the phases are at the same temperature and heat transfer between phases can
only occur during phase transition; and

(iv)

deformations are small and strains are infinitesimal with regards to the
mechanical response.

4.2.2 Mechanical response
Based on a poroelasticity framework, a non-isothermal poroelastic model is developed to
describe the mechanical behavior of the sedimentary rock in the DGR. To describe the
solid deformation in unsaturated porous mediums, consider a representative elementary
volume of an unsaturated bulk porous medium subjected to external stress, σ ij . The
linear momentum balance equation for the whole mixture, neglecting inertial effects and
in case the body loads come solely from gravity, can be written as:
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∇. σ + ρ g = 0

(5)

where σ is the stress tensor (positive for tension), g is a vector for the acceleration that
results from the gravity, and ρ is the average density of the mixture.

ρ = (1 − φ ) ρ s + φSl ρl + φSgρ g (6)

where φ is the porosity, ρ s the density of the solid, ρl the density of the liquid (water),
and ρ g the density of the gas. S l and Sg are the degrees of saturation for water and gas.
The respective degrees of saturation, S l and Sg , sum to one.
S l + S g = 1 (7)

Neglecting the inertial terms, the momentum equation can be also written as:

∂σ ij
∂x j

+ Fi = 0 (8)

where Fi represents the supply of momentum by the body forces, and σ ij refers to the
external (total) stresses.
Assuming that tensile stresses and pore fluid pressures are positive in the following and
considering the Bishop’s principle for effective stress, the total stress in an incremental
form can be given by:

dσ ij = dσ ij' − αpδ ij (9)
where σ ij' is the effective stress, α (≤1) is the Biot’s coefficient ( α = 1 −

KD
≤ 1 , where
Ks

KD and KS are the bulk modulus of the porous medium and solid phase, respectively)
which allows accounting for the volumetric deformability of the particles, δ ij is the
Kronecker’s delta, and p is an average pore pressure, which depends on gas and liquid
pressures. This average pressure can be evaluated by using the following equation (Bear
and Bachmat 1991, Zienkiewicz et al. 1977).
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P = Sl Pl + S g Pg = Sl Pl + (1 − Sl ) Pg (10)

For an isotropic and thermo-elastic porous medium, the stress-strain relationship can be
written based on Lamé constants, G and λ, as follows:

σ'ij = 2Gεij + λεkk δij − δij K DβT dT (11)

where ε ij is the skeleton strain, K D ( K D=

E
2G
) is the bulk modulus of the
= λ+
3( 1 − 2v )
3

porous medium, T is the temperature, βT is the coefficient of the volumetric thermal
expansion (°C-1), and G is the shear modulus (Pa) expressed as:
G=

E
,
2(1 + v)

and λ =

Ev
(1 + v)(1 − 2v )

where E is the elastic modulus and v is Poisson’s ratio. δ ij is the Kronecker delta tensor
defined as 1 for i = j and 0 for i ≠ j .

Equations 9 and 11 result in

dσ ij = 2Gε ij + λε kk δij − αpδij − δ ij K DβT dT (12)

Under the basic assumption of small strain, the relation between the strain and
displacement in continuum mechanics is usually defined as:

1  ∂dui ∂du j 
 (13)
dε ij = 
+
2  ∂xi
∂xi 
where ui denotes the displacements of the solid skeleton.
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Combining Equations 8, 11 and 12 yields
∂ 2u j
∂ 2ui
∂p
∂dT
G
+(λ + G )
−α
+ − K D βT
+ dFi = 0 (14)
∂x j ∂x j
∂xi ∂x j
∂xi
∂xi

Equation 14 is the differential equation that governs the deformation phenomenon in
unsaturated sedimentary rock under a combination of changes in applied stresses, fluid
pressures, and temperature.

-

Effect of damage

From a certain level of mechanical load or pressure of the gas generated within the DGR,
repository microcracks can be generated within the sedimentary host rock. The
generation of microcracks, and their growth and coalescence into macroscopic cracks,
generally result in the deterioration of the sedimentary rock (rock mechanical damage)
such as the decrease of strength, rigidity, toughness, stability and residual life. To account
for these deterioration processes, it is necessary to introduce a mechanical damage
variable, D (0 ≤ D ≤1), to the mechanical constitutive model of the host rock. The
concept of a damage variable was first proposed by Kachanov (1958) and then further
developed by several authors such as Lemaitre (1971); Lemaitre and Chaboche (1990);
Voyiadjis and Venson (1995); and Krajcinovic (1996). The damage variable is a
macroscopic measurement of the microscopic degradation of a representative volume
element (RVE). Kachanov considered the damage in a cross section to be measured by a
relative area of voids. Thus, his theory defines a ‘modified effective stress’ σ~ and takes
into account the damage D as a parameter, measuring the reduction of resistant area due
to crack beginning and spreading (Mazars 1984 and 1986, Mazars and Pijaudier-Cabot
1989).

A
A

σ~ = σ ~ =

σ
1− D

(15)

~
where A is the resistant area of the uncracked rock, whereas A is the resistant area of the
damaged rock. It should be emphasized that the meaning of modified effective stress is
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different from that of Equation 9. The effective stress in Equation 15 has to be introduced
~ = σ ij ) and the subsequent equations.
into Equation 9 ( σ
ij
1− D

The damage parameter, D, is determined according to the approach proposed by Tang et
al. (2002). According to this model, the strain-stress behaviour can be divided into an
elastic phase and a damage phase. In the elastic linear phase, there is no damage in the
rock or irreversible damages will not occur under loading or unloading conditions,
whereas the rock starts to fail by crack generation and void-growth when the stress
conditions attain a failure level, i.e. they satisfy the failure criterion. According to
continuum elastic-damage mechanics, the elastic modulus of the rock may progressively
degrade as damage growths or rock degradation progress, and the elastic modulus of the
damaged element is defined as follows:

E = (1− D) E0 (16)

where E and E0 are the elastic modulus of the damaged and undamaged elements,
respectively. It should be emphasized that since the element and its damage are assumed
to be isotropic and elastic, E, E0, and D are all scalar.
The rock around a repository is predominantly subjected to compressive loads, but they
can also be subjected to tensile loads. Rock behaves differently in tension and
compression loadings. The damaging mechanisms are different in compression and
traction. To account for such a difference, two damage parameters, Dt and Dc, are
introduced which correspond to the cases of tension and compression (Tang 2002) as
explained below.
According to Tang (2002), when the tensile stress in an element attains its tensile strength
ft, that is:

σ3≤ f t (17) (i.e. the minimum principal stress exceeds or is equal to the tensile strength of
the element)
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the damage variable can be defined as:

ε to ≤ ε

0
D=

1−

f tr
Eoε

ε tu ≤ ε ≤ ε to
ε ≤ ε tu

1

(18)

where f tr represents the residual tensile strength (Tang 2002). The definition of the other
parameters given in Equation 18 is described in Figure 4.1 (Tang 2002).

To describe the parameter damage under a compressive or shear stress condition, Tang
(2002) selected the Mohr–Coulomb criterion as the second damage criterion, that is:

F = σ1 − σ 3

1 + sinϕ
≥ f c (19)
1 − sinϕ

where φ is the friction angle and f c is the uniaxial compressive strength. The damage
variable under uniaxial compression is described as:

D=

0
1−

f cr
Eo ε

ε ≤ ε co
ε co ≤ ε

(20)

where f cr is the residual compressive strength.

Tang (2002) stated: “when 18, 19 and 20 are extended to three dimensional cases, we can
use principal strain ε 3 to replace the tensile strain ε in Eq. 18; ε1 to replace the tensile
strain ε in Eq.20.

In multiaxial stress cases, the damage variable is defined as a combination of Dt and Dc as:
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D = ξcDc + ξtDt, (21)

in which ξC and ξt are parameters determined from the state of stress. The parameters are
given in the original work of Mazars (1984, 1986).

Figure 4.1. Elastic damage constitutive law for elements under uniaxial compressive
stress and tensile stress (Tang 2002).
4.2.3 Solid mass conservation equations
By applying the co-moving time derivative to track the motion of a solid particle along its
trajectory, expressed as:

D
(⋅) = ∂ (⋅) + vs .∇(⋅)
Dt
∂t
(22)
and defining the volume fraction of phase π as:
V
φπ = π
V , (23)
the partial or apparent mass density as:
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Mπ
V (24)
with the following constraints:
ρπ =

M
,
V (25)
the general mass balance equation of each phase (Equation 4) can be written in the
following general form:
Dρ π
Dφ π
− ∇. ρ π ν πr = ρ π
+ φπ
+ ρ π φ π ∇. v s − f πκ
Dt
Dt
(26)
r
πr
π
where v ≡ φ v π the apparent velocity vector of phase π, with v rπ = v π − v s the intrinsic
velocity vector of phase π relative to the solid skeleton, and v s is the velocity vector of
the solid phase.
φs + φl + φg = 1 ; ρs + ρl + ρg = ρ =

(

)

The mass balance equation of the solid phase is expressed as:
∂M s
+ ∇.(M s v s ) = 0
∂t
(27)
by introducing the following definition of solid mass M s (per unit volume of porous
medium),
M s = (1 − φ ) ρ s
(28)
where φ is the porosity of the sedimentary rock, ρ s the density of the solid, the Eulerian
form of the mass balance equation of the solid phase can be written as:
∂(( 1 − φ )ρ s )
+ ∇.(( 1 − φ )ρ s vs ) = 0
∂t
(29)
Considering that φ s =1 − φ according to Equation 26, the mass balance equation of the
solid can be expressed as follows:
D(1 − φ) (1 − φ) Dρ s
+
+ (1 − φ)∇. v s = 0
Dt
ρs
Dt
(30)

According to Rutqvist et al. (2001), intrinsic density ρ s can be expressed in terms of fluid
pressure, temperature and volumetric strain by using the following equation:

(1 − φ ) Dρ s
Dε (α − φ ) DP
DT
= −(1 − α ) v +
− (α − φ ) βT
ρ s Dt
Dt
Ks
Dt
Dt (31)
εv is the volumetric strain, α the Biot’s coefficient, and Ks the bulk modulus of the solid
grains.
∇. v s can be written in terms of skeleton volume strain εv (Bear and Bachmat 1991):
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∇. v s =

Dε v ∂ε v
∂ε
; ∇.ε v << v
≅
∂t (32)
Dt
∂t

Thus, considering the above assumptions and combining Equations 30 and 31, we can
write

 ∂ε
∂φ
1 ∂P
∂T 
− (α − φ ) v +
− βT
=0
 ∂t

∂t
K
∂
t
∂
t
(33)
s



4.2.4 Liquid flow model
4.2.4.1 Liquid flow equations
The most common method to model liquid flow in an unsaturated porous medium is to
combine a linear momentum balance equation for the liquid phase with the mass balance
equation of the fluid (Khalili and Loret 2001). Neglecting the inertial and viscous effects,
the relative apparent velocity of the liquid phase (water), which includes a pressure
driving and a thermo-osmosis component, can be written as:
ν lr = φSl ν lr = φSl ( ν l − ν s )
ν lr = −

k rl k
(∇p l + ρ lg ) − k lT ∇T (34)
µl

where φ is the porosity, Sl refers to the liquid saturation degree, the first term of Equation
34 represents the contribution of advection through consideration of the multiphase
extension of Darcy's law for relative permeability, k rl is the intrinsic permeability vector,
k is the dynamic viscosity of the liquid, u l , and ρl is the density of the liquid and g the
gravitational acceleration vector. The second term in Equation 34 represents the liquid
flow due to thermal gradients; k lT ((m2/(s°C)) is the coefficient of thermal coupling for
the liquid flux, i.e. it is a phenomenological coefficient associated with the influence of
the thermal gradient on liquid (water) flux (thermo-osmosis). Thermo-osmosis can
significantly contribute to liquid transfer in a low-permeable porous media. In some cases,
its contribution in a low-porous medium can exceed that of advection due to the
conventional Darcy flux (e.g., Chen et al. 2009).
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The thermal coupling coupling coefficient k lT ((m2/(s°C)) can be expressed as (Chen et al.
2010):
k lT = k lT 0Sl

(35)

l
where k T 0

in m2/sK is the thermal coupling coefficient for liquid water in saturated

conditions.
The dynamic viscosity of the liquid water µ l [Pa s] strongly depends on the temperature
and can be evaluated, with sufficient accuracy in a wide temperature range, by using the
following relation (Thomas and Sansom, 1995).

µ l = 0.6612(T-229)

-1.562

(36)

where the unit of µ l is Pa s, and T the absolute temperature.

Neglecting the influence of osmotic suction and adsorbed liquid water, the degree of
liquid saturation Sl is assumed to depend on capillary pressure Pc and temperature, and
the following relations apply:
Sl = Sl (Pc , T)
Pc = Pg − Pl
Sg = 1 − Sl

(37)

(38)

. (39)

We can write

dSl = CSp d(p g − p l ) + CST dT

(40)

where Pl, Pg, Sg are the liquid water pressure, total gas pressure and gas saturation degree,
respectively.

CSp =

∂Sl
∂S
and CST = l (41)
∂s
∂T
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From Equation 41, it is shown that the water degree of saturation S l is affected by
suction (s) and temperature ( T ). CSp and C ST are isothermal and thermal liquid water
capacities obtained from the water retention curve (s = pg –pl).
Considering that the volume fractions of the different phases of the porous medium are
linked through the following relations:
φs = 1 − φ; φl = φSl ; φg = φ(1 − Sl ); (42)
and introducing Equation 42 into Equation 26, the liquid mass conservation equation can
be expressed as follows:

− ∇.(ρl ν lr ) = ρl

D(φSl )
Dρl
+ φSl
+ ρlφSl∇. vs + Qlgπ (43)
Dt
Dt

In Equation 43, Q lgπ represents an evaporation-condensation term for water mass
exchange between the gas and the liquid phase (negative for condensation and positive
for vapourization). Mechanisms of interphase mass transfer for the water component
include evaporation into the gas phase and corresponding condensation of the water
vapour from the gas phase. The evaporation-condensation term can be computed by using
Dalton’s law (Marshall and Holmes 1988) as follows:

Q lgπ = ω( p sgw − p gw ) (44)
where ω ( ω>0) is the liquid transfer coefficient, p gw is the vapour pressure, and p sgw is
the saturated vapour pressure. The liquid phase transfer coefficient in a porous media can
determined from the following relation (Chen et al. 2009):

ω=

C
ρl

1
C
= 0.01856
(45)
2πR gw T
ρl T

where the unit of ω is m s/kg, Rgw is the specific constant of vapour and T the absolute
temperature. Symbol C refers to the accommodation coefficient, by which Equation 45 is
used to express the intensity of phase transfer over a unit volume.
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In Equation 44, p sgw can be calculated by using Kelvin’s law (Stallman 1964):

p sgw = p svo exp(

− pcMl
) (46)
ρ l RT

where M l refers to the molecular mass of liquid (=18 g/mol for water), R (=8.134
J/mol/K) represents the universal gas constant, pc is the capillary pressure, and p svo
which depends on temperature only, is the saturated vapour pressure in contact with the
liquid over a planar surface. This saturated vapour pressure can be obtained by using the
empirical vapour pressure data available in the literature (e.g. Maidment 1992) or
computed based on the Clausius-Clayperon equation (e.g. Tong et al. 2010) as:

 1   1  
psvo = 101325. exp− 4895.36  − 
  (31a) (47)
 T   373  


Substituting Equation 47 into 46 yields

p
1 
1
p sgw = 101325. exp − 4895.36 −
 − 0.002165 c
ρl T
 T 373 



 (48)
 .

As small deformations are assumed, to further simplify the formulation of the mass
balance equation of the liquid water (Equation 43), the following small strain
approximations can be made:

∇. v s =

Dε v
(49)
Dt

D(.) ∂(.)
=
(50)
Dt
∂t

In Equation 49, we introduced the volume strain εv = ∇·u in terms of the divergence of
the displacement vector, (u).

Assuming that the liquid water is a barotropic fluid, the following relationships thus
apply:

ρl = ρl (Pl , T) (51)
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1
dρ l = C lp dp l − C lT dT (52)
ρl

in which C lp =

1 ∂ρ l
1 ∂ρl
and ClT = −
are the coefficients of compression and thermal
ρ l ∂p l
ρl ∂T

expansion for the liquid water, respectively. The following formula will be used here to
compute the dependence of the liquid water density upon its temperature and pressure
(Chen 2010):

ρl =

ρIT
(53)
1 − Clp (pl − pl0 )

where the compressibility of the water Clp is assumed to be constant and equal to
0.465GPa-1, and p l0 represents a reference water pressure, which can take 0 or one
atmosphere pressure (Chen 2010). ρ IT is the density of water changes in a non-linear
manner with temperature under a constant pressure, thus the following relation (Tong et
al. 2010) will be used to calculate the density of water as a function of the temperature for
the following temperature range (0.01 – 350°C).
ρlT = 1000.066219 + 0.020229T − 0.00602137T 2 + 0.0000163T3 , (54)

where ρ IT is the density at atmospheric pressure in units of kg/m3, and T is the
temperature in °C.

The formula given by Chen (2010) is used here to compute the thermal expansion
coefficient of the water, in a temperature range between 0.01 and 260°C:

C lT = 3.0240x10 −6 + 1.1383x10 −5 T − 5.7556x10 −8 T 2 + 1.7769x10−8 T 3 (55)

where C lT is in °C-1 and T in °C.
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Considering Equations 49 to 50, and substituting Equation 34, 40 and 52 into 43, the
differential equation that governs non-isothermal liquid flow through the unsaturated
porous medium becomes:

∂p g
 k k

∂ε
∂p
∂T
∂φ
∇.ρl rl (∇pl + ρl g) = ρl φSl v + φρl (Sl clp − cSp ) l + ρl φcSp
+ φρl (−Sl clT + cST )
+ ρlSl
∂t
∂t
∂t
∂t
∂t
 µl

+ Qlgπ + ∇. ρl k lT ∇T
(56)

[

]

4.2.4.2 Intrinsic permeability and relative permeability, capillary pressure
i) Intrinsic permeability
Intrinsic permeability (tensor k) depends on the pore structure (volume of pores,
distribution of pores, cracks) of the porous medium. Since, a sedimentary rock deforms
due to stress around a DGR, the pore structure of the rock can change. Thus, intrinsic
permeability is a function of deformation, i.e., in terms of the independent variables, a
function of displacements. In this paper, to take into account the effect of deformation on
permeability, intrinsic permeability is approximated as a function of the total porosity of
the rock (φ) by using the following relationships (modified from Davis and Davis 1999,
Rutqvist and Tsang 2002).

 φ

k = k 0expA − 1 (57)
  φ0  
where k0 is the initial (zero stress )intrinsic permeability, and φ0 the initial porosity, A is
an empirical (calibration) factor that has to be determined from laboratory tests.

Besides the aforementioned deformation, mechanical damage can result in the generation
and propagation of cracks within sedimentary rocks; in other words, change in their pore
structure. This damage effect on intrinsic permeability should also be considered. Thus,
an additional constitutive relationship will be needed to capture the damage induced
evolution of rock permeability. There are some well-known models that describe the
relationships between damage and permeability changes (e.g., Souley et al. 2001, Gawin
et al. 2001, Tang et al. 2002). In this study, based on the approach proposed by Meschke
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and Grasberger (2003), the following relation is used to estimate the permeability of the
damaged sedimentary rock:
k = k UD + k D (58)
where k UD is the permeability of the undamaged rock, where k D (isotropic damage
permeability) is the damage enhanced permeability, which reflects the increase in
permeability that is induced by damage. Thus, the permeability of the damaged medium
is based on the additive decomposition of the permeability into two parts, k UD and k D .
where

  φ 
k UD = k 0 expA −1
  φ 0 

Using available experimental data in the literature with regards to the permeability vs
mechanical damage and a phase transition approach (Kadanoff, 1966), Eq. (59) was
formulated to capture the damage induced increase in permeability:

kD =

D
(k max − k UD ) (59)
Dkmax

where k max is the maximum permeability of the damaged sedimentary rock, D k max is the
rock damage value that corresponds to k max ; D k max and k max should be determined
experimentally for the rock studied.

Combining Equations 58-59, the following relation is suggested to describe the effect of
deformation and damage on intrinsic permeability:

  φ 
D
k = k 0 expA −1 +
  φ0  D kmax




 k max − k 0 expA φ −1  (60)

 

  φ 0  


ii) Water retention curve and relative permeability
In this study, the relation between liquid saturation degree Sl and capillary pressure (Pc =
pg – pl) is expressed by (Gerard et al. 2008, van Genutchen 1984):
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Sl = Sres +

Smax − Sres
  P n 
1 +  c  
  Pr  

m

(60)

Sl is the liquid saturation, S max the maximal saturation, Sres is the residual saturation , n
and m are the coefficients of van Genuchten’s law with m = 1 −

1
and PC/ pr is
n

quantitatively equivalent to αhc originally proposed by van Genuchten (1980), where hc
is the capillary pressure head defined as PC/γW. The capillary pressure head function is
given by h c =

1
1 − Se−1/ n
α

(

)(

1− n )

. The relation 60 is a function of the pore structure of the

porous medium as well as the temperature. This means rock deformation and temperature
will have an effect on the water retention curve. The Leverett function (Leverett J
function) is used in this study to take into account the variations of the porosity (induced

by stress) in the water retention curve.

 3 k/φ
pc = pc0 (Sl ) 
3 k /φ
 0 0


 (61)



The relative permeability of the liquid phase was assumed to be given as such by Nuth
and Lalaoui (2008):

[

(

k rl = (Sl ) 1 − 1 − S1l/ m
1/ 2

]

m 2

)

(62)

where k rl is the relative permeability of the liquid phase (water), Sl is the liquid saturation
degree
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4.2.5 Gas flow model
4.2.5.1 Gas flow equations
The gas phase within the pores of the sedimentary host rock is considered to be a binary
mixture of two ideal gases, dry air and water vapour. Dry air may dissolve into liquid
water. It is assumed that the mixture of gases obeys the ideal gas law and Dalton’s law.
Thus, for all the gaseous constituents, i.e. dry air (ga), water vapour (gw) and gas (moist
air, g), the Clapeyron equation of the state of perfect gases is:

pga =
pgw =
Pg =

ρ gaTR
Ma

ρ gwTR
Mw

ρ gTR
Mg

= ρ ga R gaT (63)
= ρ gw R gwT (64)

= ρ g R gT (65)

and Dalton’s law is

pg = pga + pgw (66)

where R is the universal gas constant; M g the molecular mass of the gas mixture, T is the
absolute temperature, p ga is the partial dry air pressure, Rga is the specific gas constant
for dry air, and Pg is the absolute gas pressure.
The molecular mass of the gas mixtures M g satisfies,

ρg
Mg

=

ρ ga
M ga

+

ρ gw
M gw

(67)

ρ g , ρ gw , ρ ga are the densities of the gas, water vapour and dry air, respectively.
To satisfy the conservation of mass for the gas phase, the gas mass conservation equation
is written according to Equations 26 and 42 as follows.
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(

)

− ∇. ρ g ν gr = ρ g

Dρ g
D[φ(1 − Sl )]
+ φ(1 − Sl )
+ ρ g φ(1 − Sl )∇. v s + Q lgπ (68)
Dt
Dt

where ν gr is the relative apparent velocity vector of the mixture of dry air and water
vapour with respect to the deforming solid, Q lgπ represents an evaporation-condensation
term for water mass exchange between the gas and liquid phase (negative for
condensation and positive for vapourization), and ρ g is the gas density, which satisfies

ρg = ρga + ρgw

.

The mass averaged advective velocity of the air-vapour mixture (gas) with respect to the
moving solid is due to both pressure and temperature gradients. Thus, the relative
apparent velocity of the gas can be expressed as:

ν gr = φ (1 − Sl )ν rg = −

k rgk

µg

(∇p

g

+ ρ g g ) − k Tg ∇T (69)

where k is the intrinsic permeability, µ g is the viscosity of gas, k rg is the gas relative
permeability, ρ g is the density of gas, g is the gravitational acceleration vector, and k Tg is
the coefficient of thermal coupling for gas fluxes.

Since the air-vapour mixture is considered as an ideal gas, its density can be expressed as
follows.

ρg =

Pg M g
TR

=

Pg
R gT

(70)

The derivative of equation 70 allows us to write
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1

ρg

dρ g =

1
1
dPg + dT = CgpdPg + CgT dT (71)
Pg
T

in which C gp and CgT represent the coefficients of compressibility and thermal expansion
of the gas mixture, respectively.
Neglecting the effect of pressure changes on dynamic viscosity, the dynamic viscosity
( µ g ) of the gas mixture is computed by using Sutherland's formula (Crane, 1988):

1.5

0.999T0 + c  T 
  (72)
µ g = µ0
0.999T + c  T 0 

For standard air, c = 120 K; T 0 = 291.15 K; µ 0 = 1.827x10-5 Pa s, and µ g is in Pa s.

The thermal coupling coefficient for the gas flux is considered as a linear function of the
degree of saturation (Chen et al. 2010)

kTg = kTg0 (1 − Sl ) (73)
g
where kT 0 in m2/sK is the thermal coupling coefficient for gas fluxes in a completely dry

state, respectively.

Since dry air is a component of the gas phase, the dissolved air in the water should be
taken into account in the gas flow model. Henry's law allows us to determine the volume
of air present in the liquid water. Thus, by using Henry’s law to take into account the
dissolved air in the pore water, according to Equations 26 and 42, the conservation of dry
air flow dictates that

(

)

− ∇. ρa H ν lr = ρa

(

)

D HφSl
Dρa
+ HφSl
+ ρa HφSl∇. v s (74)
Dt
Dt

where H is Henry’s coefficient of solubility of gas in liquid defined by Henry’s law.
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Henry’s law determines air concentration as (Sander 2010):

M a H(t) pna = pla

where M

a

(75)

is molar air and H is the solubility of the air (gas) in water and pna is the

partial pressure of air in the non-wetting phase. Concentration (Ca) will be defined
(mol/m3) by:
Cla = H (t ) Pga =

Pl a
Ma

(76)

For air, we have M a = 2 g/mol and H ( t ) =20.65*10-6mol.pa-1.m-3. Taking into account
the fact the dry air is mainly made of oxygen and nitrogen, Henry’s coefficient of
solubility of gas in liquid water can be given by the superposition of solubility of nitrogen
and oxygen (Chen et al. 2010):



1 
1  
1
1
−4
H = 8.2115x10 −5 exp 1700 −
 + 1.34857 x10 ex p 1700 −
 (p g − p gw )

 T 298 
 T 298  


(77)

where the units of gas pressure pg and vapour pressure pgw are in MPa, and T is the
absolute temperature.

Dry air is considered as an ideal gas ( ρ ga =

Pga M ga
TR

=

Pga
R gaT

) and Dalton’s law applies.

Noticing Equation 66 and following the same procedure in Equation 71, we can write:

1

ρ ga

dρ ga =

1
1
dPga + dT = CgapdPga + CgaT dT (78)
Pga
T

in which C gap and C gaT represent the coefficients of compressibility and thermal
expansion of the dry gas mixture, respectively.
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Thus, the mass conservation equation of the gas is given by the following equation.

 k k

k k
∇.ρ g
∇p g + ρ ga H
(∇p l + ρ l g ) + (ρ g k gT + ρ ga Hk lT )∇T  =
µl
 µ g

∂p gw
∂ε v
∂p
φ ρ g (1 − Sl ) + ρ ga HSl
+ φ(ρ g − ρ ga H )c Sp l − ρ ga HφSl c gap
∂t
∂t
∂t
∂Pg
(79)
+ φ ρ g (1 − Sl )c gp + ρ ga HSl c gap − (ρ g − ρ ga H )c Sp
∂t
∂T
− φ ρ g (1 − Sl )c gT + ρ ga HSl c gaT + (ρ g − ρ ga H )c ST
∂t
∂φ
+ ρ g (1 − Sl ) + ρ ga HSl
+ Q lgπ
∂t
rg

rl

[

]

[

]

[

]

[

]

Equation 79 can be rearranged as follows:

 k k

∇.ρ g
∇p g  =
 µ g

rg

[

φ ρ g (1 − Sl ) + ρ ga HSl

]∂∂εt

v

+ φ(ρ g − ρ ga H )c Sp

[

∂p gw
∂p l
− ρ ga HφSl c gap
∂t
∂t
∂Pg

+ φ ρ g (1 − Sl )c gp + ρ ga HSl c gap − (ρ g − ρ ga H )c Sp

[

] ∂t

− φ ρ g (1 − Sl )c gT + ρ ga HSl c gaT + (ρ g − ρ ga H )c ST

[

+ ρ g (1 − Sl ) + ρ ga HSl

]∂∂φt + Q

]∂∂Tt

(80)

lg
π



k k
(∇p l + ρ l g )
− ∇.ρ ga H
µl


g
l
− ∇. (ρ g k T + ρ ga Hk T )∇T
rl

[

]
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4.2.5.2 Additional constitutive relationships and parameters

-

Water retention and relative permeability

The gas relative permeability of sedimentary rock ( k rg ), similarly as for most porous
materials, could be described based on the van Genuchten Mualem model as:

k rg = (1 − Sl )

1/ 2

[1 − S ]

1/ m 2m
l

(81)

Variations in the pore structure could be also caused by damage of the rock. Hence, the
effects of damage should be inserted into a Leverett function. This is done in this study
by using the Leverett function. The following function is used.

 k
3
φ*
p c = p c 0 (Sl )
 k0
3 φ
0






 (82)


where φ* is the porosity of the damaged rock. This porosity φ* is defined as the sum of
the total porosity of the undamaged material φ, and damage-induced mechanical porosity
φD due to the opening of micro-cracks.
φ* = φ + φD (83)
Damage-induced mechanical porosity φD is obtained by multiplying the scalar damage
parameter D by the volume fraction of the skeleton 1 - φ0 (Kuhl et al. 2004). This
definition of φD considers that micro-cracking only occurs within the skeleton material.
The micro-cracks located in the rock skeleton can be interpreted according to Kachanov
(1958) as micro-pores:
φD = (1- φ).D (84)
Including Equation 84 into Equation 83 yields

φ* = φ + (1- φ).D (85)
where D is the damage scalar, 0<D≤1.
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4.2.5.3 Vapour flow equations
The vapour is transported within the gas phase by non-advective (diffusion due to vapour
gradient) and advective fluxes (advection due to the movement of gas). This means that
the relative apparent velocity of vapour with respect to the deforming solid ν gwr includes
both diffusive velocity of the vapour νdgw and the advective velocity νagw of the vapour.
Considering that the diffusive mass flux is governed by Fick’s law, the diffusive relative
velocity of the vapour can be expressed as:
ν dgw = −φS gD gw

1

ρ gw

∇ρ gw = −φ ((1 − Sl )D gw

1

ρ gw

∇ρ gw

(86)

where Dgw is the tensor of molecular diffusivity of vapour, with units of m2/s Pa. Dgw is a
function of the tortuosity factor (τ), temperature and pressure. The tortuosity accounts for
the tortuous nature of the pathway in sedimentary rock. Indeed, the porous space of a
sedimentary rock can have a very complex inner structure, which influences the vapour
diffusion process. Therefore, tortuosity should be taken into account in the diffusion
process. The tortuosity factor of the porous medium can be approximated by using the
formula proposed by Millington and Quirk (1961), i.e.

τ = φ 1 / 3S g7 / 3 = φ 1 / 3 (1 − Sl )7 / 3 (87)

Furthermore, Daian (1989) proposed the following relationships to express the coupled
effects of temperature (T) and gas pressure (Pg) on the diffusivity of vapour in the air.
B

P
Dgw (T, Pg ) = D gw ,0  T  g ,0 (88)
 T0  Pg
where D gw, 0 = 2.58x10-5 [m2 s-1] is the diffusion coefficient of vapour species in the air at
the reference temperature T0 = 273.15 [k] and pressure Pg , 0 = 101325 [Pa] (Forsyth and
Simpson, 1991), and B is a constant that has to be experimentally determined. In this
study, a value of B= 1.667 (Dain, 1989) is used.
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Since the vapour is considered as an ideal gas, thus, similar to Equation 63, we can write
that:

1

ρgw

dρ gw =

1
1
dPgw + dT = CgwpdPga + CgwT dT
Pgw
T

(89)

in which C gwp and CgwT represent the coefficients of compressibility and thermal
expansion of the vapour, respectively.

Substituting Equations 34, 51, 52, 65 and 70 into an equation of the conservation of water
vapour mass (Equation 90), the vapour flow in the sedimentary rock of the DGR is given
by Equation 91.

The equation of the conservation of water vapour mass

(

)

− ∇. ρ g ν gwr = ρ gw

Dρ
D[φ (1 − Sl )]
+ φ (1 − Sl ) gw + ρ gφ (1 − Sl )∇. v s + Qπlg
Dt
Dt
(90)

the vapour flow in the sedimentary rock of the DGR

 k k

∇. ρ g
∇p g  =
µg


∂P
∂P
∂ε
∂p
φρgw (1 − Sl ) v + φρ gwcSp l − φρgwcSp g + φρgw (1 − Sl )cgwp gw
∂t
∂t
∂t
∂t
∂T
− φρgw (1 − Sl )cgwT + cST
∂t
(91)
∂φ
lg
+ ρgw (1 − Sl )
+ Qπ
∂t
− ∇. ρ gwφ (1 − Sl )C gwpD gw∇pgw
rg

[

[
− ∇.[ρ

]

]

gw

(k Tg − φ (1 − Sl )C gwT D gw )∇T

]
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4.2.6 Heat transport
The approach proposed by Tong et al. (2010) is adopted in this section. Given any spatial
volume V , the time rate of change of the total internal energy of phase π in volume V
must be equal to the heat flux of that phase across the boundary Γν of volume V , plus the
heat source Q ,Tπ and the energy supply ε̂ π to the π phase due to the interactions with the
other phases (Tong et al. 2010).
The energy conservation can then be expressed as (Tong et al. 2010)
d
ρ π c π Tπ dV = − ∫ q π . n dS + ∫ Q T,π dV + ∫ εˆ π dV (92)
∫
dt
ΓV
V
V

(

)

In a differential form, this relation can be written as

(

)

D t . ρ π c π Tπ = −∇ . q π + Q 'Tπ + εˆ π (93)

Assuming that the solid, liquid and gas phase temperatures are in local thermal
equilibrium, the combination of the energy balance and constitutive equations results in
the following final heat transport equation (the details of the steps of the development are
given in Tang (2010)):

 ∂u

k k
k k
(∇p l + ρ l g ) + (λ + ρ g k gT + ρ l k lT )∇T  =
∇.σ
+ ρg
∇p g + ρ l
µg
µl

 ∂t
∂u
∂T
+ (1 − φ)ρ s C s + φSl ρ l C l + ρ g φ(1 − Sl )C g
- ρg
∂t
∂t


1
1
−  v lr − c Sp ( Pl v lr −
Pg v gr ) • ∇Pl
Sl
1 − Sl


(94)
rg

rl

[

]



1
1
1
−  v gr − c Sp ( Pl v lr −
Pg v gr ) • ∇Pg − Pl v lr − Pg v gr .∇φ + LQ lgπ
Sl
1 − Sl
φ



(

)



1
1
+ ρ l C l v lr + ρ g C g v gr − c ST ( Pl v lr −
Pg v gr ) • ∇T
Sl
1 − Sl



where λ is the thermal conductivity of the sedimentary rock, Cπ is the specific heat
capacity of the phase (solid, liquid, gas), and L is the latent heat of vapourization.
139

The following relationship is used to describe the variation of the thermal conductivity
with water saturation degree and porosity (Tong 2009).



λ = λdry 1 + 4


φSl ρl 
(1 − φ )ρs  (95)

The equation 95 can be rearranged as follows:

 ∂u
∇.σ
=
t
∂


∂u
∂T
-ρg
+ (1 − φ ) ρs Cs + φSl ρl Cl + ρgφ (1 − Sl )C g
∂t
∂t


1
1
Pg v gr ) •
−  v lr − cSp ( Pl v lr −
Sl
1 − Sl



[

]



1
1
Pg v gr ) •
∇Pl −  v gr − cSp ( Pl v lr −
Sl
1 − Sl


1
∇Pg − Pl v lr − Pg v gr .∇φ + LQπlg

φ

(

)



1
1
Pg v gr ) • ∇T
+  ρ l Cl v lr + ρ g C g v gr − cST ( Pl v lr −
Sl
1 − Sl


 k k

− ∇ . ρ g
∇p g 
µ
g


rg

 k k

(∇pl + ρl g )
− ∇ . ρ l
µl


− ∇. (λ + ρ g k Tg + ρ l k Tl )∇T
rl

[

]
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4.3 Simulation of laboratory and field experiments
4.3.1 Introduction
The objective of the present section is to verify the capability of the developed
mathematical model to predict and analyze gas migration in sedimentary host rocks of a
DGR.
To achieve the aforementioned objective, two main stages are carried out:

-

the first stage is the simulation of laboratory gas injection tests

-

the second stage is the simulation of the field tests.

The main results of the simulations are presented below. It should be emphasized that all
laboratory and field tests were performed at isothermal and constant temperature
conditions. Thus, the non-isothermal thermal effect is not considered in the validation.

4.3.2 Simulation of laboratory tests
4.3.2.1 Comparison of numerical and experimental results
To provide confidence in the developed model for gas migration in DGR two sets of
experimental results from laboratory scale gas injection tests on Opalinus clay were used.
Triaxial loading and strength tests were performed in a standard Kármán-cell in a servohydraulic testing machine (RBA2500, Schenk/Trebel Germany – using MTS-TestStar
software) which allowed for independent control of the radial ( σ 2 = σ 3 ) and axial stresses
( σ Ax ) (Figure 4.2). In addition, by using special developed piston sets, acoustic velocities
(Vp and Vs) and gas-permeability were measured parallel to the sample cylinder axis
(dimensions: 80 mm in diameter and 160 mm in length). As a standard procedure, the
sample volume changes ∆V were determined by a volume balance of the mantle oil
volume changes as measured via a pressure intensifier and the axial piston displacement
in the cell. The details of the experimental set up and program are available in elsewhere
(e.g., Popp and Salzer 2007).

-

The first set of results (Set # 1) used come from the gas injection tests on
Opalinus clay with constant confinement pressure (Figure 4.3).
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-

The second set results (Set # 2) used come from the gas injection tests on
Opalinus clay with increased confinement pressure (Figure 4.4).

Figure 4.2. High-pressure triaxial cell used for the gas injection tests (Popp and Salzer
2007).
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Figure 4.3. Gas injection pressure versus Time (pp) and constant confinement pressure (pc)
vs out-flow rate variation (q)
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Figure 4.4. Gas injection Pressure Versus Time (pp) and evolutive confinement pressure
(pc) vs out-flow rate (q)
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4.3.2.1 Gas injection tests with constant confinement pressure
Hydrostatic loading was performed with constant confinement pressure pc = 3 MPa and
gas pressure was increased as a step-wise function (Figure 3.34). The values of the main
parameters used for modeling the gas injection with constant confinement pressure (Set #
1) are given in Table 4.1 and Topp and Salzer (2007). It should be emphasized that
several values of α (1 - 0.0016), were considered in the modeling to study the sensivity of
the model response to the value of α. It was found that the value of α (between 1 and
0.0016) doesn’t have a significant effect on the model response. Thus, α = 0.1 was
selected for the numerical simulation in order to achieve a better numerical stability. The
boundaries conditions used are described in Figures 4.5 and 4.7. The comparison between
simulated and experimental results is presented in Figure 4.8. From this Figure 4.8, it can
be seen that there is a good agreement between the predicted and experimental results
providing confidence in the ability of the developed model to predict the gas migration.

Table 4.1. Material properties for the validation model (constant confinement pressure)
Parameters

Value
2

Initial permeability (m )

9.5x10-19

kmax Permeability (at damage max. Dkmax=0.3) (m2)

2.75x10-18

Initial porosity

0.16

Initial saturation (%)

90

Residual saturation (%)

0

Modulus of elasticity (GPa)

10

Poisson ratio

0.27

van Genuchten’s parameters
L

1

M

0.5

α (1/m)

0.1

Damage equation parameters
Strain εt◦
Residual tensile strength (MPa)
Strain εco

0.9x10-4
0.8
7.2 x10-4

Friction angle (°)

24

Cohesion (MPa)

7
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f c is the uniaxial compressive strength

12

f cr is the residual compressive strength.

3.0

ft represents the tensile strength

2.5

Permeability vs Porosity fitting constant (A)

200

Figure 4.6. Gas boundary conditions
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Figure 4.7. Liquid and gas boundary conditions

Figure 4.8. Comparison between the predicted and experimental gas flow rate (constant
confinement pressure)
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4.3.2.2 Gas injection tests with increased confinement pressure
The validation results are presented in Figure 4.9. From this figure, again, it can be
observed that the developed model can aquately predict the gas migration under increased
confinement pressure.

Figure 4.9. Comparison between the predicted and experimental glas flow rate (increased
confinement pressure)

4.3.2.2 Other results from the simulation of laboratory gas injection tests
In this section other results from the numerical simulation of the laboratory gas injection
tests (presented in the section 4.3.2.1) are presented in order to illustrate the key physical
processes that would help understand the nature of the gas flow through Opalinus Clay.
The physical conditions to which the sample is subjected (pressures applied by the
injection and recovery systems, confinement pressure) have been reproduced in the
model. The conceptual model, boundary and initial conditions adopted are already
explained in the previous sections. The main results of the simulations are presented in
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Figures 4.10, 4.11 and 4.12. Figure 4.10 shows the computed evolution of the spatial
distribution of the gas pressure within the Opalinus clay sample. It can be seen from this
figure that a maximum gas pressure of around 3.5 MPa is reached at the injection point,
when the maximum gas flow rate is achieved; furthermore, over 60% of the sample
shows a gas pressure higher than 2.5 MPa. Figure 4.11 and 4.12 illustrate the simulated
evolution of the spatial distribution of the rock damage and permeability, respectively.
Figure 4.11 graphically demonstrates that high gas pressures can result in the damage of
the sedimentary rock. This damage changes the rock permeability (Figure 4.10).
However, from Figure 4.12 (➋) it can be noticed that the volumetric deformation can also

➊

➋

Pressure (Pa)

Pressure (Pa)

affect the rock permeability.

➋
➊

➌

Pressure (Pa)

➌

Figure 4.10. Simulated evolution of the spatial distribution of the gas pressure
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Damage

➊

➋
➌
Damage

➊

➋
➌

Figure 4.11. Computed evolution of the spatial distribution of the rock damage induced

➊

➋

Permeability (m2)

Permeability (m2)

by gas pressure

➋
➊
➌

Permeability (m2)

➌

Figure 4.12. Computed evolution of the spatial distribution of the rock permeability
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4.3.3 Simulation of field tests
4.3.3.1 Comparison of numerical and simulated results
The model was used to simulate field gas injection tests on Opalinus clay performed at
the Mont Terri Underground laboratory in Switzerland. Figure 4.13 shows a schematic
presentation of those field tests. Four boreholes were used for hydraulic testing and
seismic monitoring. The boreholes were perpendicular to the bedding plane. The fluid
would therefore preferentially flows in a direction parallel to the bedding with relative
high permeability (Figure 4.13). The length of the boreholes was about 10m. The gas
was injected in a 1-m isolated section at the end of the central borehole BHG-B9 (9 10m). Three series of gas injection tests were carried out in the test interval. Each series
consisted of a couple of tests with stepwise increasing of gas injection pressure. The gas
used was nitrogen. The details about the gas injection tests and the in-situ geomechanical
conditions are given in Hua and Kristof (2009).

Figure 4.13 Schematic presentation of field gas injection test carried out in the
Underground laboratory Mont Terri (Source: Hua and Kristof, 2009)

In order to simulate the in-situ test, a rectangle with 5 m edge length is defined. The
borehole has a diameter of 86 mm. Figure 4.14 shows the graphical description of the
conceptual model with the defined boundary conditions. A special code was developed to
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apply the gas boundary conditions. The gas test was carried out in the last meter section
of the borehole. The initial saturation degree of the rock is 100%. The material properties
used are shown in Table 4.2. It should be emphasized that several values of α (1 - 0.0016),
were considered to study the sensivity of the model response to the value of α. It was
found that the value of α (between 1 and 0.0016) doesn’t have a significant effect on the
model response.

Figure 4.14: Two dimensional model mesh

151

Table 4.2.Material properties used
Parameter
porosity
permeability
kmax Permeability (at damage max. Dkmax=0.3) (m2)
Initial saturation
residual water saturation
residual gas saturation
Young's modulus
Poisson ratio
friction
cohesion
tensile strength
Residual tensile strength
Strain εt0
Van Genutchen’s parameters; L = 1; M = 0.5; α: 0.1
f c is the uniaxial compressive strength

f cr is the residual compressive strength
Strain εco
Permeability vs Porosity fitting constant (A)

unit
[-]
[m2]
[m2]
%
[-]
[-]
[GPa]
[-]
[°]
[MPa]
[MPa]
[MPa]
-

value
0.12
1e-20
2xe-18
100
0
0
11.4
0.27
24.5
8.6
2.5
0.8
-4
0.9x10

[MPa]

12

[MPa]

3.0
-4
7.2 x10
200

Figure 4.15 shows that there is good agreement between the results from the HM-model
(with damage) and the experimental gas pressure values. Figure 4.15 shows that the
mechanical component of the gas transport model cannot be neglected. Indeed, it can be
noticed that, at high gas pressure there is a discrepancy between the predicted (by
considering only the flow of gas) and the experimental results. This would imply the
prediction of gas migration from a DGR in sedimentary rock should not be based on twophase flow modelling approach when the gas pressure is high. In such a case, the
mechanical response of the rocks has significant impact on the gas transport.
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Figure 4.15. Comparison between the predicted and measure gas pressure

4.3.3.2 Other simulated results of the field gas injection tests
Figure 4.16 presents the evolution of the spatial distribution of the gas pressure within the
rockmass, whereas Figure 4.17 illustrates the computed evolution of the water flow
velocity (arrow) and water pressure within the rockmass. These figures show that with
increased gas pressure the gas front migrates into the rockmass. However, the maximum
gas pressure remained concentrated on the injection point. From Figure 4.16, it can be
seen that a maximal gas pressure is reached at the injection zone and just before the gas
breakthrough (point ❸, Figure 4.18). It can be also noted that after the gas breakthrough,
the gas pressure (Figure 4.16) and flow velocity (Figure 4.17) decrease. This can be
attributed to the openings and propagation of cracks within the rock (mechanical
damage). This explanation is in agreement with the simulation results presented in Figure

153

4.18. This figure illustrates the spatial and temporal evolution of the mechanical damage
of the rockmass. It can be observed that a significant mechanical damage of the rock
occurs just before the gas breakthrough (point ❸ ) and the maximum damage is

Horizontal distance (m)

Pressure (Pa)

Pressure (Pa)

concentrated on the areas surrounding the gas injection point.

Pressure (Pa)

Pressure (Pa)

Horizontal distance (m)

Horizontal distance (m)
Horizontal distance (m)
Figure 4.16. Simulated evolution of the spatial distribution of the gas pressure within the
rockmass
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Pressure (Pa)
Horizontal distance (m)

Pressure (Pa)

Pressure (Pa)

Horizontal distance (m)

Horizontal distance (m)

Horizontal distance (m)

Figure 4.17. Computed evolution of water flow velocity (arrow) and water pressure
within the rockmass
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Figure 4.18. Evolution of the spatial distribution of the rock damage induced by gas
pressure
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4.4 Conclusion
The objective of the present chapter is to develop and validate constitutive and
mathematical models to predict and analyze gas migration from the repository and
determine the disturbances of sedimentary rocks induced by gas migration. Based on the
results obtained in this report, the following conclusions can be drawn:
-

A coupled THM model for predicting and analysing gas migration in sedimentary
rock is developed;

-

A detailed formulation coupling heat, moisture (liquid water and water vapour)
and gas transfer in a deformable porous medium is given;

-

The mechanical response of the rock is described by non-isothermal poro-elasticdamage model;

-

The model takes into account mechanical damage-controlled gas flow as well as
coupling of two-phase flow and mechanical stresses;

-

The presented model also considers the modification of capillary pressure due to
the variation of the pore structure of the sedimentary rock. This variation can
result from rock deformation and/or mechanical damage;

-

The prediction ability of the developed model is tested against results from
laboratory and field scale experiments performed on sedimentary rocks (Opalinus
Clay) from European underground research laboratory (Switzerland). Good
agreement between model predictions and laboratory experimental results was
obtained. This provides confidence in the use of the developed model for scoping
analyses of gas migration for the proposed DGR for LILW in Ontario in
sedimentary formations of the Michigan Basin .

-

The results of the numerical simulation on laboratory and field gas injection tests
performed on Opalinus Clay provide valuable information for a better
understanding of the main physical processes governing gas migration in a
sedimentary rock and its effect on the integrity of the rock.
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5 Numerical simulations of gas injection tests and gas migration from in
DGR in Ontario’s sedimentary rocks
5.1 Model conceptualization, initial and boundary conditions
The numerical model is shown in Figure 5.1. An equivalent shaft area with a radius of
13m including the EDZ effects is used to model the two shafts proposed in the OPG’s
design. Axi-symmetric conditions are assumed with the axis of symmetry centred along
the equivalent shaft. Furthermore, it is assumed that the gas generated will also
accumulate in the access tunnel and will reach its maximum pressure in the tunnel. From
the perspective of gas modelling, this is conservative as the large space or void of the
tunnel would reduce the gas pressure originated from the chambers. Thus, the obtained
results will be on the safe side from an engineering point of view. The selected initial and
boundary conditions are shown in Figure 5.1. The initial hydraulic (water) conditions are
set as linear hydrostatic, and at the same time, the self-weight of the rock formations is
assumed to be based on a rock density of 2500 kg/m3 for the initial mechanical stresses.
The initial horizontal stresses are estimated to be equal to the elastic horizontal stresses.
Two cases are considered with regards to the gas pressure applied in the tunnel, as shown
in Figure 5.2. In the first case, the peak repository gas pressure is in the range of 7 to 8
MPa. In the second case, a peak repository gas pressure of 15 MPa is considered. The
geotechnical and hydrogeological rock material properties used as input data are obtained
from NMWO (2011). Table 5.1 to 5.3 show some typical examples of rock material
properties used for the numerical simulation. It should be stressed that various values of
α (0.1 to 0.0015) were considered in the modeling study. The selected value of α did not
have significant effect on the model response. The initial hydraulic and mechanical
properties of the shafts and their associated EDZ are also obtained from NWMO (2011e);
and assumed to be equivalent to one material for the sake of simplicity. Two cases are
considered with regards to the properties of the shaft: (i) a normal case and (ii) a failed
shaft case where the material properties (e.g., permeability, porosity) are deteriorated.
The main properties of the shaft for the failed shaft case are summarized in Table 5.3.
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Fluid – Mechanical Boundary conditions
BC1 = Axi-symmetric axis
BC2 = Zero flux –fixed deformation
BC3 = Zero flux – Roller
BC4 = Zero pressure – free deformation – atmospheric pressure
BC 4 for liquid is zero, for gas is zero; BC1 for liquid is axi-symmetric, for gas is axi-symmetric; BC 2
and 3 for liquid is zero flux, for gas is is is zero flux

Figure 5.1. Conceptual numerical model and boundary conditions (the gas initial pressure
is zero; the water initial pressure is hydrostatic pressure)
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Figure 5.2. Total gas pressure in the repository (Source NWMO 2011)

5.2 Simulation results
Several numerical simulation results have been obtained. Key samples of results are
presented in the present report. The main simulation results with regards to the normal
case (Peak gas pressure = 8 MPa, shaft not failed) are presented in Figures 5.3-5.4. Figure
5.3 illustrates the spatial distribution and temporal evolution of the gas pressure in the
DGR repository and host rock. Figure 5.4 shows the spatial distribution of the gas
pressure and gas flow velocity in the study area after 0 year, 400,000, 600,000 and
1,000,000 years, respectively. It should be recalled that over the 1 Ma period, the peak
repository gas pressure is approximately 8 MPa, converging towards or somewhat higher
than the steady-state hydrostatic water pressure at the repository horizon of around 7
MPa, and much less than the lithostatic pressure of 17 MPa (NWMO, 2011). According
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to Figure 5.3 the gas pressure increases with time to reach approximately a maximum
value of 8 MPa in the tunnel and 5-6 MPa in the surrounding near-field after 1,000,000
years. Gas pressure in the tunnels exceeds the hydrostatic formation pressure. The high
gas pressure is contained in the natural shale barrier layer. Furthermore, for all of the
cases the maximum gas pressure in the surrounding near-field is below the lithostatic
pressure, suggesting that no tensile fractures would develop in the host rock. This is
positive with regards to the safety of the DGR. Figure 5.4 shows two patterns of gas flow
in the host rock: (i) one vertical pattern (upward or downward) in the rock formations
with lower permeability; (ii) another horizontal pattern in the rock formations with higher
permeability (e.g., Salina formation). In the shaft, the gas flow is vertical. From Figure
5.4, it can be seen that, up to 600,000 years after the closure of the repository, the high
gas pressure and gas migration is still contained in the natural shale barrier layer. This
suggests that the limestone and shale formations act as a very effective barrier with
regards to gas migration up to 600,000 years after the closure of the repository. At
1,000,000 years, the simulation results show that some gas can reach the shallow bedrock
(e.g., Salina formation) groundwater zone.
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Table 5.1. Material properties for Sherman Fall
Parameters
kmax Permeability (at damage max. Dkmax=0.3) (m2)
Initial porosity
Initial saturation (%)
Residual saturation (%)
Modulus of elasticity (GPa)
Poisson ratio
van Genuchten’s parameters
L
M
α (1/m)
Damage equation parameters
Strain ε◦
Residual strength (MPa)
Permeability vs Porosity fitting constant (A)

Value
4.75x10-18
0.01
100
0
26.45
0.23
1
0.5
0.003
0.9x10-4
0.8
200

Table 5.2. Material properties for Cobourg Limestone
Parameters
kmax Permeability (at damage max. Dkmax=0.3) (m2)
Initial porosity
Initial saturation (%)
Residual saturation (%)
Modulus of elasticity (GPa)
Poisson ratio
van Genuchten’s parameters
L
M
α (1/m)
Damage equation parametersh
Strain ε◦
Residual strength (MPa)
Permeability vs Porosity fitting constant (A)

Value
8.75x10-18
0.02
100
0
36.04
0.19
1
0.5
0.003
0.9x10-4
1.0
200

Table 5.3. Material properties for Shale
Parameters
kmax Permeability (at damage max. Dkmax=0.3) (m2)
Initial porosity
Initial saturation (%)
Residual saturation (%)
Modulus of elasticity (GPa)
Poisson ratio
van Genuchten’s parameters
L
M
α (1/m)
Damage equation parameters
Strain ε◦
Residual strength (MPa)
Permeability vs Porosity fitting constant (A)

Value
7.75x10-18
0.09
100
0
7.3
0.09
1
0.5
0.003
0.9x10-4
0.8
200
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Table 5.4. Main properties of the shaft adopted (worst case scenario for a failed shaft; data
from NWMO2011e)

Property
Hydraulic conductivity (m/s)
Permeability (m2)
Density (kg/m3)
Poisson ratio (-)
Modulus of elasticity (GPa)
Porosity
Biot coefficient

Value
10-7
10-14
2500
0.2
20
0.5
0.9
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a) after 0 year

c) after 600,000 years

b) after 400,000 years

d) after 1,000,000 years

Figure 5.3. Spatial distribution of the gas pressure (MPa) vs time (normal scenario)
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a) after 0 year

c) after 600,000 years

b) after 400,000 years

d) after 1,000,000 years

Figure 5.4. Evolution of the gas flow velocity and gas pressure (normal scenario)
The main simulation results with regards to the worst case scenario (Peak gas pressure =
15 MPa, shaft failed) are presented in Figures 5.5-5.7. Figure 5.5 shows the spatial
distribution and temporal evolution of the gas pressure in the DGR repository and host
rock. The 3D representation of the gas saturation distribution after 1,000,000 years is
given in Figure 5.6. Figure 5.6 presents the spatial distribution of the gas pressure and gas
flow velocity in the study area after 0 year, 400,000, 600,000 and 1,000,000 years,
respectively. Again, the analysis of the Figures 5.5, 5.6 and 5.7 shows that, at 1,000,000
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years, the gas flowing upward through the host rock and failed shaft can reach the
shallow bedrock (e.g., Salina formation) groundwater zone. Consequently, the effects of
gas reaching the shallow rock formations, particularly when the shaft fails, should be
considered in the safety assessment.

a) after 0 year

c) after 600,000 years

b) after 400,000 years

d) after 1,000,000 years

Figure 5.5. Spatial distribution of the gas pressure (MPa) vs time (worst case scenario)
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Figure 5.6. Spatial distribution of the gas saturation after 1,000,0000 years (worst case
scenario)
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a) after 0 year

c) after 600,000 years

b) after 400,000 years

d) after 1,000,000 years

Figure 5.7. Evolution of the gas flow velocity and gas pressure (worst case scenario)
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6 Conclusion
The following objectives are achieved in the present work:
- Review of the current experimental and theoretical research on gas generation and
migration from a repository in sedimentary rock formations. Comprehensive
review of the state-of-art conceptual and mathematical models for the simulation
of gas generation and transport. Based on the extensive literature review, valuable
information on gas generation and transport mechanisms, conceptual and
modelling approaches as well as experimental studies on gas generation and
transport are obtained.
- Compilation of published geochemical, mechanical, hydraulic and thermal data on
sedimentary rock formations in Ontario, which are relevant to the study of gas
generation and transport. Review and analysis of the results of gas transport tests
performed in European URLs. Comparison of the Ontario data to those from
European sedimentary rocks. Discussion and analysis of the usefulness and
transferability of the research results in Europe to the Ontario situation.
- Development of a THM model to predict and analyze gas migration from a DGR
in sedimentary rocks induced by gas migration. The developed THM model is
successfully validated against laboratory and field gas injection tests performed
on European host sedimentary rocks (Opalinus Clay).
- Application of the developed model to simulate laboratory and field gas injection
tests on Opalinus Clay as well as predict the gas migration in Ontario’s host
sedimentary rocks. Relevant results are obtained. It is found that, up to 600,000
years after the closure of the proposed DGR in Ontario and regardless of the
scenario considered (normal, worst case), the high gas pressure and gas migration
will still remain in the natural shale barrier layer. This is positive with regards to
the safety of the DGR and may suggest that the limestone and shale formations
act as a very effective barrier with regards to gas migration up to 600,000 years
after the closure of the repository. In contrast, at 1,000,000 years and
independently of the scenario selected, the simulation results show that the gas
flowing (upward) through both the DGR and the shaft can reach the shallow
bedrock (e.g., Salina formation) groundwater zone. The quantity of gas reaching
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the shallow bedrock should be estimated for use in long term safety assessments.
The estimate of that quantity should be performed using mathematical models
developed based on sound physical principles derived from available
experimental data. Such an example of model development is shown in this study.
- Furthermore, the gas migrating through the host rock could induce a complex
interplay of multiphase flow, dissolution/precipitation, and geochemical reactions
that may have significant impacts on the long-term performance of the host rock.
Thus, the effects of gas-fluid-rock interactions on the performance of the host
rock should be investigated in the future studies.
- The commercial finite element (FE) software (COMSOL Multiphysics) used in
this study (as recommended by CNSC) is a very userfriendly FE software which
is capable of handling multiphysic problems. However, it has shown several and
serious numerical stability problems in the modeling of gas migration
(particularly in the Ontario’s sedimentary rocks) due to the complexity of the
coupled processes, and boundary and intitial conditions considered as well as the
strong non-linearity of the equations (especially the capillary pressure). Signicant
amount of time was spent to solve the stability problems mentioned above. These
stability issues should be addressed by COMSOL Multiphysics to improve the
performance of the software with regards to numerical stability.
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