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Abstract

The feasibility study of long-term radioactive waste storage in COx argillite has been
performed by considering various damage and failure scenarios. This study aims at the
numerical investigation of gas (mainly produced by corrosion of metallic parts) migration
properties through the low-permeable formation. Traditional methods, based on macro-
scopic approaches or homogeneous transport properties, are inappropriate to analyse this
issue at the meso/microscopic scale. In this study, realistic porous space morphologies
are constructed through union of excursions of Random Fields considering different ex-
perimental pore size distributions. Afterwards, purely geometric analysis of pore space
is conducted by morpho-mathematical operations for the purpose of the extraction of
preferential gas transport pathways and the prediction of the gas entry pressure, the gas

breakthrough pressure and the following imbibition process.

Résumé

L’étude de la faisabilité du stockage des déchets radioactifs a long terme pour les
argilites du Callovo-Oxfordien (COx) a été réalisée en tenant compte des différents scénarios
d’endommagement et de rupture. Cette these porte sur I’étude numérique des propriétés
de transfert de gaz (principalement produit par la corrosion des parties métalliques) a
travers cette formation peu perméable. Les méthodes traditionnelles, basées sur les ap-
proches macroscopiques ou les propriétés de transpert sont considérées comme homogenes,
ne sont plus adaptées a I’étude des chemins préférentiels de transfert. Dans cette étude,
des modeles morphologiques de 'espace poreux a 1’échelle microscopique sont constru-
its par 'union des excursions de champ aléatoire en utilisant les distributions des tailles
de pore mesurées expérimentalement. Ensuite, des analyses purement géométriques sur
I’espace poreux sont réalisées par les opérations morpho-mathématiques afin d’extraire les
chemins préférentielles de transpert et de prédire la pression d’entrée de gaz, la pression

de percée de gaz et le processus d’imbibition.
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Chapter 1

General Introduction

Low-permeable argillite is a potential candidate host rock in repository formation of
radioactive waste disposal. In France, Callovo-Oxfordian argillites are in large quanti-
ties in departments of Haute-Marne and Meuse [Fouché et al., 2004]. ANDRA (French
National Radioactive Waste Management Agency) built a deeply seated underground re-
search laboratory on the site of Bure to investigate the properties of host rocks and to

study the feasibility of long-lived radioactive waste storage in Cox argillite.

In order to assess the performance and safety, different damage and failure processes are
proposed and investigated. Particularly, for a long period, due to ground water seepage,
humid corrosion of metallic parts, coupled to radioactive waste decay and radiolysis of
water may produce a significant amount of hydrogen gas [Horseman et al., 1999|[Davy
et al., 2009]. If the migration of generated gas is restricted, then after a long period of
accumulation, increasing gas pressure may exceed the fracture threshold and damage the
compacted clay rock. In [Marschall et al., 2005], gas transport through low-permeable
medium principally follows four modes: advective and diffusive transport of dissolved gas
in porewater which is restricted by the low hydraulic conductivity; two phase flow under
the influence of capillary resistances [Bear, 2013]; Pathway dilation which corresponds
to gas-driven micro-cracks and increase of pore space; Single gas flow in macroscopic
fracture. For COx argillite, the micro-crack threshold is about 9 MPa and the fracture
threshold is about 12 MPa [Andra, 2005]. Considering these different and complex cases,
the investigation of gas transport is of high relevance in the assessment of repository
performance.

The gas breakthrough pressure is defined as the gas pressure needed in order to create
continuous flow paths of gas phase across the pore system [Hildenbrand et al., 2002b].

In [Andra, 2009a], principal results show a gas entry pressure less than 3 MPa without

Numerical simulation of gas migration properties in highly impermeable materials
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2 General Introduction

massive gas invasion using a drainage pathway scheme when a gas breakthrough pressure
in a range of 4 MPa to 5 MPa was determined using an imbibition scheme. In [Davy et al.,
2009], gas migrations properties have been identified for a bentonite-argillite mock-up with
a bentonite plug inside an argillite host rock. Gas critical pressure which is referred to
as the appearance of gas bubbles at the downstream side is defined as 3.4 MPa - 5.3
MPa. In [Duveau et al., 2011], gas breakthrough pressure is obtained as 1.26 MPa - 3
MPa by measuring gas appearance at the downstream side. However, in that study, low
gas breakthrough pressure is probably related to the generation of micro-cracks during the
sample preparation process. Thus the true capillary induced breakthrough pressure should
be higher. In [Le et al., 2008][Lima et al., 2012][Jacops et al., 2013|[Jacops et al., 2015],
gas injection tests are performed with the Boom clay (with higher porosity and larger pore
size range in comparison with COx argillite) and show that the gas entry pressure (stands

for the breakthrough pressure in this study) is estimated about 5 MPa.

Moreover, after the breakthrough, accompanying with gas leakage, gas pressure at the
generation source may decrease thus leads to a water re-imbibition process. In [Hilden-
brand et al., 2002b][Hildenbrand et al., 2002a][Hildenbrand et al., 2004], this process has
been described as successive close of drained pathways until gas permeability drops to
zero. Some gas-filled pores may be isolated by imbibing water phase and would stay in de-
saturated state, resulting in a residual gas saturation. The corresponding gas pressure to

the shut-off of the last interconnected pathways may be lower than breakthrough pressure.

Numerical simulation of gas movement has been proposed following different scenar-
ios. For instance, multi-scale porous network analysis indicates that the interconnected gas
pathways appear with gas pressure about 6 MPa [Xu et al., 1997] which is slightly higher
than the experimental value. Besides, finite element model coupled to mechanical strains
and stresses within Biot’s effective stress theory under isothermal conditions has also been
discussed [Gerard et al., 2008]. In some studies, a pre-existing fracture is embedded in a
continuum finite element model in order to simulate the localised gas preferential path-
ways. A hydro-mechanical coupling between the fracture aperture, permeability and the
retention properties along the fracture is included in the model [Gerard et al., 2014]. How-
ever, in view of the randomly formed pore space, homogeneous macroscopic approaches
based on an uniform distribution of permeability and porosity are not capable to ade-
quately describe the gas migration process. In other words, at the microscopic scale, the

permeability of a representative element of volume can not be regarded as an average.

In this work, the first aim is to establish several realistic 3D morphological models of

pore space in COx argillite with respect to the different experimental pore size distribu-

Numerical simulation of gas migration properties in highly impermeable materials
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tions. The numerical implementation of excursion set theory on continuous random field
provides binary field and still has a good control of geometric and topological proper-
ties. More importantly, this method is no longer restricted by defined objects thus pore
structure is generated with random shapes. This idea has been applied for the pore space
reconstruction of concrete [Roubin et al., 2015] or cement paste [Hosseini, 2015]. Based
on the generated model, using morpho-mathematical operations (erosion, dilation, mor-
phological opening, geodesic reconstruction), image filtering and purely geometric analysis
are conducted in order to describe the gas invasion process, predict the gas entry pressure,
the gas breakthrough pressure and verify whether the capillary induced breakthrough is
possible in COx argillite with gas pressure lower than the fracture threshold. Moreover,

the simulation of the water-imbibition process is also involved.

Chapter 2 presents a general review from literature on the gas generation sources
during the long term repository. Several basic properties of COx argillite are introduced.
In particular, since the interconnected pore space provides the fluid transport pathways,
its geometrical and topological properties are then of high relevance for the investigation
and simulation of gas migration process. The pore size distribution in COx argillite is
relatively difficult to obtain due to the nanometer magnitude of pore sizes. Several indirect
methods such as mercury intrusion, water adsorption and desorption and nuclear magnetic
resonance are presented. The corresponding experimental pore size distribution curves are
illustrated. Following this, four modes of gas migration in low permeable rock are proposed
based on micro-structural conceptualization. At the end, some experimental protocols for

the investigation of gas breakthrough pressure are reviewed.

In Chapter 3, the main topic concerns about the generation of porous space morphol-
ogy. The excursion set on Gaussian Random Fields is capable to transform a continuous
field to a binary one and then it is suitable to represent pores and matrix in porous
medium. For a single excursion, pore size varies in a limited range around the correlation
length. In view of this, the union of excursion is applied to enlarge the pore size range
then to provide accurate morphological model of pore space. Subsequently, geometric and

topological information of model are obtained by using morpho-mathematical operations.

Chapter 4 is devoted to a numerical study of the gas entry and gas breakthrough pres-
sure in the generated models. The emphasis is put on the proposed numerical technique
based on a combination of morpho-mathematical operations such as the morphological
opening and the geodesic reconstruction. Considering that the creation of gas migration
pathways is principally controlled by the difference between the applied gas pressure and
the capillary force, the aim of this chapter is to verify if the gas breakthrough is possible in
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4 General Introduction

low-permeable medium at gas pressures much lower than fracture threshold. Simulation
works are performed on models generated from different pore size distributions in order to
draw conclusion about which model provides results in good accordance with experimental
values. Ultimately, some other potential host rocks for the storage of radioactive waste
such as the Opalinus clay and the Boom clay are also investigated.

In Chapter 5, the numerical investigation is extended to the water imbibition process
after the gas breakthrough. The physical definition and the associated phenomena are
reviewed. Then appropriate morpho-mathematical operations are applied in order to
simulate the gas shut-off pressure and the residual gas saturation.

Chapter 6 is dedicated to study the gas migration mechanism with low gas pressure.
Since some phenomenological observations indicate that gas leakage may happen through
dissolved molecules under low pressure condition, the proposed migration scenario needs
comprise a potential drainage mechanism. Following this, a basic calculation principle is
suggested based on several assumptions and simplifications. Subsequently, the determined
dissolved gas breakthrough time is evaluated considering different sample sizes or different

temperatures.
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1 Introduction

Radioactive wastes, depending on their origins, could be more or less dangerous to
humans, or be more or less persistent in nature. The classification of radioactive waste
is based on the radioactivity period contained in the waste and the type of radiation
and radioactivity levels. They are classified into four different categories: wastes with
very low activity; type A: with low activity and a short radioactivity period; type B:
with low or medium level, which contains a significant amount of long-lived radioactive
elements, mainly produced during the reprocessing of nuclear fuels and routine operation
or maintenance in reprocessing facilities and nuclear power plants [Su, 2005]; type C:
exothermic, with high activity and long life, mainly comes from reprocessing of spent
nuclear fuel. In France, highly active and long-lived wastes represent less than 5% of
the total radioactive wastes but contains 99% of the total radioactivity and are mainly
produced by nuclear power industries [Carle and Patarin, 2003].

ANDRA (French National Radioactive Waste Management Agency) has been charged
to design repository for radioactive waste storage which will be reversible for a period of
at least a hundred years. The site and the artificial barriers of repository must ensure the
long-termed and sufficient insulation ability for the purpose of human and environment
protection.

On the one hand, the disposal performance should be ensured, on the other hand,
available technologies and economic factors are indispensable to be taken in consideration.
The assessment of security is mainly from three parts: the glass waste storage package; the
repository which contains the packages; the geological barrier (natural rock) of the site.
Basic characteristics of barriers should contain: capacity for produced heat dissipation;
reduction of generate mechanical stress intensity; chemical behaviour with regard to the
corrosion of containers and radionuclide which would be accentuated by the increasing
temperature.

Currently, there are three main types of preferential host rocks in the world: argillites,
saline formations and granites. In France, following over a decade of studies by ANDRA,
the acquired data show that the seismically stable geological layer of argillite which dates
back from the Callovo-Oxfordian (COx) age and locates in both Haute Marne and Meuse,
on the site of Bure, has favourable characteristics (high compactness and low permeabil-
ity) for the storage of highly active and long-lived radioactive wastes. More importantly,
argillite are subjected to solicitations of different origin: stress variation due to cavity ex-
cavation, change of water saturation degree (drying and re-saturation), variation of tem-

perature and chemical reaction processes. In particular, during the long-term repository,
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gas phase (H2) may probably generate which is mainly due to the corrosion of metallic
structures. This thesis principally aims at the investigation of gas migration properties
through the repository formation for the purpose of performance assessment and safety
evaluation.

This chapter provides a review on the physical, mechanical and porous space char-
acteristics of COx argillite. Subsequently, attention is drawn to the principal sources of
generated gas and several basic gas migration mechanisms. It also includes a presentation

of some experimental studies related to the gas breakthrough pressure.

2 Properties of COx argillite

2.1 Physical and mechanical characteristics of COx argillite
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Figure 2.1: Block diagram of the geological formations of Meuse / Haute-Marne [Andra,
2005].

The COx argillite layer is aged about 150 million years in the Paris basin. At the site
of Bure, it is between 420 and 550 meters deep [Andra, 2005]. The block diagram of the
geological formations of Meuse / Haute-Marne is shown in Figure 2.1. The layer is located
far from large geological faults thus ensures a relatively stable state. Moreover, it is regular

and homogeneous over a large area. Due to the dip-slip faults towards the north-west,
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Figure 2.2: Geological sections and definition of geomechanical units of COx argillite
[Andra, 2005][Yang, 2008].

Table 2.1: Common physical and mechanical characteristics of unit C of COx argillite
[Su, 2005].

Parameters Unit Value
Apparent density kN.m—3 2400
Total porosity % 18
Uniaxial compressive strength MPa 21
Young’s modulus MPa 4500
Thermal conductivity W.m~teC™t | 1.3 (1), 1.9 (|)
Specific heat capacity JeC 1 Kg™! 1100
Hydraulic conductivity m.s~! 5.10713 to 5.10714

the depth gradually increases to more than 600 m with a distance about 15 km towards
the north. Meanwhile, the thickness of the formation varies from 130 m to 160 m from

the south to the north-west. This material belongs to an intermediate class between soils
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and rocks and a relatively simple geological domain. Argillites are more resistant than
soils and possess similar physical and mechanical properties to rocks [Coll, 2005], they are
compact and very low permeable to fluids. These characteristics are extremely important
for a potential host rock in the context of radioactive waste storage.

At the mesoscopic scale, the COx argillite is mainly composed of clay minerals, car-
bonate, quartz grains. The mineralogical compositions vary with the depth and show a
significant influence on pore size [Robinet, 2008][Robinet et al., 2012b]. According to the
geomechanical studies by ANDRA, the argillite layer can be divided into 5 homogeneous
geomechanical units (noted from A to E) (see Figure 2.2). Among them, the middle unit C
in which an underground laboratory is constructed, is considered to possess the maximum
clay content, which results in higher deformability and higher homogeneity of the mechan-
ical properties. These common physical and mechanical characteristics are presented in
Table 2.1.

2.2 Pore space characteristics of COx argillite

Interconnected pores are presented in porous medium which would contribute to fluid
permeability. Hence, the transfer properties are determined by some physical properties
such as porosity, pore size distribution, or specific surface area [Yang and Aplin, 1998].
The generally used total porosity ®; is the ratio between the pore volume V), and the total
volume V;. The total volume consists of the volume of the solid phase Vs and the volume
of the pores V). The total porosity is defined as:
Vi

P, — P
t V, + Vi

(2.1)

To quantify the porosity it is thus necessary to measure two values among the three
volumes: pore volume V), total volume V; and solid phase volume V; for a sample. When
measured on centimetric samples, the macroscopic porosity ¢ of COx argillites ranges
between 14 - 22% [Yven et al., 2007].

Pore size distribution has a major influence on fluid movement properties in porous
media. In comparison with other porous materials, due to the nanometer magnitude of
pores, the characterization of pore size distribution in argillite is relatively difficult. In the
COx formation, pore size distribution has been studied using various indirect methods in-
cluding mercury intrusion porosimetry (MIP), water adsorption and desorption (WA /WD)
and nuclear magnetic resonance (NMR).

Mercury porosimetry allows indirect identification of the distribution of pores. Indeed,

mercury penetrates from the boundaries of a sample then fills the empty connected pores

Numerical simulation of gas migration properties in highly impermeable materials

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Xiang Zhang, Lille 1, 2016

10 Characteristics of COx argillite

by applying a continuous increasing mercury pressure. Based on the assumption of cylin-
drical pores and Laplace law, the relationship between the pore diameter d and the applied

pressure P is given as:

4~ycosf
d = PVPg (2:2)
where 7y stands for the surface tension and 6 represents the wetting angle. For each pressure
stage, the injected volume of mercury quantifies the accessible pore volume associated with
the current capillary pressure. The total injected volume estimates the void volume of
material. With a pressure between 3 KPa and 400 MPa, the investigated pore diameters
range between 400 pm and 3 nm. Whereas, shortcomings exist, for instance, the mercury
injection can not take place in non-connected pores; accessible pore form is assumed as
cylinder; high injection pressure which is about 400 MPa may change the volume of solid
phase and create a new porosity following micro or macro cracks.

The isotherm adsorption of water vapour or inert gas (nitrogen or argon) is used to
measure the amount of adsorbed gas. With this method, pore size distribution can be
defined with pores larger than 2 nm. Since the initial states of sample could be defined as
totally dried or partially dried, adsorption and desorption methods are feasible for these
two cases. Boulin [Boulin, 2008] obtains an isothermal adsorption from a dried sample at
70 °C. Andra [Andra, 2009b] performs on the one hand an isothermal desorption and on
the other hand an adsorption using a sample partially saturated with water (80%). Pore
size is determined by assuming cylindrical form and by using Kelvin-Laplce law to link
the relative humidity and pore size:

_ 4y - My,
R-T:py-In(RH)

Where M, is the molar mass of water, R the perfect gas constant, T the temperature and

d= (2.3)

pw the density of water.

The method of nuclear magnetic resonance measures the response of the protons spins
of non-structural parts (only those of water) during the application of induced magnetic
fields. The analysis of transverse relaxation time which characterizes the time needed for
protons to return to equilibrium state following the magnetic disturbance can be used
to estimate the distribution of pore diameters. According to [Lowden et al., 1998], the
relaxation time 75 mainly depends on the surface relaxation p and the ratio between the
surface S, and the pore volume V. For a cylindrical pore, it equals to the reciprocal of

pore diameter, then leads to:

(2.4)
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Figure 2.3: Pore size distribution in COx argillites obtained by different methods, com-
parison with same total porosity in [Robinet et al., 2012b].

Mercury intrusion porosimetry, water adsorption and desorption and nuclear magnetic

resonance tests show same value ranges of pore size distribution in 1 nm - 500 nm and

similar evolutions [Andra, 2009b][Boulin, 2008][Robinet et al., 2012b], see Figure 2.3. Due

to sample preparation and measuring technique, differences among experimental distribu-

tions are explicable. In particular, MIP method is more sensitive to “pore throat” (smaller

than 30 nm) thus leads to high fraction of this range. In MIP, boundaries of sample are
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subjected to increasing pressure for mercury invasion. During this process, large pores
locate behind small pores (ink-bottle pores) require higher pressure for access than the
pressure for direct invasion. Thus, large pores are accumulated to smaller ones and their
volume may be underestimated [Xu et al., 1997]. To the same purpose, WA method shows
a relatively higher fraction of large pores (100 nm - 500 nm) and NMR indicates a higher
proportion in medium size range (30 nm - 100 nm). In addition, geometric and topological
properties such as pore shape, connectivity, tortuosity have been investigated by direct
imaging techniques. In [Robinet et al., 2012a], X-Ray micro-tomography reconstructs a
3D porous network model with minimum pore size about 700 nm which is insufficient
to show connected porosity. Some other methods, for instance, FIB/SEM (Focused Ion
Beam/Scanning Electron Microscopy) and TEM (Transmission Electron Microscopy) are
capable to provide relatively higher resolution images. In [Song et al., 2015], 3D geometry
of the pore network in the mesoscopic clay matrix of COx argillite is studied by FIB/SEM
and TEM imaging and used to to predict fluid permeability at the scale of the clay matrix,
and compare it to macroscopic measurements. Advantages of direct imaging techniques
are remarkable since accurate pore space model is directly obtained from sample. Nonethe-
less, expensive cost and substantial experiment duration need to be taken into account.
Besides, results obtained from imaging techniques may show divergences due to sample
preparation and measuring operations. Up to this point, in the following study, the strat-
egy is to maintain the capacity of imaging techniques in characterization of topological
properties, and meanwhile provide a realistic porous space morphology with which image
analysis could be conducted to predict the fluid migration. In chapter 3, based on exper-
imental data, 3D pore space models are generated using excursion set theory on Random
Fields.

3 Gas production and migration in repository formation

3.1 Gas production in long-term repository

During the process of construction of radioactive waste repository and the following
long-term storage after sealing. Gas phase may probably generate and contact with the
host rock formation, according to various conditions. The main sources of gas involve:

- The corrosion of metallic parts which mainly generates hydrogen; For instance, the
anaerobic corrosion of steel following chemical reaction of: 3Fe + 4Hy0 — FezO4 + 4Ho.

- The degassing process in the clay formation, mainly due to the release of gas dissolved

in the interstitial fluid in response to changes in temperature and pressure. For instance,
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dissolved CO4 or CH4 which is produced by chemical reactions of certain minerals.

- Gas produced by bacterial or microbial activities in favourable conditions such as
sufficient nutrients.

- Gas produced by oxidation reactions of certain minerals (such pyrite).

- Radioactive waste decay.

- Water radiolysis by nuclear radiation.

Among these diverse sources, due to the low fluid conductivity of rock formation,
the corrosion of metallic parts may last a long period of time and induce continuous
production of hydrogen. Therefore, comparing with the limited amount of dissolved gas
into the interstitial fluid, the continuously produced hydrogen will accumulate and a gas
phase will form [Horseman and Volckaert, 1996]. The gradually increasing gas pressure will
consequently induce a movement of the interstitial fluid. If no process ensures a discharge
of the gas from the storage, the value of gas pressure can be very high and then lead
to a fracturing of the formation. Furthermore, due to the chemical nature of hydrogen,
a sudden degassing would be harmful to the environment and would be accompanied
by a leak of radioactive waste. Considering these, it is then imperative to avoid such
harmful consequences. Hence, the investigation of gas transport is of high relevance in the

assessment of repository performance.

3.2 Gas migration in formation

During the long-term repository, following the corrosion of metallic materials, the
production of gas, mostly hydrogen, will continue for a very long period, higher than
100000 years. The gas pressure will increase in the confined space of storage and it could
be very high, which represents a critical pressure for structure. It is necessary to study
the transfer of gas under pressure in pores of the host formation and even in the damaged
area. Generally speaking, Gas transport through low-permeable rock formation is not only
controlled by rock mass properties (intrinsic permeability, porosity, etc.), but also govern
by hydro-mechanical state of the rock (water saturation degree, porewater pressure, stress
state). Based on micro-structural conceptualization of the low-permeable rock mass, 4
modes of gas transport are concluded in [Marschall et al., 2005]. They are:

- Advective and diffusive transport of dissolved gas in porewater.

- Capillary induced two-phase flow.

- Gas flow according to the generation of micro-cracks.

- Gas migration with hydro or gas fracturing.

In [Marschall et al., 2005], the investigated material is Opalinus argillite. The subdivi-
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sion of these basic transport mechanism is illustrated in Figure 2.4 based on phenomeno-

logical considerations. These different transport processes are discussed in the following

sections.

a) Phenomenclogical description
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Figure 2.4: Classification and analysis of gas transport processes in Opalinus Clay: a).
phenomenological description; b). transport mechanisms; c). geomechanical regime; d).

effect of gas transport on the barrier function of the host rock. [Marschall et al., 2005].

3.2.1 Diffusive transport of dissolved gas

When gas phase under complementary pressure is in direct contact with a saturated
porous medium, the transfer of gas into the porous medium can occur following two differ-
ent modes: in dissolved phase in interstitial fluid and in gas phase in pores. Dissolution of
the gas in interstitial fluid is limited by the solubility of gas in fluid. Henry’s law describes
the solubility of gas in porewater and evaluates the maximum amount of gas dissolved
according to the applied gas pressure.

Gas migration in the interstitial fluid is generally governed by two phenomena:

- Advective groundwater flow.

- Diffusion of dissolved gas in porewater.

Advective groundwater flow results from a hydraulic head gradient. It is described by

Darcy’s law. In very low permeability porous media such as argillites, the effect of advec-
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tion is restricted. Thus the gas dissolved in interstitial fluid migrates mainly by molecular
diffusion due to concentration gradients, which is described by Fick’s law. This type of
transport occurs even at low gas pressures according to pressure-dependent dissolution
of gas in porewater. The main parameters affecting the transport behaviour of dissolved
gas are Henry’s coefficient, the diffusion coefficient in water, the tortuosity, the accessible

porosity and the hydraulic conductivity.

3.2.2 Visco-capillary two-phase flow

Assuming that the volume of porous space does not increase proportionally to the
generated flow before the fracture threshold, when the gas migration velocity in rock
formation following the dissolution kinetics is much lower than gas production velocity
following the corrosion of steel, gas pressure increases then leads to the flow of the gas
phase in the pore network, by pushing the interstitial fluid. At the gas-water interface,
the pressure difference is related with the pore size by Young-Laplace’s law. In other
words, this difference controls the stability of gas - water interface and determines the gas
invasion in porous medium. If the pressure difference between the gas and the interstitial
fluid overcomes the capillary pressure, gas will remove the interstitial water in a portion
of the porosity. Since the capillary resistances are relatively high in small pores, gas
preferentially migrates into the larger interconnected pores. Thus the capillary two-phase
flow occurs.

In traditional methods, assuming a uniform distribution of gas flow through the REV
(Representative Elementary Volume), the two-phase flow mechanism can be described by
using Darcy’s law and mass conservation law. Moreover, once the gas invasion begins,
the gas mobility is controlled mostly by the intrinsic permeability of the formation, the
permeability-saturation relationship (relative permeability), and the relationship between
the capillary pressure and the water saturation (suction or water retention curve). The
functional dependency between the pore space saturation and the relative permeability or
the capillary pressure are commonly described with parametric models. For instance, Van
Genuchten-Mualem and Van Genuchten-Burdine (VGM and VGB) model; Brooks-Corey-
Burdine (BCB) model; Brustsaert-Burdine (BRB) model; Gardner-Mualem (GDM) model
[Chen et al., 1999].

3.2.3 Dilatancy-controlled gas flow

Another possible gas migration mechanism is related to the penetration of gas into

the texture and structure of the mineral phases. The corresponding pathway dilation is
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important for argillaceous media with low tensile strength [Horseman et al., 1996]. This
transfer is dependent of the contact forces between the mineral phases. If the long-term
gas pressures with a magnitude greater than the minimum principal stress acting on the
rock mass, the gas pressure locally increases to overcome the contact forces then it dilates
the porosity and gas phase may then penetrate into a local porosity. At the microscopic
scale, this process corresponds to the increase of pore space and the generation of local
micro-cracks. Moreover, in this process, gas migration can be also seen as capillary two-
phase flow. Whereas, transport properties of the solid phase could not be seen as invariant
due to rock deformation. If the gas pressure further decreases, the initially created micro-
porosity shrinks and water may ultimately fill the entire porosity which is associated to the
swelling of clay minerals with micro-cracks. For COx argillite, the micro-crack threshold
is about 9 MPa [Andra, 2005].

3.2.4 Gas transport along macroscopic tensile fractures

If the gas pressure continues increasing, it is possible to exceed the sum of the minimum
principal stress and the macroscopic tensile fracture threshold of material then create
fracture with orientation perpendicular to the minor strain direction. The macroscopic
fracture is initiated quasi-instantaneously. During this gas movement which is related to
mechanical mechanism, two-phase flow is no longer an appropriate mode. Indeed, since
water can not move in front of the gas penetration flow, gas flow in macroscopic fracture
is then defined as a single-phase flow process. For COx argillite, the fracture threshold is
about 12 MPa [Andra, 2005].

4 Gas breakthrough experiments

In [Hildenbrand et al., 2002b], gas breakthrough migration process includes the cre-
ation and propagation of preferential pathways through porous network. Gas entry is
defined as the beginning of gas invasion into the porous material, gas breakthrough is
reached when gas passes from one side to the other of the porous network and mean-
while a continuous flow forms. Experimentally, the essential idea of gas breakthrough
experiment is to accurately detect gas presence on the downstream side of a sample under
hydrostatic stress with similar in-situ values.

Considering this, several experimental hypothesis are proposed and applied. For mea-
surement approach of the breakthrough pressure, it is common to use the step-by-step

approach which is conducted by stepwise pressure increase by gas (non-wetting phase) at
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inlet [Ibrahim et al., 1970][Ito et al., 2011]. For instance, in [Duveau et al., 2011], the basic
idea is to impose a slowly increasing gas pressure on the upstream side of sample until
measuring gas leakage on the downstream side. At the outset, two porous, stainless steel
disks are placed on each side the sample in a triaxial cell, see Figure 2.5, for the purpose of
fluid injection and leakage and meanwhile avoid argillite leakage through the fluid pipes.
Afterwards, sample will be subjected to a confining pressure with similar value with in-
situ levels. Following this, water injection is performed to obtain a fully saturated porous
space. This state is achieved when water permeability values fall below (10719 to 102!
m?). This saturation process lasts for several weeks. After these preparing work, increas-
ing argon gas pressure at very low rate is applied on the upstream side until the gas leakage
at the downstream side. Moreover, the measuring of gas presence at the downstream side
is conducted with a pressure transducer and a argon gas detector. It should be noted
that, for this experiment, it exists two shortcomings: 1, as soon as gas pressure is applied
on the sample upstream side, fluid pressure increases systematically on the downstream
side, whatever the upstream gas pressure value (as low as 0.2 MPa). This is probably
due to water drainage process with applied gas on the upstream side. Thus, the gas entry
pressure is not available to be detected in this test; 2, this method of gas detection does
not ensure the mechanism of gas breakthrough process, whether by diffusion of dissolved
gas or by capillary two-phase flow. Results show that gas breakthrough pressure ranges
between 1.26 MPa and 3 MPa, depending on the sample considered and on its height. It
should be noted that micro cracks generated during the sample preparation process may
reduce the estimated values. The influence of confining pressure is not evident. Moreover,
in that work, a clear influence from bedding plane has been observed. Gas breakthrough

pressure along the bedding planes is much lower than perpendicular to it.

Another interesting breakthrough experiment is performed in [Hildenbrand et al.,
2002b][Hildenbrand et al., 2002a][Hildenbrand et al., 2004] with a different protocol. In
these works, the initial preparing work is the same. Sample is firstly subjected to constant
single-phase flow to ensure the complete water-saturation of the conducting pore system.
Since the traditional idea of continuously increasing the gas pressure until breakthrough
occurred would have resulted in prohibitively long durations of experiments. Moreover, a
high increasing rate of pressure may easily leads to overestimation of breakthrough pres-
sure. Considering this, the new idea is to impose instantaneously a high gas-pressure
which exceeds the expected gas breakthrough pressure at the upstream side thus the high
pressure gradient leads to a quick gas invasion process. The measured gas flux is related

to the pressure changes in both upstream side and downstream side and the corresponding
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Figure 2.5: Gas breakthrough experiment with increasing upstream gas pressure [Duveau
et al., 2011].

gas phase permeability. The two experimental modes (a). constant pressure at the up-
stream side and (b). fixed upstream gas volume are illustrated in Figure 2.6. For these two
modes, gas breakthrough occurs and lasts for several days after the start of experiment.
Downstream pressure increases after a certain lag time and approaches the upstream pres-
sure. Ultimately, a constant residual pressure difference may be reached and gas flow
stops. More importantly, after that the effective gas permeability increases and reaches
its maximum value, drainage stops and the pressure difference decreases thus leads to an
imbibition process. Gas conducting flow pathways would be progressively reduced until
that the effective permeability drops to zero. The constant residual pressure difference
at the last stage is called as the minimum capillary displacement pressure and used to
describe the gas breakthrough characteristic and estimate the capillary sealing efficiency.
Results show that the minimum capillary displacement pressure ranges between 0.06 to

6.7 MPa for the considered materials (Tertiary mudstone and Boom clay).

Comparing with the easily overestimated gas breakthrough pressure from drainage
process, the experimentally measured residual pressure difference may be lower than the
true value if re-imbibition is impeded. A detailed explication of issue is made in chapter 5.
Some experiments for COx argillite are conducted by different partners of Andra [Andra,
2009a]. Principal results show a gas entry pressure less than 3 MPa without massive gas

invasion using a drainage pathway scheme when a gas breakthrough pressure in a range
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Figure 2.6: Two experimental modes used in [Hildenbrand et al., 2002b][Hildenbrand
et al., 2002a][Hildenbrand et al., 2004], (A), constant pressure at upstream side; (B), fixed

upstream gas volume.

of 4 MPa to 5 MPa was determined using an imbibition scheme.

Furthermore, in [Gallé, 2000], a model for gas migration at the Fo-Ca clay/metal
overpack interface, which predicts an order of magnitude similar to gas breakthrough
pressure. In [Davy et al., 2009], the experimental investigation of gas migration properties
takes place in a mock-up which consists a bentonite plug inside an argillite host rock
sample. The principal process consists (1), placement of an unsaturated bentonite plug
inside an argillite sample (see Figure 2.7), (2), swelling of bentonite through water flow,
(3), application gas pressure. For a fully water-saturated bentonite of initial 1.6 g.cm™3
dry density, the expected swelling pressure is 7 MPa. When such bentonite is subjected
to 5 MPa interstitial water pressure, which corresponds in-situ value of 500 m depth,
gas migration is expected at a pressure slightly above 12 MPa [Horseman et al., 1999].
After sufficient swelling, bentonite-argillite mock-ups have an average water permeability
of 2.1072! m?, on the order of that of bulk argillite. Hence, after sufficient swelling,
bentonite provides a highly impermeable seal, equivalent to that of the argillite host rock.
The critical pressure corresponds that a sudden bubble gas release is observed through

an outlet transparent tube. Gas flow is already detectable below this pressure [Pusch
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and Forsberg, 1983]. Results show that the critical pressure for bentonite-argillite mock-
ups ranges between 3.4 MPa - 5.3 MPa thus enhances the idea that gas breakthrough
is possible in mudrocks at gas pressures much lower than confining pressure or fracture
threshold.

(@) (b)

24mm height

Figure 2.7: Photograph of (a): a pre-compacted bentonite plug; (b): an argillite tube
after coring and top and bottom surface grinding [Davy et al., 2009].

5 Conclusions

In the context of radioactive waste storage in deep geological formation, the repository
system consists of the waste packages, engineered barriers and the geological barriers. The
geological barrier ensures the long-term performance and security. In France, following
the studies of ANDRA, the Callovo-Oxfordian argillite layer with relatively homogeneous
quality, high compactness and low permeability is chosen as a privileged candidate material
for host rock.

Interconnected pores are presented in porous medium which would contribute to fluid
permeability. Due to the nanometric magnitude of pore size, the investigation of porous
space characteristics in argillite is relatively difficult. Some indirect methods such as
mercury injection, water adsorption and desorption, nuclear magnetic resonance show
same value ranges of pore size distribution in 1 nm - 500 nm and similar evolutions.

Due to the corrosion of metallic parts in the structure, the gas production will last for a
very long period. Apart from a small proportion of gas which will dissolve in the interstitial
fluid according to Henry’s law and diffuse in saturated porous space following Fick’s law,
the generated gas will accumulate thus lead to a continuous increase in its pressure. When

the gas pressure is sufficient to overcome the capillary resistance, gas phase can penetrate
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into the porous medium by moving the interstitial water. Gas migration is also possible
by coupling with the mechanical behaviour such as pathway dilation with gas pressure
larger than the contact forces between the mineral phases. This process corresponds
to the generation of micro-cracks. Ultimately, if gas pressure excesses the macroscopic
fracture threshold, fracture then appears with orientation perpendicular to the minor
strain direction. Consequently, the investigation of gas transport is of high relevance in
the assessment of repository performance.

Gas breakthrough pressure is defined as the least applied gas pressure with which gas
phase passes from one side to the other of the porous network and meanwhile a continuous
flow forms. Some existing gas breakthrough experiments investigate the gas breakthrough
pressure principally following two scenarios: during the drainage process or during the
imbibition process. Results show that gas breakthrough is possible in argillite at gas
pressures much lower than confining pressure or fracture threshold.

In the following chapter, focus will be drawn to the creation of a realistic pore space

morphological model using excursion set theory.
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1 Introduction

In this chapter, focus is made on the generation of realistic morphological models of
porous network for the following prediction of gas migration properties. The method based
on the excursion set of Gaussian Random Field that provides complex randomly shaped
morphologies will be presented. Some common numerical approaches for the representa-
tion of heterogeneity are based on simple objects with defined geometrical shapes. For
instance, in [Bezrukov et al., 2002], random packings of spheres with arbitrary diameter
distribution are generated from different algorithms which determine the isotropic pack-
ings density. In the study of [Bezrukov and Stoyan, 2006], random packings of ellipsoids
of revolution are generated. In regards with the simulation of two phases (pores and ma-
trix) in porous medium, porous space is usually considered to be composed of particularly
shaped pores such as cylinders with calibration parameters in [Ranaivomanana et al., 2011]
or spherical elements connected by cylindrical channels in [Varloteaux et al., 2013] for the
simulation of cement-based materials. These methodologies, due to the use of simple and
assumed geometrical definitions, provide non-realistic morphology of the medium and may
influence the accuracy of gas movement description.

Moreover, some direct imaging techniques such as X-Ray micro-tomography, FIB/SEM
and TEM provide 3D geometrical information about the pore network. In [Robinet, 2008|
and [Robinet et al., 2012b], based on X-Ray micro-tomography experiment data, pore
space is reproduced with voxel size about 700 nm. However, for clay rocks such as COx
argillite, the resolution level is insufficient to comprise the majority of pores between 3 nm
- 700 nm thus no connected porosity is detected and gas migration prediction is infeasible
in this case, see Figure 3.1. Higher resolution images could be obtained with FIB/SEM
methods which are down to 10 - 20 nm voxel size or with TEM/STEM techniques which
are down to 1 nm pixel size. In [Song et al., 2015], 3D geometry of the pore network in
the mesoscopic clay matrix of COx claystone is obtained by FIB/SEM and TEM imaging.
An example is illustrated in Figure 3.2. Advantages of direct imaging techniques are
remarkable since realistic porous space models are directly obtained from real samples.
However, some shortcomings such as expensive cost and substantial experiment duration
need be taken into account. Furthermore, some divergences may exist in results due to
sample preparation and measuring operations.

As introduced in the first place, excursion set can construct randomly shaped porous
space. Simply speaking, it depends on a thresholding process and Random Field ba-
sic characteristics (mean, variance, correlation length), transforms a continuous Random

Field to a multiphasic model with stochastic spatial space. Since the geometrical and the
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Figure 3.1: 3D pore space model of a sample of COx claystone obtained by micro-CT,
from [Robinet, 2008] and [Robinet et al., 2012b].

Figure 3.2: 3D pore space model of a sample of COx claystone obtained by FIB/SEM,
from [Song et al., 2015].

topological properties are under statistical control, the generated morphological model
can not only represent the heterogeneity, but also respect the experimental pore volume
increments. Over the few past years, the excursion set theory of Random Fields has been
widely applied to precisely describe the geometric information and the topological char-
acteristics about the spatial structure of sample, such as concrete in [Roubin et al., 2015]
and cement paste in [Hosseini, 2015]. In this chapter, numerical realizations of porous

network in COx argillites are obtained through this method.
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Subsequently, the analysis of topological and geometrical properties of the generated
model is performed by using morpho-mathematical operations such as morphological open-
ing and geodesic reconstruction. Mathematical morphology was from the collaborative
work of Georges Matheron and Jean Serra [Matheron, 1975][Serra, 1982][Serra, 1988]. It
is a theory and technique for the analysis and processing of geometrical structures, based
on set theory, lattice theory, topology, and random functions. It is most commonly ap-
plied to digital images, but it can be employed as well on graphs, surface meshes, solids,
and many other spatial structures. Some topological and geometrical characteristics such
as size, shape, convexity, connectivity, and geodesic distance are capable to be measured
using mathematical morphology. It is also the foundation of morphological image pro-
cessing, which consists of a set of operators that transform images according to the above
characterizations. The basic morphological operators are erosion, dilation, opening and
closing. In this chapter, numerical implementation of these basic operations is applied to
calculate open porosity and pore size distribution in the generated model for the purpose

of model verification and further application in the gas migration prediction.

2 (Generation of morphological model

2.1 Random Field and Gaussian distribution

Simply speaking, a Random Field is defined as a stochastic process which takes values
in a Euclidean space, and defined over a parameter space of dimensionality at least one.
For a two-dimensional domain K C R? a Random Field {RF(z) : x € K} is a set of
real-valued random variables on a probability space (2, F,P). For each x € K, RF(x) :
) — R is a random variable. The covariance function is defined by using mean function
wu(x) = E[RF(x)], for z,y € K:

C(w,y) = Cov(RF(2), RF(y)) = E|(RF(x) - p(x)) (RF(y) - u(v)) | (3.1)

For stationary random fields, u(x) is a constant and the covariance depends on x — y.
For the purpose of simplification, only strictly stationary Random Fields are considered.
Moreover, C(z,y) can be expressed in terms of a single variable h =[x —y ||.

The statistical distribution of a Random Field follows its density probability function.
Among the various types of distribution, the Gaussian, due to its smooth properties, is
the most widely used type. The bell shaped density function of Gaussian distribution is

given as:

@) = — el (3:2)
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A Gaussian Random Field is a second-order field with the vector of random variables
follows the multivariate Gaussian distribution for any z1,..., zxy € K. Since multivariate
Gaussian distributions are determined by means and covariances, Gaussian random fields
could be directly defined by their mean and covariance functions. Especially, for a zero

mean Gaussian field, the covariance function can be easily defined by two parameters as:

C(h) = o?exp (—ﬁ) (3.3)

in which o2 stands for the variance and L. represents the correlation length. More im-
portantly, correlation length possesses the major influence to the resulting morphology
since it determines the length scale. With L. — 0, then C(h) — 0 leads to decorrelated
Random Fields. In contrast, with L. — oo, then C(h) — o2 provides constant Random
Fields with variance o2. An illustration of influence of correlation length is shown in Fig-
ure 3.3. Considering the application for morphological representation of porous network,
after the excursion of a Gaussian Random Field of single correlation length, pore sizes
would distribute in a limit range with average value of the defined correlation length. A

detailed introduction of this issue is made in the following sections.

(a) Large correlation length (the domain (b) Small correlation length (one-tenth of
size). the domain size).

Figure 3.3: Illustration of the influence of correlation length in Gaussian Random Field

[Roubin, 2013]|[Roubin et al., 2015].

2.2 Excursion set theory

According to [Adler, 2008], for a random function f(z) of Random Field defined over

a parameter space K which is a bounded region of N-dimensional Euclidean space R,
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" e e s .
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Figure 3.4: Excursion set theory in one-dimensional case, D = [t, co| stands for the
hitting set [Roubin, 2013][Roubin et al., 2015].

—

(a) Example of Gaussian Random Field. (b) Transformation to binary field.

Figure 3.5: Illustration of excursion set on a Gaussian Random Field.

thus K € RN. If D is a subset of R, then the excursion set Es of f(x) in D and over K
is defined by:

E,2{zc K| f(z) € D} (3.4)

In general, the subset D is called as the hitting set and can be defined by a threshold ¢
as [t,00[. Then the excursion set represents those points in parameter space K at which

f(z) takes value above t and is written as:
Es2{z e K| f(x) >t} (3.5)

An example of excursion set theory applied for one-dimensional case is shown in Figure 3.4.
The application of excursion set for a Gaussian Random Field is shown in Figure 3.5, after

the thresholding process, a continuous field is transformed to a discretized binary field.
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Decreasing Lc

Decreasing u

Figure 3.6: Various sorts of morphology through the variation of threshold and correla-
tion length (u stands for the threshold) [Hosseini, 2015].

The chosen threshold ¢ plays a key role in the resulting morphological aspects since it
governs the volume fraction. Assuming that the Fs stands for the pore phase in porous
medium and other parts represent the matrix. For low ¢, the corresponding E takes over
the major region of space thus leads to high porosity morphology. This type of excursion
corresponds to meat-ball like topology and can be used to represent disconnected media
such as aggregates within a matrix [Roubin et al., 2015]. In contrast, high ¢ leads to
relatively lower porosity. The excursion is made of cavities and handlers thus is suitable

for the representation of porous medium such as argillite. As mentioned before, a zero
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mean Gaussian Random Field can be defined by the variance and the correlation length.
For the case of 02 = 1, correlation length can totally govern the probabilistic properties of
Random Field, thus shows significant impact to the resulting excursion. Regarding the rep-
resentation of porous space, correlation length assigns a certain characteristic length-scale
and represents the average pore size in porous model. Hence, as illustrated in Figure 3.6,

different kinds of morphology could be generated via the variation of these two parameters.

2.3 Geometrical and topological properties of morphology

In order to better understand the morphological model and accurately represent porous
medium, the geometrical and topological properties have to be considered. According to
the work of Adler[Adler, 2008], there exist various ways to quantify these properties, for
instance, Quermassintegrals, Minkowski or Steiner functions, integral curvatures, intrinsic
volumes and Lipschitz-Killing curvatures (LKC) [Federer, 1959]. Moreover, for N dimen-
sional space, N 41 descriptors are supposed to be enough. Hence, in the three-dimensional
Euclidean space, an excursion is fully characterized by a set of four descriptors: three ge-
ometrical and one topological. A specification of these descriptors could be made through
the LKCs, denoted by L;, j = 0,...,3, where Ly represents the Euler characteristic, £1
is the mean diameter, Lo stands for the surface area and L3 the volume. In algebraic
topology and polyhedral combinatorics, the Euler characteristic is a topological invariant
which describes a topological space’s shape or structure regardless of the way it is bent,
commonly denoted by x. The Euler characteristic is classically defined with polyhedron
formula. For a convex polyhedron, Euler characteristic is the sum of the number of ver-
tices (V'), edges (E) and faces (F). Considering a solid which consists of P polyhedron

glued together, the Euler characteristic is defined as:
x=V-FE+F-P (3.6)

It can be seen as a counter of dimensional objects and only determined by topological
aspects. For three-dimensional excursions, the Euler characteristic can be linked with

polyhedron formula and be given as:
X(Es) = #{connectedcomponent} — #{handles} + #{holes} (3.7)

Considering that different types of media possess different topological features, the Euler
characteristic is an useful property since it is directly related to the description of a material
morphology. The investigation of geometrical properties is made by the other three LKCs.

For a Gaussian RF with zero mean, variance o2 and correlation length L. defined in a

cubic domain of size d, in order to link the probabilistic properties of Random Field and
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the threshold value ¢ with the excursion properties, the expected fours LKCs of excursion

with threshold ¢ are computed as:

1 a3 3 d*t 3 d
E{ﬁo(Es)}z[mL—g(g—l)erL—g;JrEL—c

V2 &3t 3 d?

e /2" Lw(t/o)  (3.8a)

E{Li(B)} =553, T WL_c]e_t2/202 +3dW(t/o) (3.8b)
E{Ly(E,)} = \/75%3€_t2/202 + 3d%0(t/o) (3.8¢)
E{L3(B;)} = d°¥(t/0) (3.8d)

2.4 Union theory

(a) Excursion 1 with large L. (b) Excursion 2 with small L..

(c) Union of Excursion 1 and 2.
Figure 3.7: Illustration of union of two excursions with different L.
As introduced before, pore space geometry in COx argillite is anisotropic with char-
acteristic sizes ranging between 1 - 500 nm. In order to generated an accurate model, the
numerical pore size must distribute in a large interval and necessarily approaches to the

experimental evolution. However, a single L. morphological model shows a limited pore

size distribution around L. and an independent pore volume fraction determined by the
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()

Figure 3.8: Illustration of union of five excursions with different correlation lengths; (a)
to (e) are single excursions with decreasing correlation lengths and (f) is the resulting

union.

chosen threshold ¢. Attention is now drawn to the feasibility of a single excursion with
different correlation lengths and a good control of topological and geometrical properties.
In [Roubin et al., 2015], this issue is treated by a new excursion defined through the union
of several independent excursions which possesses multiple characteristic lengths and is

given as:

K
B =|J Ef (3.9)
k=1

Figure 3.7 is an example for the two-dimensional case which illustrates the union Fig-

ure 3.7(c) of two single excursions (Figure 3.7(a) and Figure 3.7(b), L¢1 > Lo) defined in
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a same domain. The estimation of LKCs of the new excursion can be yield by:
»Cn(E;J) = ﬁn(E; U E?) = ﬁn(E;) + 'Cn(ESQ) - ‘Cn(E; N ESQ) (310)

Following this, a predictable approximation using the specific value which is referred as
the specific surface area in two dimensions or the fraction volume in three dimensions is

computed as:
LalEY) = Lo(EL U E2) ~ La(EY) + La(E2) (1 - 0x(EY)) (3.11)

Assuming that L.y > ... > Lg > ... > L., the LKCs of the union are determined by the

LKCs of each single excursion and are defined by:

K k—1

Lo(EY) ~ La(E)) + > La(EF) <1 - U @N(E;”)> (3.12)
k=2 m=1

&N can be expressed by Poincaré formula [Taylor et al., 2009]:

K

K
UenE) =Y | D1 >0 on(ED).on(E) (3.13)
k=1

k=1 1<i <. <ip <K
In Figure 3.8, union operation is illustrated for 3D case. Five single excursions with
different correlation lengths are ultimately combined in a same field thus enlarge the pore
size range.

It is important to note that since the sizes of generated particles in a single excursion
are spread around the correlation length, each excursions of the union represents a single
class and its volume fraction is determined by the experimental pore size distribution.
Following this, attention is now drawn to the overlap between two excursions since it
leads to inaccurate estimation of pore volume fraction in the resulting union [Hosseini,
2015][Roubin et al., 2015]. In order to resolve this issue, the chosen threshold k of each
excursion needs be target to get higher volume fraction than the wanted value to eliminate
the overlap effect. For instance, considering a porous space with total porosity ¢; and with
pore size principally located in three classes. Their volume fractions are assumed as 20%¢,
30%¢; and 50%¢; respectively. After the generation of three Random Fields with each L.
equals to the average pore size of each class, the thresholding process should be performed

with relatively lower t to increase the pore volume fractions. The input values are defined

as:
17 = ¢1 = 20%¢; (3.14a)
new __ $2 _ 3O%¢t
2 T4 1-20%d (3.14b)
new __ ¢3 . 5O%¢t

5 T 1—¢1—dy  1—50%¢, (8.14c)
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In order to make sure that the generated porous space precisely fit the experimental data,

the numerical assessment based on morpho-mathematical operations is presented below.

3 Verification of model

3.1 Morphological operations

The mathematical morphology provides a set of processing methods related to Minkowski
addition for the analysis of geometrical structure, originally applied for binary image. A de-
tailed presentation and application of this theory is in [Matheron, 1975][Serra, 1982][Serra,
1988][Dougherty, 1992][Soille, 2013][Glasbey and Horgan, 1995]. Generally speaking, the
morphological operations transform the initial image into a new one through the inter-
action with the other image of certain shape and size, which is known as the structure
element. The shape of the structuring element has very significant influence on the result
of any morphological operation, and therefore, the choice of the shape and size is often
made according to some prior knowledge of the image geometry. In general, the shape
of structuring element ranges from fully arbitrary to classes with limited shape, resulting
in a reduced complexity such as lines, circles, diamonds, and rectangles. There are no
theoretical bounds or limitations on the choice of structuring element shape. However, for
a better comparison result, it is suggested to use a shape that resembles the shape that is
searched for or that is to be distinguished. In this study, the investigation of porous space

is performed using octahedron as the form of structuring element.

Morphological operations can extract the image information, detect their shape char-
acteristics and eliminate irrelevancies. The theoretical foundation of binary mathematical
morphology is set theory. In binary images, those points in the set are called the fore-
ground and those in the complement set are called the background. The two fundamental
morphological operations are erosion and dilation. The erosion operation uniformly re-
duces the size of objects in relation to their background. The dilation operation is the

inverse of the erosion operation, can uniformly expands the size of the objects.

In regards with the spatial structure of two phases: matrix and pores in the generated
model, focus is then driven to the numerical implementation of two operations: morpho-
logical opening for the assessment of pore size distribution and geodesic reconstruction for

the extraction of boundary-connected pores.
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3.1.1 Erosion and dilation

Erosion is the process of eliminating all the boundary points from an object, leaving
the object smaller in area by half width of the structuring element all around its boundary.
Narrow parts which are less than structuring element would be removed, thus the initial
object will be divided into several small parts. Through variation of the size of structuring
element, erosion can progressively remove segmented image objects that are too small to
be of interest. This process is illustrated in Figure 3.9, Figure 3.9(b) and Figure 3.9(c) are
the resulting eroded image considering different sizes of structuring element. Let M be an
initial image, F a structuring element and z coordinate of pixels in transformed image,

erosion can be computed as:
Erosion: M6 E={z | E; C M} (3.15)

The origin of E is placed at z and is completely contained within M. The structuring
element £ may be regarded as a probe which slides across the image M, testing the spatial

nature of M at each pixel.

(a)

(b)

@:

Y

Figure 3.9: Illustration erosion with different structuring elements, (a), initial image,
(b), erosion with small structuring element, (c), erosion with large structuring element

(adapted from [Hosseini, 2015], Morpho-mathematical operations).

In contrast, dilation is the process of gradually enlarging the boundaries of regions
of foreground pixels. If the object is circular, its diameter increases by half width of
the structuring element with each dilation. Two separated objects may be connected

through the dilation process. Through variation of the size of structuring element, dilation
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can progressively incorporate background pixels into it then provides larger object. This
process is illustrated in Figure 3.10, Figure 3.10(b) and Figure 3.10(c) are the resulting

dilated image considering different sizes of structuring element. Dilation can be given as:
Dilation: M @ E = {z | BN M # @&} (3.16)

E? is equal to the geometric reflection of £ around the origin. Dilation of M by FE is a set
that contains elements z such that the intersection between the M and E when translated

by z is not an empty set.

(a)

_—

o

Figure 3.10: Illustration dilation with different structuring elements, (a), initial image,
(b), dilation with small structuring element, (c), dilation with large structuring element

(adapted from [Hosseini, 2015], Morpho-mathematical operations).

3.1.2 Morphological opening

When combining erosion and dilation, one followed by the other using the same struc-
turing element, it is possible to form other important morphological operations such as
opening and closing. Opening is an erosion followed by a dilation and closing is a dilation

followed by an erosion. An opening of M by E is defined as:
Morphologicalopening : M o E = (M & E)® E (3.17)

The opening operation is applied to search specific shapes and eliminate small and thin
objects (smaller than structuring element), break objects at thin parts, and generally

smooth the boundaries of larger objects without significantly changing their area. The
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(b) (©

@,

Figure 3.11: Illustration morphological opening with different structuring elements, (a),
initial image, (b), opening with small structuring element, (c), opening with large struc-

turing element (adapted from [Hosseini, 2015], Morpho-mathematical operations).

) Initial image. ) Erosion on initial image.

(c) Dilation on eroded image.

Figure 3.12: Illustration of the process of morphological opening.
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essential idea for this operation is that erosion removes small features in the initial image
that can not be recovered by the following dilation. At the mean time, big objects shrunk
by the erosion are dilated back after the dilation process without changing their area. The
effect is the elimination of small features and the conservation of the interested objects.

This operation is shown in Figure 3.11 considering different structuring element sizes.

Thanks to this principle, a defined size of structuring element can be associated with
pore size and then morphological opening can gradually remove small pores from the
porous space. A 2D example of porous medium is illustrated in Figure 3.12, the initial pore
space Figure 3.12(a) is firstly transformed by erosion (see Figure 3.12(b)) which shrinks
the foreground pixel area, and then the dilation (see Figure 3.12(c)) will reconstruct the
conserved parts. Just as the sieving process of granulometry performs through a series of
sieves for a set of particles. Each sieve possesses a characteristic hole size which plays the
same role as structuring element in morphological opening. Hence, measures of cumulative
porosity are predictable and a more qualitative analysis of pore volume increments is then

feasible.

3.1.3 Geodesic reconstruction

Another extremely useful image analysis operation called geodesic reconstruction is
implemented here. Geodesic reconstruction is a morphological transformation involving
two images and a structuring element. One image, the marker, is the starting part for the
operation. The other image, the mask, constrains the transformation. The structuring
element used defines connectivity. In the binary case, reconstruction simply extracts the
connected components of the mask which are marked by a marker contained in the mask
[Vincent, 1993][Ronse, 2008]. This process is illustrated in Figure 3.13.

The process of geodesic reconstruction consists iterations of geodesic dilation on marker
in mask and then extracts the connected components in mask from marker. It is computed

as:

Rx()= |J X=oP ) (3.18)
YNX;#£0 n>1

where Rx (Y') represents the resulting geodesic reconstruction which consists of connected
components (X7, Xs...Xj) of mask X that contains at least a pixel of marker Y and ob-
tained by the geodesic dilation 5§?)(Y) of a given size n. The elementary geodesic dilation

can be defined as a dilation of marker with a given size (half width of the structuring
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mask

A1 L

V7

marker

Figure 3.13: Binary reconstruction from markers.

(a) Initial image. (b) Geodesic reconstruction from

edges.
Figure 3.14: Illustration of the application of geodesic reconstruction to find open poros-
ity.
element) then followed by a boolean intersection with mask. It can be computed as:
Sy =y eE)NnX (3.19)

Another important notion called geodesic distance is explained as: giving a set as the mask,
the geodesic distance between two pixels A and B is the length of the shortest paths joining
A and B which are included in mask. More importantly, the geodesic distance between
two pixels within a mask is highly dependent on the type of connectivity between them.
This notion will be repeated in the following chapter and applied for the characterization

of gas migration pathways. In regards with the porous structure, the application is to
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consider the boundary-touched pores (open porosity) as the marker and the entire pore
network as the mask, then the opening porosity will be finally conserved after geodesic

reconstruction. This principle is depicted in Figure 3.14.

3.2 Construction of 3D model

Figure 3.15: Realization of porous space using data from WA method (union of 10

independent excursions).

As explicated for Figure 2.3, since pore space characteristics are the key parameters for
fluid movement, several COx argillite models are generated based on a same total porosity
and pore volume evolutions from Figure 2.3 (Model 1 from WA, Model 2 from NMR,
Model 3 from MIP) in order to investigate the possible divergences in the simulated gas
migration properties. Excursions with same mesh of 800x800x800 points are computed
in a cubic domain of 5 wm thus capable of involving the major proportion of pores (6.25
nm - 1 pm). It is plausible that pores larger than 1 um and smaller than 6.25 nm are not
taken into account since the former show a relatively low percentage and the latter hardly
play roles in breakthrough process due to their high capillary resistances. Along this line
of thought, the defined voxel size is sufficient for the following prediction of gas transport
and meanwhile possesses relatively shorter calculation time and lower data storage. As
mentioned before, the correlation length of excursion is taken to be the average diameter
of pores distributed in a limited size range. The COx argillite model is generated through
an union of 10 excursions with correlation lengths of: 0.9 um, 0.7 pm, 0.5 pm, 0.3 pwm,

0.1 pm, 0.08 pm, 0.05 pm, 0.03 wm, 0.015 pm and 0.008 wm. The volume fraction of each
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Figure 3.16: Numerical and experimental pore distribution in three generated argillite

models.
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excursion has been modified several times to show better accordance with the experimental
trends. A realization from WA data is presented in Figure 3.15 with pores in blue and
matrix in grey.

For a more qualitative analysis, geodesic reconstruction is firstly implemented for the
purpose of 1. Verification of open porosity through comparison with the experimental
value, 2. Extraction of open pores as initial image for later morphological opening analysis.
The input total porosity for simulation is defined as 25%. The resulting morphologies show
that the output porosities for these three models are 25.62%, 25.53%, 26.18%, respectively.
The investigation of geodesic reconstruction provide open porosities as 21.21%, 20.84%,
20.53%, respectively. Values are located in the acceptable range of 14 - 22%. Following
this, a sequence of morphological opening is realized with increasing size of the structuring
element. It should be noted that the diameter of the smallest structuring element of
octahedron is necessarily composed of three pixels. In other words, pores smaller than
18.75 nm could not be filtered and neither be represented on pore size distribution curve.
Moreover, pore volume increment depends on the chosen diameter range. In order to
perform an accurate and easy comparison with the same calibration, sizes of the using
structuring element are set as closed as possible to the characteristic diameters presented
in experimental curves. As shown in Figure 3.16(a)(c), pore size distributions in Model 1
and Model 3 span from 18.75 nm to 1 wm with similar increments to experimental curves
and peak sizes at 18.75 nm. In Model 2 (Figure 3.16(b)), besides the terminal peak size,
the bell-shaped evolution between 100 nm - 1 um and another peak size centred around
500 nm are clearly produced. Even though union of excursions provides a pore space
model well-fitted with the experimental pore size distribution, the lack of capacity for the
representation of natural rock properties such as the bedding plane, may influence the
accuracy of simulation results. Hence, a real model of sample comprising the major pore

size range and derived from direct imaging techniques is always a privileged choice.

4 Conclusions

In this chapter, the generation of porous space morphology is performed through the
excursion set of correlated Gaussian Random Field. This thresholding process transforms
a continuous field to a binary one, thus is suitable to represent pores and matrix in a
porous medium. Since the morphological aspects are totally determined by the thresh-
old t and correlation length L., playing with all these parameters gives a wild range of

morphologies. The geometrical and topological properties of excursion such as volume,
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surface, Euler characteristic are under statistical control and directly linked with the prob-
abilistic properties and the threshold ¢. Considering the application of excursion set for the
reconstruction of an accurate morphological model with numerical pore size distributions
fit the experimental values, union theory is then implemented to yield a single excursion
with several correlation lengths.

The investigation and verification of generated model is conducted by morpho-mathematical
operations. Among them, morphological opening can gradually remove small objects
(smaller than structuring element) from the initial image thus is applied to filter the
porous space. Another method called geodesic reconstruction, is performed through an
iteration of “geodesic dilation + intersection” and is to conserve connected components
from marker in mask. This idea is implemented for the extraction of open porosity which
plays the key role in fluid migrations.

Ultimately, thanks to these basic methods, argillite models are constructed with con-
sideration of three experimental pore size distributions. Due to sample preparations and
measuring techniques, differences among these distribution are supposed to be reasonable.
Subsequently, the three models are produced by comparing the pore size distribution and
open porosity.

In the next chapter, these morphological models would be used for the prediction of

gas migration properties.
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1 Introduction

Gas migration through low-permeable rock formation principally follow four mecha-
nisms, concluded in [Marschall et al., 2005]. The first one is the advective and diffusive
transport of dissolved gas in porewater. This transport mode starts from the application of
gas pressure but the efficiency is restricted by the low hydraulic conductivity of the studied
rock and by the low dissolution and diffusion efficiencies. The second transport mechanism
is the two-phase flow which corresponds to porewater displacement under gas pressure and
capillary force. Afterwards, if gas pressure exceeds the minor principal stress acting on
the rock mass, additional pathways would develop across the porous medium then leads to
micro-fractures. Finally, if the fracture threshold is exceeded, macro-fracture will initiate
and gas phase will present in it. Additionally, a re-imbibition process after breakthrough
which is due to reduction of gas pressure is also very interesting to be considered. In this
part, focus is principally drawn to the capillary two-phase flow mechanism.

The capillary sealing efficiency is described as the capacity for the non-wetting phase
(gas phase) invasion and the corresponding wetting phase (water phase) displacement in
an initially completely saturated porous medium. In particular, several characteristic gas
pressures have been observed and denoted during different experimental procedures. In
[Thomas et al., 1968], a threshold pressure is defined which is referred as the applied gas
pressure required to overcome capillary resistance to initial gas penetration and to the
development of interconnected gas pathways that would allow outward gas flow. Porous
space in natural materials is extremely complex with randomly shaped and positioned
pores. In general, non-wetting phase invasion is supposed to firstly happen in large pores
with small capillary resistances, then successively take place in small pores with increas-
ing gas pressure. Threshold pressure has been defined following two assumptions. The
first definition is associated with the earliest penetration of gas phase into the largest
pores near the surface of the porous medium. In this case, threshold pressure is equal
to the capillary pressure at a fully water saturated state. The second one corresponds to
the formation of a continuous flow path across the pore network. In other words, water
saturation is lower than 1.0 and can be called as the critical gas saturation. The rela-
tive permeability to the gas phase begins to rise from its zero value. The two definitions
and their relationships between capillary pressure and relative permeability is illustrated
in Figure 4.1. In [Schowalter, 1979], the minimum applied gas injection pressure which
is related to the formation of a connected hydrocarbon filament through the largest in-
terconnected water-saturated pore throats of the rock is defined as the displacement or

breakthrough pressure. In [Pusch et al., 1985], the hypothesis of the critical pressure
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Figure 4.1: Definitions of threshold pressure and relationships with capillary pressure

and relative permeability, from [Thomas et al., 1968].

concept is proposed by measuring the gas flow as a function of the applied, successively
increased gas pressure. During the gas pressure increasing and maintaining cycle, critical
pressures are manifested by a suddenly appearing gas bubble release through the outlet
tubing. In [Gallé and Tanai, 1998] and [Gallé, 2000], two kinds of threshold pressures are
reported during laboratory experiments, the first called “pore entry pressure” is defined
over which a significant gas flow is measured at the downstream side of sample, the second
which leads to sharply increasing gas flow rate is called “breakthrough pressure”. The
second is normally higher than the first. For fully saturated samples, these two thresh-

olds are very close. In [Horseman et al., 1999], breakthrough pressure is defined as the
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excess pressure at which leakage happens by a sudden gas outflow at the downstream side.
In [Hildenbrand et al., 2002b]|[Hildenbrand et al., 2002a|[Hildenbrand et al., 2004], gas
breakthrough experiment is not following common protocol by stepwise pressure increase
by gas, but by applying directly a high gas pressure gradient (higher than the expected
breakthrough pressure). After the breakthrough and the water re-imbibition processes, a
complete pressure equilibration between the two chambers is not reached, but a residual
pressure difference persists which is a characteristic parameter for the rock sample, called
as the minimum displacement pressure and can be used to evaluate the capillary sealing
efficiency.

In this chapter, gas breakthrough is supposed to require that outward flowing gas
penetrate and establish a gas-filled network of flow paths in the sample. Therefore, the gas
breakthrough pressure is associated with the incipient formation of a continuous network

of gas flow paths. Two-phase flow is governed by the difference between gas pressure and

drainage
I,

: SN 7 B

Pc. entry Pc. < Pr. % Pc, threshold Pc, threshold P:: >>P

¢, breakthrough

c, threshold

Figure 4.2: Stages of gas breakthrough process [Hildenbrand et al., 2002b].

capillary pressure. According to Young-Laplace law, for an ideal cylindrical pore totally
saturated by water, the minimum applied gas pressure AP for porewater displacement is
determined by the surface tension 7, the wetting angle 8 of fluids and the radius r of pore

and is given as:

2
AP — ~ycost

- (4.1)

As introduced in [Hildenbrand et al., 2002b], gas breakthrough process includes the cre-
ation and propagation of preferential pathways through porous network. These preferen-
tial pathways involve interconnected pores within the largest pore throat, characterized

by effective pore radius (7ef)and the corresponding least capillary resistance to be over-
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come. The breakthrough pressure is then defined as the threshold pressure for the total
drainage in preferential pathways between the upstream side and the downstream side of
sample. When the breakthrough pressure is reached, a continuous gas flow will form into

the porous space. Thus breakthrough pathways could be simply defined as:

Py = max,{min[r;(z)]} (4.2a)
min[r; ()] = reg (4.2b)

where z stands for different interconnected pore, 7 represents the spatial position along
the path, r is the radius of the circular cross-section of pore.

Before the breakthrough, gas entry pressure P. must firstly be reached at which the gas
phase actually invades the porous material and drainage process from complete saturation
starts [Coussy, 2004]. After the breakthrough, with a continuously increasing gas pressure,
additional connected pores would participate in the network of pathway and consequently
increase the gas phase permeability. Ultimately, water saturation degree of sample is down
to a value called Irreducible Water Saturation (IRWS) which means water in boundary-
connected pores is totally drained. At this moment, gas permeability reaches its maximum
value. These different stages are illustrated in Figure 4.2.

Based on this scenario, numerical approach is based on the generated model of the
porous network. The extraction of gas breakthrough pathways and the following topo-
logical analysis are performed by using morpho-mathematical methods introduced in the
previous chapters. The estimation of gas breakthrough pressure is associated with the
size of structuring element used in the procedure of morphological opening and calculated
by Young-Laplace equation. The feasibility study is accomplished by comparing the sim-
ulated and the experimental values. Ultimately, study is extended to another potential

host rocks in the context of radioactive waste storage.

2 Numerical methods and application to COx argillite

2.1 Numerical point of view

Based on the interpretation of the physical procedure which takes place in the porous
network during breakthrough process, a simulation work using morphological model is
performed by applying morpho-mathematical operations.

The first step is to extract interconnected pores between the upstream and the down-
stream sides. As illustrated in Figure 4.3, initial pore space image (see Figure 4.3(a))

is firstly subjected to geodesic reconstructions starting from the upstream side (see Fig-
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ure 4.3(b)) and the downstream side (see Figure 4.3(c)). Following this, an intersection
between these two obtained images is able to conserve interconnected pores (see Fig-
ure 4.3(d)).

Downstream

(a).

Initial image

O

Upstream
(b). (©).
Geodesic reconstruction Geodesic reconstruction
(Upstream) (Downstream)
(d).
Intersection

between (b) and (¢)

Figure 4.3: Proposed method to extract interconnected pores between the upstream and

the downstream sides.

Let M be the initial image of porous space, My be the interconnected pores between

the two opposite sides, thus it can be defined as:
My = R®(M)N R®(M) #0 (4.3)

When a gas pressure is applied, drainage can only occur in pores with sizes equal or
exceed the Young-Laplace radius and necessarily connect to the upstream side. In view
of this, two operations are implemented and shown in Figure 4.4. The first is a filtering
process realized by morphological opening (see Figure 4.4(a)) to detect and conserve pores
larger than a certain size that allow gas entry. Subsequently, the drained porosity is calcu-
lated by geodesic reconstruction beginning with the upstream side of the obtained model
from morphological opening (see Figure 4.4(b)). The prediction of gas entry pressure is

performed through this process by comparing the increments of drained porosity. If the
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geodesic reconstruction ends at the downstream side, it means that continuous gas flow
forms across the pore system and gas breakthrough is realized. At the first appearance
of breakthrough pathways, the size of structuring element used for morphological opening

determines the breakthrough pressure.

(a). (b).

Morphological Geodesic reconstruction
Opening (Upstream)
Case 1
P, <Pe
Interconnected pores
Downstream
\/ Decreasing
Structuring
Case 2 Eler.nent
P, =P Size
Gas entry
Upstream v
Case 3
P, =P,
Gas breakthrough

Figure 4.4: Proposed method to determine gas entry pressure, gas breakthrough pressure

and to select gas migration pathways.

Let E; be the structuring element with variable size, expectations of gas migration

pathways P; and corresponding gas pressure P; could be computed as follows:

Pi = R®(Mj o E;) (4.4a)
_ 4~ycos
P= 5 (4.4b)

2.2 Application to COx argillite

Pore space is assumed to be totally saturated at the onset. Temperature is fixed at 25
°C, thus leads to surface tension « of 0.072 N/m [Vargaftik et al., 1983]. Wetting angle
0 equals to 0 for the hypothesis of complete wetting of media in presence of gas [Andra,
2009a][Yuan and Lee, 2013].

The numerical predictions of gas entry and gas breakthrough pressure are performed
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in the three models (generated in chapter 3) in order to draw conclusions about how the
different measuring pore size distributions control gas migration and which model shows
a better agreement with experimental values. As mentioned before, in Model 1, higher
proportion of large pores (> 100 nm) is ensured with respect to data from WA test.
Whereas Model 3 from MIP is more sensitive to small pores (< 30 nm). NMR method

gives Model 2 a comparatively higher proportion in medium pores (30 nm - 100 nm).

Breakthrough
yl
Breakthrough
Entry
&
Entry Brepkthrough
Upstream Upstream Upstream
Case 1 Case 2 Case 3

Figure 4.5: Proposed three cases of the spatial position of the entry pore throat.

Considering different boundary-touched pores on different faces of cube, for one model,
investigations of gas entry pressure are performed respectively for the six positive and neg-
ative directions along x, y, z axis; estimations of gas breakthrough pressure are performed
in three axial orientations. The drained porosity as a function of gas pressure is plotted
in Figure 4.6 for Model 1, Figure 4.8 for Model 2 and Figure 4.9 for Model 3. Apparently,
increasing gas pressure leads to progressive reduction of water saturation. The increment
of drained porosity is essentially controlled by the so called “pore throat” which is referred
to as the narrowest part along the connected pathways. In a randomly distributed porous
space, the spatial position of pore throat predominantly influences the drained porosity.
For the prediction of gas entry pressure, three cases are proposed (see Figure 4.5): Case 1,
The gas invasion may firstly traverse a large pore throat (larger than breakthrough pore
throat) defined as the entry pore throat and instantaneously increase the drained porosity.
Thus a corresponding gas entry pressure lower than the gas breakthrough pressure can
be obtained. This case seems to be more consistent with some phenomenological obser-
vations ([Hildenbrand et al., 2002b][Hildenbrand et al., 2004]). In the simulation results,
it appears in Z(+) direction of Model 1 with 2.72 MPa < P, < 3.06 MPa and in X(-)
and Y(-) directions with 2.18 MPa < P, < 2.72 MPa; Z(+) direction of Model 2 with
3.06 MPa < P, < 3.51 MPa; Y(+) and Z(-) directions of Model 3 with 5.14 MPa < P, <
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6.55 MPa; Case 2, The breakthrough pore throat locates close to the upstream side and
the interconnected porosity between them is limited at a low value. Hence, the drainage
process will be significantly restricted until the excess of breakthrough threshold. Thus,
the gas entry pressure equals to the gas breakthrough pressure. This case appears in all
the other directions; Case 3, The drained porosity smoothly increases thus no obvious gas
entry threshold can be observed. This case is not observed in the obtained results. It is
plausible to consider that the irregularity of simulated gas entry pressure is solely due to
the size of defined cubic model. In a small domain with size down to micron, the influence
of spatial position of entry pore throat will be enlarged. In other words, for a macroscopic
sample, gas entry is no longer controlled by the connected pores to a small microscopic

domain of the upstream face. Various sorts of cases may be involved at the same time.

In contrast with the irregular simulated gas entry pressure which is highly dependent
on the random location of pore throat, gas breakthrough pressures are remarkably close
in three axis orientations. For Model 1, gas breakthrough pressure ranges between 5.14
MPa and 6.55 MPa. For Model 2, it is 5.14 - 9 MPa. For Model 3, it is up to 9 - 16
MPa. In relation with the spatial structure, this variation is attributed to the various
pore size distributions. Indeed, for models with higher proportion of small pores, the size
of breakthrough pore throat is bound to be smaller thus leads to higher breakthrough
pressure. An example with gas entry and gas breakthrough phenomenons is given in
Figure 4.7.

More importantly, since the generation of Random Field is a stochastic process, its
naturally spatially varying property influences the excursion set thus leads to randomly
shaped porous network. In other words, excursion process with same parameters applied
on different Random Fields with same probabilist properties can provide different mor-
phological aspects. After the union of several excursions, difference will be significantly
enlarged. In view of this, the 3D connectivity and the breakthrough pathway in random
morphological models need be investigated and verified whether the corresponding break-
through pressures could maintain at a relatively stable level. This step is considerably
important for assessment of the proposed scenarios and methods. Figure 4.10 shows the
results of numerical estimation of breakthrough pressure in one axis direction performed
with 10 realizations for Model 1, Model 2 and Model 3. The black columns stand for the
results of Model 1. The breakthrough pressure frequency indicates that six realizations
provide results between 5.14 - 6.55 MPa, three in 4.24 - 5.14 MPa and one in 6.55 - 9
MPa. As depicted by the red columns for Model 2, five in 6.55 - 9 MPa, four in 5.14 -
6.55 MPa and one in 9 - 16 MPa. Results of Model 3 are presented by blue columns with
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Figure 4.6: Simulation results of gas entry pressure and gas breakthrough pressure in

positive and negative directions of three axis for Model 1.

a high frequency in 9 - 16 MPa (nine times) and only one time in 6.55 - 9 MPa. From

these values, it can be concluded that 1. gas breakthrough pressures in porous networks

with defined properties (porosity and pore size distribution) vary in a limited range, 2, by

fixing the total porosity, porous space with larger average pore size provides higher gas

breakthrough pressure. In regards with the gas entry pressure, since it highly depends on

the morphological aspects, it can not always be estimated. As illustrated in Figure 4.11,

from the obtained values, gas entry pressure increases in porous spaces with decreasing

average pore size and show good accordance with expectations.
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Upstream

Downstream

(a) P, = 0.75 MPa. (b) Py = 2.44 MPa, gas entry.

Downstream

(c) P, = 6.55 MPa, gas breakthrough.

Figure 4.7: Example of drainage process with increasing gas pressure (Model 1, negative

direction of x axis).

with consideration of different feasibility. Different results have been discussed in chapter
2. For instance, gas entry pressure is estimated less than 3 MPa and gas breakthrough
pressure is located between 4 - 5 MPa [Andra, 2009a]. Gas critical pressure is obtained
as 3.4 - 5.3 MPa [Davy et al., 2009]. In regards with the numerical simulation results
from Model 1 and Model 2, the gas entry pressure (Model 1: 2.18 - 3.06 MPa; Model 2:
2.72 - 4.24 MPa) and breakthrough pressure (Model 1: 4.24 - 6.55 MPa; Model 2: 5.14 -
9 MPa) show better accordance with experimental values. Thus enhances the idea: gas
breakthrough is possible in low-permeable mudrocks at gas pressures much lower than

confining pressure or fracture threshold [Hildenbrand et al., 2002b]. For Model 3, due to
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Figure 4.8: Simulation results of gas entry pressure and gas breakthrough pressure in

positive and negative directions of three axis for Model 2.

the overestimation of the proportion of small pores, gas breakthrough pressure (9 - 16
MPa) is much higher and more likely exceeds the micro-crack threshold of 9 MPa and
the fracture threshold about 12 MPa [Andra, 2005]. In this last case, stress - strain state

analysis and damage model are necessarily involved to provide more accurate descriptions

of gas movement.

3 Identification of gas pathways and estimation of tortuosity

Topological properties of breakthrough pathways such as geodesic distances and path

tortuosities are also investigated. The morphological tortuosity of a pathway in porous

Numerical simulation of gas migration properties in highly impermeable materials

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Xiang Zhang, Lille 1, 2016

Identification of gas pathways and estimation of tortuosity 57

10 AL I B B B B R B |
—m— Model 3: Direction X(+)
g —®—Model 3: Direction Y(+) Breakthrough | ]
- Model 3: Direction Z(+) N e
S 1 ]
< /.
2 6 P
wn 1
o 1
- ]
o 1
o i
B 41 ! 7
.g | Entry |
a ! . !
27 0/ b
I/
g
0 MM/.\A_N—A !
L L EE N S SR I A s e
0 2 4 6 8 10 12 14 16 18
Upstream gas pressure (MPa)
10 — 7T T T T T T T T 1 T
—m— Model 3: Direction X(-) I
o —&— Model 3: Dfrecqon Y(-) Breakthrough | i
Model 3: Direction Z(-) ~
&
s /3
2 6 b
7] 1
o i
- ]
o 1
a |
T+ L
.8 '
g Entry E
24 T i .
] i
L :
e mmmatlR &S I
0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Upstream gas pressure (MPa)

Figure 4.9: Simulation results of gas entry pressure and gas breakthrough pressure in

positive and negative directions of three axis for Model 3.

space can be defined as the ratio between its geodesic length and the Euclidean distance be-
tween the upstream and downstream sides [Keller et al., 2011]. Simply speaking, geodesic
distance counts the number of geodesic dilation steps that would be passed by carrying out
geodesic reconstruction. The chosen size of the propagated structuring element is used to
estimate the geodesic distance maps on a discrete grid. Moreover, each length of pathways
is extracted from the downstream face. Table 4.1 lists the main results. The tortuosity
of breakthrough pathways ranges between 1.5 - 4.13. An realization is presented in Fig-
ure 4.12. In particular, it is easy to find that some pathways with ends in lateral faces are

also remained after geodesic reconstruction but they are not supposed to be able to play
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Figure 4.10: Numerical estimation of gas breakthrough pressure in COx argillite consid-

ering Model 1, Model 2 and Model 3 (results from 10 tests).
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Figure 4.11: Numerical estimation of gas entry pressure in COx argillite considering
Model 1, Model 2 and Model 3 (results from 10 tests).

roles in the gas breakthrough at the downstream side. This is solely due to the essential
idea of intersection between two inverse reconstructions. Since geodesic reconstruction
conserves connected components to the outset boundary but can not distinguish their
propagation direction during the operation. If any branches of the opposite-sides con-
nected pores connect to other sides, they could not vanish after the operation. In order to

the represent the randomness and the complexity of gas migration pathways, another two
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; Upstream
\ 9.38

(a) The shortest length of 9.38 pum. (b) The longest length of 15.94 pm.

Figure 4.12: Example of geodesic distances in breakthrough pathways (Model 1, P, =

6.55 MPa, negative direction of x axis).
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(a) The shortest length of 10.21 pum. (b) The longest length of 14.42 pm.

Figure 4.13: Geodesic distances in breakthrough pathways for the second realization of

porous space using the pore size distribution of Model 1.

realizations based on the pore size distribution of Model 1 are generated and their geodesic
distances in breakthrough pathways are illustrated in Figure 4.13 and Figure 4.14.
Besides, in morphological model, even pore size distribution has been accurately rep-
resented but in comparison with a real sample, differences still exist. Indeed, argillite is
a sedimentary indurated clay, composed of diagenetic bedding planes. In [Duveau et al.,

2011], it has been proved that when gas injection is performed along the bedding planes,
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Figure 4.14: Geodesic distances in breakthrough pathways for the third realization of

porous space using the pore size distribution of Model 1.

Table 4.1: Prediction of gas entry pressure, gas breakthrough pressure and characteristics

of breakthrough pathways.

Model Entry Breakthrough | Tortuosity of the | Tortuosity of the
pressure (MPa) | pressure (MPa) shortest paths longest paths
1 2.18 - 3.06 4.24 - 6.55 1.88 3.19
2 2.72 - 4.24 5.14-9 2.03 4.13
3 5.14 - 6.55 9-16 1.50 3.41

lower gas breakthrough pressure may be expected rather than when performing perpen-

dicularly to the bedding planes. Tortuosity and path length are significantly smaller along

the bedding plane direction when compared to all other possible directions [Song et al.,

2015]. Due to the lack of capacity to represent the bedding plane using union of excur-

sions, a real model of sample involving the major pore size range can be used for the future

improvement of this study. Furthermore, the influences of temperature-depended surface

tension and confining pressure could also been investigated.

© 2016 Tous droits réservés.

Numerical simulation of gas migration properties in highly impermeable materials

lilliad.univ-lille.fr



Thése de Xiang Zhang, Lille 1, 2016

Discussion about the influences of initial conditions 61

4 Discussion about the influences of initial conditions

Furthermore, initial conditions such as the water surface tension and the confining
pressure may influence the gas migration process. Gas phase movement depends on the
difference between the applied gas pressure and the capillary force. According to Young-
Laplace equation, for cylindrical pore, capillary force is determined by the surface tension,
the wetting angle and the pore diameter. Based on a hypothesis of complete wetting,
the wetting angle can be defined as 0. The surface tension is a temperature dependent
parameter. For that reason, when a value is given for the surface tension of an interface,
temperature must be explicitly stated. The general trend is that surface tension decreases
with the increase of temperature, reaching a value of 0 at the critical temperature. In
[Vargaftik et al., 1983], a recommended interpolating equation gives values of surface
tension within the stated uncertainty:

y= B[ a0, (45

where ~ stands for the surface tension, T' denotes the absolute temperature, T, is the
reference temperature and is also defined as the critical point temperature with T, = 647.15
K. B, b and p are constants. B = 235.8 x 1073 N/m, b = —0.625 and p = 1.256. This
equation is valid between the triple point (0.01 °C) and reference temperature T,. Parts

of values of surface tension (0.01 - 50 °C) are presented in Table 4.2.

Table 4.2: Surface tension of water as a function of temperature [Vargaftik et al., 1983].

t (°C) 0.01 5 10 15 20 25 30 35 40 45 50

v (1073 N/m) | 75.64 | 74.95 | 74.23 | 73.50 | 72.75 | 71.99 | 71.20 | 70.41 | 69.60 | 68.78 | 67.94

In the modelling work, same morphological information of porous space and same
numerical methods are used to evaluate the relation between the breakthrough pressure
and the temperature. When temperature is up to 50 °C, surface tension decreases to 67.94 x
1073 N/m thus leads to lower breakthrough pressures. On the contrary, if temperature
drops to 5 °C, surface tension increases to 74.95 x 1072 N/m, then higher breakthrough
pressures are obtained. Results are shown in Table 4.3.

In addition, the pore space volumetric strain which varies as a function of confining

pressure and pore pressure according to an effective pressure law and its influence to the
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Table 4.3: Simulated breakthrough pressure with different temperatures.

Model | P, (T=5°C) | P, (T=25°C) | P, (T = 50°C)
1 4.41 - 6.82 4.24 - 6.55 4-6.18
2 5.36 - 9.38 514 -9 4.86 - 8.5
3 9.38 - 16.66 9-16 8.5-15.1

breakthrough process is an interesting issue. The earliest law which is based on scenario
of identical variation in permeability due to confining pressure and pore pressure is know
as Terzaghi’s principle [Terzaghi, 1923]. It defined the effective stress Peg as the difference

between the confining pressure and the pore pressure. It is given as:

Pett = Peont — Ppore (46>

where FPyone is the confining pressure and Ppore is the pore pressure. Some later experi-
mental researches enhanced this law by adding another parameters [Kwon et al., 2001].
Porosity, pore space connectivity and pore size distribution are influential to the migra-
tion properties of rocks. A number of expressions have been evaluated for the effective
pressure of a porous, fluid-saturated solid undergoing elastic deformation [Biot, 1941][Biot
and Willis, 1957]|[Skempton, 1984|[Nur and Byerlee, 1971]. Volumetric strain of porous
rocks is controlled by effective pressures. The relation can be computed in macroscopic

terms as:

Peff = Pconf - (1 - K/Ks)Ppore (47)

K is the bulk modulus of the rock without a pore fluid and K is the intrinsic bulk modulus

without any pores. In consideration with the pore volume, the law can be expressed as:
Peﬁ = Pconf - [1 - ¢K/(Ks - K)]Ppore (48)

where ¢ is the porosity [Robin, 1973]. In general, effective pressure law has a simple form
as:
Peﬁ - Pconf - X-Ppore (49)

x values which stand for the effective stress coefficient are determined for volumetric

compaction, porosity, elasticity, and permeability and measured poroelastic response. x
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varies for different materials. As presented in [Gensterblum et al., 2015], for single-phase
aggregates, such as clay-rich shales, mudstones, and calcite, x generally takes values in
x < 1. Transport properties are more sensitive to changes in pore pressure than to changes
in confining pressure. If the pores of a porous medium with high compressive strength,
such as pure quartz, sandstone, or carbonates, are lined with clay, x values could be
greater than 1 [Berryman, 1992][Biot, 1941][Zoback and Byerlee, 1975]. Due to various
interacting effects, x is more likely to be non-linear and be a function of pore pressure and
confining pressure [Bernabe, 1987][Gangi, 1978][Li et al., 2009].

In this work, gas migration properties are obtained by morpho-mathematical oper-
ations. The estimation of breakthrough pressure is based on data from image analysis
without consideration of porous stress-strain model. In view of this, the investigation
of the influences due to pore pressure and confining pressure is relatively difficult. An
initial idea has been proposed that by applying an erosion on pore space with a defined
structuring element, the resulting shrinkage leads to a new porosity. Assuming that the
volumetric strain is completely due to the pore space reduction and the volumetric strain
can be expressed as a function of a linear combination of pore and confining pressures
[Nur and Byerlee, 1971]. It is given as:

1 1 1
€= Epconf - Eppore = E(
where e stands for the volumetric strain and the effective modulus H is introduced by Biot

[Biot, 1941]. K and H are themselves defined in accordance with laboratory test. The

Peont — OZPpore) (4.10)

volumetric strain will increase with confining pressure and decrease with pore pressure.
Hence, after the performance of a sequence of erosion with increasing size of the structuring
element and a following extraction of gas transfer pathways, the relation between the gas
breakthrough pressure and the pore / confining pressures can be obtained. However, as
illustrated in Figure 4.15, since the porous network transformed by erosion is subsequently
subjected to an identical shrinkage for the whole space, initial pore sizes no longer play
roles in the resulting state. In fact, small pores trend to be more incompressible than
large pores. Hence, simulation results could only indicate an increase of gas breakthrough
pressure with the increase of confining pressure but could not provide accurate values.
More specifically, limited by the mesh density of 800 x 800 x 800, the smallest structuring
element is derived as 18.75 nm. This is due to that, after the smallest erosion, apart from
the shrinkage of large pores (larger than 18.75 nm), small pores would disappear. Since
the eliminated part represents about 50% of the total porosity, this transformation brings
a extremely high volume reduction which is inaccurate to relate with a confining pressure.

Even if the eroded pore throat provides a higher breakthrough pressure, the corresponding
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Figure 4.15: Proposed method to evaluate the volume strain using erosion.

stress state remains unknown.
In this regard, a reliable stress - strain model is necessarily involved to study the
variation of breakthrough with changes in pore pressure and confining pressure. Due to

the randomly shaped and located pores, this amelioration will be very challenging.

5 Application to another porous media

5.1 Opalinus clay

In Switzerland, the Mont Terri Rock Laboratory investigates the Opalinus Clay as
a possible host rock for long-term geological disposal of radioactive waste [Bossart and
Thury, 2007]. The Opalinus Clay formation is a fine-grained sedimentary rock, deposited
180 Ma ago in a shallow sea and compacted to a low porosity and low anisotropic perme-
ability [Nagra, 2002]. On the regional scale the lateral variability of facies and lithology is
low [Nagra, 2002]. The Opalinus clay can be subdivided into three main facies [Pearson
et al., 2003]: Shaly facies: a dark grey silty calcareous shale and argillaceous marl in the
lower half of the sequence, Sandy-Carbonate rich facies: a grey sandy and argillaceous
limestone in the middle of the sequence which is almost absent in north-eastern Switzer-
land and Sandy facies: silty to sandy marls with sandstone lenses cemented with carbonate
in the upper part [Houben et al., 2014]. In this study, the modelling work of porous mor-
phological structure and the prediction of gas migration process are envisaged on samples

taken from the shaly facies. In [Keller et al., 2011], the 3D geometric and topological
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Figure 4.16: Pore size distribution in shaly facies Opalinus clay samples from FIB and
Ny adsorption methods [Keller et al., 2011].

information of shaly facies Opalinus clay are investigated through FIB technique on three
samples which are labelled BHG, BDR and DR and are all taken from the shaly facies
about 250 m below the surface. FIB provides data of the 3D pore space down to about
5 nm. The most frequent pore radii distributes between 10 nm and 50 nm and the cor-
responding physical porosity ranges between 1% and 2%. Ns adsorption isotherms is also
used for the determination of pore size distribution. Data shows that the physical porosity
of pores with radii larger than 10 nm is between 1.7% and 2.2% which is in accordance
with FIB results. Therefore, the majority of the pores with radii ranging between 1.5 nm
and 10 nm present a porosity of about 10% which is immeasurable in FIB owing to the
limited voxel size. The pore size distribution curves are illustrated in Figure 4.16. The
3D reconstruction of porous space is segmented from the SE images, shown in Figure 4.17

(red stands for the porous space and yellow represents the calcite grains).

In [Marschall et al., 2005], a comparison of the mesoscopic pore size distributions is
realized among data from MIP test, from the adsorption/desorption of nitrogen isotherms
and from the water isotherms. Measured distributions are highly dependent on the applied
methods. Assuming a total physical porosity of 12%, the MIP data shows that the fraction

of pores with radii larger than 25 nm is about 10%, between 3.7 nm and 25 nm is 51%
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and below 3.7 nm is about 39%. It can be concluded that in Opalinus clay, the majority

of pores are very small, with equivalent radii smaller than about 10 nm.

Bedding plane

Sample: BHG Sample: BOR

Bedding plane

Sample: DR

Figure 4.17: FIB results of shaly facies Opalinus clay samples (red: porous space, yellow:

calcite grains) [Keller et al., 2011].

According to the procedure of generation of the porous morphological model using
excursion set of Gaussian Random Field, the assuming correlation lengths are 0.002 pwm,
0.01 wm, 0.025 um and 0.04 um. Union of excursions is performed in a cubic domain with
0.5 um on each side. The mesh is chosen as 800% thus determines the voxel size down
to 0.6 nm, which means the whole pore size range in Opalinus clay can be involved in
the generated model. The total porosity is targeted slightly higher than 12% in order to
counteract the influence of close porosity. In order to eliminate the inaccurate estimation
of gas migration properties owing to the randomly distributed porous network, a number
of models (10 models) are realized to determine the mean characteristics, then the corre-
sponding gas breakthrough pressure will be chosen as the average. Two realizations are
presented in Figure 4.18. Pores are shown with blue and gray parts of the cube represent
the matrix. Subsequently, morpho-mathematical analysis including geodesic reconstruc-
tion and morphological opening are conducted to verify the numerical model. Pore size
distribution in morphological model is compared with FIB and Ns absorption results from
[Keller et al., 2011] and shows good agreement with the latter, see Table 4.4. In the same

way, pore size ranges are compared with results of MIP test from [Marschall et al., 2005],
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see Table 4.5. Since the Opalinus clay exhibits a extremely low porosity comparing with

Realization 1

AN

Realization 2 Realization 2

Figure 4.18: Two realizations of morphological porous space in Opalinus clay.

Table 4.4: Comparison of pore size distributions obtained from FIB, Ny absorption and

morphological model.

Porosity FIB N2 absorption | Morphological model
radii > 1.5 nm | Immeasurable 104 - 11.5 9.5-11.8
radii > 10 nm 1-2 1.7-22 0.7-1.8

another porous mediums (e.g. COx argillite, Boom clay, cement paste) and a large propor-
tion of narrow pores, the effective pore radius of breakthrough pathways in Opalinus clay
is envisaged much narrower than in another mediums. Thus, the applied gas pressure for
the creation of continuous gas flow only by the excess of capillary resistance is supposed to
be much higher. However, after achieving the intersection of two geodesic reconstructions

beginning with opposite faces in the initial porous models, results show that the porous
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Table 4.5: Comparison of pore size distributions obtained from MIP and morphological

model.
Fraction of pores (%) Mercury injection | Morphological model
radii < 3.7 nm 39 50
3.7 nm < radii < 25 nm 51 46
radii > 25 nm 10 4

connectivity between two opposite faces can not be ensured. In other words, during the
morphological analysis, for a initial saturated porous network which possesses a porosity
about 12% and principal pore size smaller than 25 nm, gas phase is not able to traverse
the medium without bringing any change to the porous structure. This observation has
also been mentioned in experimental tests in [Hildenbrand et al., 2002b]. Evaluations of
measurements on the Opalinus clay yielded effective permeability lower by several orders
of magnitude than those observed for the other samples of Tertiary mudstone and Boom
clay. The typical capillary induced breakthrough process did not exist. In regards with
the numerical evaluation in morphological model of Opalinus clay, it can be concluded
that no gas breakthrough pathway exists in the original porous network, gas can leak out
neither by two-phase flow nor by dissolved state into the drained water. The possible gas
expulsion hypothesis are through the pathway dilation or the macro-fracture within which
porous space can be enlarged thus a connected flow path may finally form between the

upstream and the downstream sides.

5.2 Boom clay

In Belgium, the investigation of disposal of high-level radioactive waste is ongoing with
the Boom clay. In the same way, Boom clay is also been chosen for its favourable properties
in repository performance, for instance, the low hydraulic conductivity [Wemaere et al.,
2008], the high adsorption capacity for many radionuclides [Maes et al., 2004] and the
self-sealing properties due to its elasto-plastic behaviour [Van Geet et al., 2008]. In [Le
et al., 2008] and [Lima et al., 2012], gas injection tests show that the gas entry pressure
(stands for the breakthrough pressure in this study) is estimated about 5 MPa. Since the
lithostatic pressure which represents the pressure imposed by the weight of the overlying

material is about 4.5 MPa, the creation of continuous two-phase flow will form across the
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Figure 4.19: Pore size distribution curve of Boom clay [Lima et al., 2012].

Figure 4.20: A realizations of morphological model of porous space in Boom clay.

porous space after the pathways dilation which corresponds to the increasing porosity.
In this work, focus is mainly drawn to the numerical point of view: using morphological
model to determine the required gas pressure for the creation of drained pathways across
the porous network. A detailed characterization of the pore space down to nanometre
scale is required for a full microphysical understanding of the material’s transport prop-
erties. In order to construct the pore space morphology and verify its connectivity in 3D,
the total porosity needs be firstly defined. Standard bulk porosity measurements, using
mercury injection porosimetry, on dried Boom Clay samples give interconnected porosity
between 23 and 40%, accessible through pore throat diameter above 3.6 nm [Hemes et al.,
2015][Hemes et al., 2013][Hildenbrand et al., 2002b][Hildenbrand et al., 2004]. Measured
total porosity based on water content (by drying at 100 °C) is in the range of 36 - 39%. The

total interconnected porosity of Boom clay is then defined as 25% in this work. Mercury
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Upstream

Downstream

(a) Py = 0.51 MPa. (b) Py, = 1.71 MPa, gas entry.

(c) Py = 4.24 MPa, gas breakthrough.

Figure 4.21: Drainage process with increasing gas pressure in the Boom clay model.

intrusion porosimetry tests which are performed on freeze-dried samples show that the
pore size distribution curve in Boom clay possesses one dominant pore mode at around
90 nm [Lima et al., 2012], see Figure 4.19. Pore size distributes in a large range between
6 nm - 2 um. Regarding this, the morphological model of Boom clay is decided to include
10 single excursions with correlation lengths of 20 nm, 50 nm, 70 nm, 90 nm, 200 nm, 400
nm, 600 nm, 800 nm, 1 wm, 1.5 pm. Size of cubic domain is chosen as 5 pm. Thus, a
mesh with 800 points on each side gives the voxel size of 6.25 nm. A realization of porous
space morphology is shown in Figure 4.20. In comparison with the pore size distribution
in COx argillite which shows a peak size around 20 nm and main pore size range between
3 nm - 1 um, pores in Boom clay are slightly larger than in COx argillite. In addition,
accessible porosity in COx argillite is lower than in Boom clay. Considering these, the

pore throat in breakthrough pathways may be larger thus leads to a lower breakthrough
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Figure 4.22: Geodesic distances in breakthrough pathways of the Boom clay model.
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Figure 4.23: Numerical estimation of gas breakthrough pressure in Boom clay (results
from 10 tests).

pressure. The drainage process with increasing gas pressure in the Boom clay realiza-
tion is presented in Figure 4.21 and the corresponding geodesic distances in breakthrough
pathways are illustrated in Figure 4.22. In this model, gas entry appears at 1.71 MPa and
breakthrough at 4.24 MPa. Results of numerical estimation performed with 10 models
which are generated through the same process but with different morphological aspects

are shown in Figure 4.23.

From the results, simulated gas breakthrough pressure is predominantly located be-
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tween 3.06 - 3.51 MPa, with another high possibility in 3.51 - 4.24 MPa. In view of the
experimental gas breakthrough pressure of about 5 MPa and the lithostatic pressure of 4.5
MPa, morphological model shows that if the rate of gas generation is larger than the dif-
fusive flux, gas leakage may happen through capillary two-phase flow without any change
to the porous structure. This difference is supposed to be reasonable since the morpholog-
ical model can take account of the pore geometrical and topological information but not
be able to reflect the real morphological aspect in samples. Some aspect characteristics
which are determined during its sedimentation history and diagenetic evolution are not
capable to be represented through the union of excursions. In spite of this shortcoming,
the morphological model gives a prediction of breakthrough pressure between 3.06 - 4.24

MPa which is close to the experimental value thus is thought to be acceptable.

5.3 Cement paste
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Figure 4.24: Pore size distribution curve of cement paste with W/C = 0.5 [Wu, 2014].
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Figure 4.25: Pore size distribution curve of cement paste with W/C = 0.8 [Wu, 2014].
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Besides the investigation of gas migration in low-permeable clay in the context of
radioactive waste repository, idea can be applied to another domain such as the geologic
carbon sequestration which is referred as the separation and capture of CO followed by
injection into the geosphere for long term storage. The sequestration of COq requires a
leakage rate less than 1% of stored COg per 100 years. The preferential sites for COo
injection and storage have been chosen in areas that have a history of oil, natural gas, and
coalbed methane production. Wells for previous exploration and production are used to
penetrate formations for CO5 sequestration. A cement slurry is placed in the annular space
to prevent the flow of fluids along the annulus. Abandoned wells are sealed with cement
plugs inside to block the vertical migration of fluids. The permeability and integrity of the
cement in the annulus and in the wellbore seal will determine how effective the cement is in
preventing fluid leakage. The cement must be capable to maintain a low permeability over
long period under reservoir conditions in a COy injection and storage scenario [Kutchko
et al., 2007][Kutchko et al., 2008].

Figure 4.27: Morphological model of cement paste with W/C = 0.8 [Hosseini, 2015].
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6 I ccment paste: W/C=0.8
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Figure 4.28: Numerical estimation of gas breakthrough pressure in cement paste with
W/C = 0.5 and W/C = 0.8 (results from 10 tests).

Wells are typically completed with Portland cement. When the compounds of Portland
cement are mixed with water, the hydration process begins. During this process, the
generated porous network depends on the arrangement of various hydration products.
Cement paste possesses two types of pores: capillary pores and pores of hydrates. The
capillary pores which corresponds to the peak of large diameter are initially filled by the
mixing water. An increasing W/C radio (ratio of the weight of water to the weight of
cement) leads to the increase of the dimension and the volume of capillary pores. The
pores of hydrates which are related to the peak of smaller diameter represent the interlayer
space with sizes determined by conditions of hydration.

The simulation work are envisaged with two types of cement paste: W/C = 0.8 and
W/C = 0.5. Mercury intrusion provides the pore size distribution curves, see Figure 4.24

and Figure 4.25.

Results indicate a porosity of 25% for cement paste with W/C = 0.5 and a porosity
of 32% for cement paste with W/C = 0.8. Since mercury intrusion only takes place in
boundary-connected pores, the total porosity which includes the open porosity and the
close porosity will be targeted higher than these values. The morphological modelling
is performed by using data from the work of Mahban Hosseini (colleague in LML who
studies the morphological structure in cement paste). In her Ph.D. thesis [Hosseini, 2015],
a final 30% porosity for W/C = 0.5 and 40% porosity for W/C = 0.8 have been chosen.
Regarding the experimental curve of pore size distribution, the generation of numerical

model for cement paste with W/C = 0.5 is realized through the union of eight excursions
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(0.12, 0.07, 0.04, 0.025, 0.015, 0.011, 0.008, 0.005 pm). For cement paste with W/C = 0.8,
they are defined as 0.15, 0.1, 0.065, 0.04, 0.02, 0.012, 0.009, 0.005 um. Figure 4.26 and

Figure 4.27 illustrate the generated models in cubic domain of 1 pm.

In a cubic domain of 5 um, the estimated gas breakthrough pressures from ten models
are illustrated in Figure 4.28. For cement paste with W/C = 0.5, gas breakthrough
pressures are predominantly located between 3.51 - 5.14 MPa (9 times), with another low
possibility in 5.14 - 6.55 MPa (1 times). For cement paste with W/C = 0.8, eight of the
total models provide gas breakthrough pressure between 3.06 - 4.24 MPa and the rests are
located between 2.72 - 3.06 MPa. In comparison with the COx argillite, although pore
sizes in these two types of materials are principally located in a same range between 5 nm -
1 wm, cement pastes possess larger open porosity (COx argillite: about 20%, cement paste
with W/C = 0.5: 25%, cement paste with W/C = 0.8: 32%) and higher peak pore size
(COx argillite: about 20 nm, cement paste with W/C = 0.5: 75 nm, cement paste with
W/C = 0.8: 100 nm), thus leads to relatively lower breakthrough pressures. Considering
the Boom clay with peak pore size about 100 nm, the proportion of pores between 100
nm and 1 wm is more significant. As a result, the breakthrough pressure in Boom clay is
estimated to be around a lower value than in cement paste of W/C = 0.5 and approximate
with values in cement paste of W/C = 0.8. In view of these characteristics, simulated gas
breakthrough pressures in cement pastes are supposed to be reasonable and acceptable

and could be used for a better understanding of the sequestration capacity of COs.

6 Conclusions

The gas breakthrough process is investigated in this chapter using morpho-mathematical
operations. According to Young - Laplace law, with defined water surface tension and wet-
ting angle, gas phase preferentially invades large interconnected pores. Gas breakthrough
refers to the excess pressure in gas phase at which the propagation of drained pathways
reaches the downstream side and continuous flowpaths form across the pore network.

Based on this mechanism, the first step is to extract interconnected pores between the
upstream and the downstream sides. It is realized by an intersection between two inverse
geodesic reconstructions. Following this, in order to calculate the gas entry pressure, gas
breakthrough pressure and drained porosity, the proposed numerical method includes:
1, a sequence of morphological opening with increasing size of the structuring element,
2, a geodesic reconstruction beginning with the upstream side. The sizes of the used

structuring elements determine the entry and the percolation thresholds.
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Results indicate that breakthrough pressure is determined by the size of pore throat
of breakthrough pathways. Its spatial position brings no influence to the resulting value.
But for entry pressure, the spatial position of entry pore throat is rather important. In
consideration of the randomly formed pore space, gas entry pressure can not always be
detected. In view of the spatial varying property of Random Field, the simulation work
must be performed with several realizations. For Model 1, 2.18 < Peytry < 3.06 MPa and
4.24 < P, < 6.55 MPa. For Model 2, 2.72 < Pepyry < 4.24 MPa and 5.14 < B, < 9
MPa. For Model 3, 5.14 < Peyiry < 6.55 MPa and 9 < P, < 16 MPa. These differences
are related to the determination of the proportion of small pores using different methods.
Model 1 and Model 2 are in good accordance with experimental values. For Model 3, the
proportion of small pores is overestimated thus leads to overestimation of breakthrough
pressure.

Breakthrough path tortuosity is characterized by geodesic distance. It ranges between
1.5 - 4.13. Surface tension is influenced by temperature. Under higher temperature con-
dition, gas breakthrough becomes easier. However, the influence of pore pressure and
confining pressure is difficult to be realized. A reliable stress - strain model needs be
involved to provide accurate results.

Furthermore, the proposed method is applied for another potential host rocks for the
storage of radioactive waste such as the Opalinus clay from Switzerland and the Boom clay
from Belgium. For Opalinus clay, due to its low porosity and narrow principal pore sizes,
no connected pathway exists in the generated model. Thus the breakthrough process is
more likely through pathway dilation or fracture. For Boom clay, the obtained gas break-
through pressure is mainly located between 3.06 - 4.24 MPa. Ultimately, an investigation
is performed for cement paste in the context of sequestration of COs.

Based on these results, it can conclude that the proposed numerical methods are
capable to predict gas entry and gas breakthrough pressures in low-permeable media and
provide realistic geometrical and topological information. Some potential improvements

are envisaged to consider poro-mechanical coupling to provide more accurate estimations.
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1 Introduction

In long term repository, the gradually increasing gas pressure due to various origins will
consequently induce a movement of the interstitial fluid until the leakage. After that, the
discharge of gas pressure can lead to a re-imbibition process [Gerard et al., 2008][Hilden-
brand et al., 2002b][Hildenbrand et al., 2002a][Hildenbrand et al., 2004]. Interconnected
gas migration pathways would be progressively closed until the gas effective permeability
drops to zero. In view of this point, another experimental scenario which aims at the
investigation of gas sealing efficiency of low-permeable rocks after the re-imbibition pro-
cess has been proposed. Tradition method which performs a drainage process until the
breakthrough requires a long duration in order to avoid the overestimation of gas break-
through pressure. The new scenario is accomplished by imposing a higher gas pressure
than the expected gas breakthrough pressure on the upstream side of initially saturated
sample, thus the gas breakthrough rapidly occurs. The pressure of the downstream side
increases while the pressure of the upstream side decreases correspondingly. Finally, after
the shut-off the last interconnected pathways, gas leakage stops and a residual pressure
difference is obtained to evaluate the gas sealing capacity of the studied material.

Parameters recorded during the drainage process and the water imbibition process
are summarized in Figure 5.1. In Figure 5.1(a), the effective gas permeability of sam-
ple which varies with time is determined from the pressure change at the downstream
side using Darcy’s law for compressible media. It firstly increases to a peak value then
decreases to 0 when the pressure difference remains stable. In Figure 5.1(b), curve I rep-
resents the classical method by gradually increasing the upstream pressure. During this
process, gas pressure firstly reaches the entry threshold then produces remarkable water
desaturation. Subsequently, when the second threshold - breakthrough is passed, gas leak-
age happens. If the gas pressure continues increasing, water saturation can finally drop
to the IRWS (Irreducible Water Saturation) which corresponds to the remained water
phase in non-interconnected pores. Due to technical difficulties, the assessment of break-
through pressure is performed through the spontaneous imbibition after breakthrough as
illustrated by curve Leyx,. Applied gas pressure is higher than the expected breakthrough
pressure, thus the breakthrough rapidly occurs. When the curve reaches the IRWS, gas
permeability arrives at the peak value. After that, imbibition begins and progressively
closes drained pathways, then gas permeability starts to decrease as shown by curve II.
Ultimately, when gas permeability drops to 0, the maintained pressure difference is used
to evaluate the capillary sealing efficiency. If the pressure difference continues decreasing

to 0 by forced imbibition, a final RGS (residual gas saturation) is obtained due to the
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isolated gas-filled pores during the imbibition process. The hatched area stands for the

possible underestimation of the capillary sealing efficiency.
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Figure 5.1: Parameters recorded during the drainage process and the water imbibition

process [Hildenbrand et al., 2002b].

In this chapter, focus is mainly drawn to the simulation of the re-imbibition process

after breakthrough using the generated 3D models from excursion set theory and the

combination of several morpho-mathematical operations.

2 Re-imbibition process and residual saturation

2.1 Gas shut-off pressure

Gas breakthrough involves the creation and the propagation of preferential pathways.

These flowpaths comprise the largest interconnected pores, which offer the least resistance

to capillary movement. As an inverse process, water re-imbibition preferentially takes place

in the smallest pores which directly connect with the downstream side, then successively

occurs in large pores.

In small pores, higher capillary forces could overcome the gas

resistance thus push back the gas phase. Hence, due to the continuous loss of conducting

gas pathways, gas permeability begins decrease and finally drops to zero. As mentioned

before, under isothermal conditions, gas breakthrough pressure can be determined by two

morphological properties: the 3D connectivity and the size of pore throat in breakthrough
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pathways. The spatial position of pore throat influences the gas entry pressure rather
than the gas breakthrough pressure. In most cases, breakthrough pore throat locates
in the porous network instead of touching the surface. In view of this, during the re-
imbibition process, a lower gas pressure than the breakthrough pressure (hereafter called
as the gas shut-off pressure, noted as P;) is envisaged to shut off the last interconnected
pathway and to make the effective gas permeability drops to zero. Medium then turns
into a gas-impermeable state. In regards with the practical issue of long term storage of
radioactive waste, when arriving at this state, gas accumulation reappears until the next
breakthrough.

A simple example is presented in Figure 5.2. Gas breakthrough pressure is calcu-
lated by Young-Laplace equation using the pore throat size d and gas shut-off pressure is

determined by the pore size at the downstream side D, the relation is yield as:

_ 4~ycosf p_ 4~ycosf

2 T > Pi=—% (5.1)
Imbibition
Breakthrough gas flow shut-off
D
d
(2) (b)
tPg = Pb t Pg = Pshut-off < Pb

Figure 5.2: Illustration of the re-imbibition process and gas pathway shut-off, (a), break-
through, (b), imbibition and path shut-off.

2.2 Residual saturation

More interestingly, considering the same gas pressure during the drainage process and
the re-imbibition process, water saturation degrees of sample in these two states are not

identical. This difference is mainly due to two mechanisms:
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Saturated
space Drainage Breakthrough Imbibition

(a) (b) (©) (d)

tPg=1>1<1>b tPg=Pb tPg=Pl<Pb

Figure 5.3: Illustration of the 1st mechanism of the water saturation difference, (a),
initial saturated porous space, (b), drainage with Py, (c), breakthrough with P,, (d),
imbibition with P;.

Isolated
Downstream Drainage pores Imbibition

U

Figure 5.4: Illustration of the 2nd mechanism of the water saturation difference (isolated

Upstream

pores).

1, water drainage and water imbibition are inverse processes starting with opposite
faces. More specifically, the size of the water-gas interface is controlled by the applied gas
pressure but its spatial position highly depends on the chosen plan where the fluid injection
begins. As illustrated in Figure 5.3, in a randomly shaped breakthrough pathways, the
water-gas interfaces of these two processes commonly appear at different spatial positions
which is determined by the starting plan and the morphological aspect of porous space. It
should be noted that this type of water saturation difference temporarily exists. During

the successive discharge of gas pressure, water can finally fill again the drained space.

2, assuming that the gas phase stays incompressible for the purpose of simplification,

during the re-imbibition process, certain gas-filled pores may become isolated and would
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stay in desaturated state when the flow pathways are interrupted, resulting in a residual
saturation. As depicted in Figure 5.4, isolated pores are suitable to be described as
“close pores” with two extremities of imbibing water. More importantly, unlike the former
mechanism, a continuous decrease of gas pressure is not able to re-saturate the isolated
pores. Ultimately, sample will be partially saturated and a new total saturation state

needs be accomplished by a complementary water pressure.

3 Numerical point of view

The simulation work in this part involves the extraction of water imbibition pathways,
the estimation of gas shut-off pressure and the calculation of imbibing water saturation
and the corresponding gas residual saturation. In consideration of the complexity of the
spatial structure of the randomly generated pore space, the difficult point is to estab-
lish a reliable numerical method which is suitable for different morphologies and is still
be able to provide accurate result estimations. The proposed method combines several
morpho-mathematical operations including morphological opening, geodesic reconstruc-
tion, subtraction and union of excursions. Different steps of proposed scenario are shown
schematically in Figure 5.5.

At the outset of proceedings, a totally or partially drained porous space after break-
through is implemented as the initial image, denoted as My (Figure 5.5(a)). The resulting
imbibition pathways is assumed as Figure 5.5(b).

In the first place, My is subjected to a filtering process by morphological opening in
order to eliminate possible imbibition pores in which gas pressure is lower than capillary
resistance (Figure 5.5(c)). Denoting the corresponding structuring element as E; and the

remaining porous space as V7, Thus yielding to:
Vi = Mo o E1 (52)

Afterwards, the eliminated parts V5 are obtained through binary subtraction between

initial image My and image (c) (see Figure 5.5(d)):
‘/QZMo—VleQ—M()OEl (53)

Following this, a geodesic reconstruction from the downstream side provides the accessible
imbibition pathways V3 and the corresponding imbibing water saturation (Figure 5.5(e)),

it is defined by:

Vs = R(V2) = R(_)(Mo — Mo o E) (5.4)
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Figure 5.5: Proposed method to estimate gas shut-off pressure, imbibing porosity and
residual saturation. (a), Drained porous space as initial image My, (b), resulting imbibing
porosity, (c), step 1: morphological opening with a defined size, (d), step 2: subtraction
between (a) and (c) to find possible pores for imbibition, (e), geodesic reconstruction from
downstream side of (d) to determine accessible pores for imbibition, (f), subtraction be-
tween (a) and (e) to eliminate accessible pores for imbibition, (g), geodesic reconstruction
from upstream side to eliminate pores isolated by imbibition. If geodesic reconstruction
can not end at the downstream side, gas pathway then shut-off. The size of the used
structuring element determines the shut-off pressure, (h), union (e) and (g) to build a new

image M, for following calculations.

Subsequently, another binary subtraction is performed between initial image My and image

(e) to erase imbibition part (Figure 5.5(f)), the new built space Vj is givens as:
Vi = My — Vg = My — R(_)(My — My o Ey) (5.5)

After this step, by applying another geodesic reconstruction from the upstream side of

image (f), pores isolated by imbibing water could not be conserved since their boundary
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connectivity no longer exists (Figure 5.5(g)). In addition, if geodesic reconstruction stops
before reaching the downstream side, that means the last interconnected pathway has been
shut off. Then the applied gas pressure can be defined as the gas shut-off pressure. The

new constructed image is given as:
V5 = R(+)(V4) = R(+) (M() - R(,) (MO - M() o) El)) (56)

At the last step, accessible imbibition pathways are combined with result in image (g) thus
leads to a new image M;. Through this process, isolated pores which no longer play roles
in imbibition process are removed from the new build image. Henceforth, if gas pressure
continues decreasing, the new results could be obtained by repeating this process with the

new initial image M,
M =V3+ V5= R(_)(MQ — Myo El) + R(+)(M0 — R(_)(Mo — Myo El)) (57)

When applied gas pressure drops to zero, the residual gas saturation can be defined as the
proportion of total eliminated isolated pores. Following this scenario, for a gas pressure
P, the corresponding water imbibition pathways P,, and new build initial image M, could
be yield by:

Pp=R°(M,,_1 — M, _10E,) (5.8a)
Mn = REB(Mn—l - Re(Mn—l - Mn—l © En)) + Re(Mn—l - Mn—l © En)

where n>1, My stands for the totally or partially drained porous space after breakthrough,

E, is derived from Young-Laplace equation.

4 Results of imbibtion and discussion

As introduced before, in most cases, breakthrough pore throat locates in the porous
network instead of touching the surface thus leads to gas shut-off pressure lower than
breakthrough pressure. The porous structure and the initial state of drained porous net-
work after breakthrough predominantly control the following imbibition process and final
water saturation. Realizations of imbibing water morphology with decreasing gas pressure
for total drained model is shown in Figure 5.6 (blue parts stand for the imbibing water).
Apparently, the water inlet pores are the smallest at the beginning with another larger
pores successively participate until the unloading of gas pressure.

Curves of water saturation as a function of gas pressure in Model 1 of COx argillite

with drainage in X- direction and imbibition in X+ direction are plotted in Figure 5.7.
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Figure 5.6: Realizations of water imbibition process with decreasing gas pressure in a

total drained model, gas pressure decreases from (a) to (c).

Results for the Boom clay are shown in Figure 5.8. For the two cases, the remarkable
imbibing water saturation (IWS) lower than 100% confirms the existence of isolated pores
which will remain desaturated state without complementary water pressure. It should be
noted that limited by the mesh density in generated model and the corresponding smallest
structuring element, the requiring pressure for total drainage at X- direction is considered
higher than 16 MPa and is incapable to be precisely defined. In fact, considering the
repository formation, this pressure level is hardly be reached since gas leakage has already
happened at much lower pressures through continuous flow path and gas accumulation effi-
ciency sharply decreases. Moreover, the generation of fracture leads to a higher equivalent
porosity, thus the content of imbibing water will be higher than the simulation value. In
view of this, imbibition follows the breakthrough is supposed be more reliable. Influenced
by the spatial position of breakthrough pore throat, it has been mentioned before that

the gas shut-off pressure may be lower than breakthrough pressure. The simulation work
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Figure 5.7: Water saturation variation during the drainage and the imbibition as a

function of gas pressure for COx argillite considering two case: total drainage and partial

drainage after breakthrough (Example: Model 1, drainage: x-, imbibition: x+), (a), Case

1: total drainage, (b), Case 2: partial drainage.

matches exactly this idea. For Model 1 of COx argillite, the Py is about 4.23 - 5.14 MPa
(estimated breakthrough pressure: 5.14 - 6.55 MPa). For Boom clay model, P; is about
2.44 - 3.06 MPa (estimated breakthrough pressure: 3.06 - 4.24 MPa). It is easy to find
that the different initial states of imbibition (totally drained or partially drained) bring

no influence to the gas shut-off pressure. It is only determined by the pore space morphol-

ogy. However, the final imbibing water saturation lower than 100% highly depends on the

initial state.
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Figure 5.8: Water saturation variation during the drainage and the imbibition as a func-
tion of gas pressure for Boom clay considering the case of partial drainage after break-

through.

5 Conclusions

In this chapter, the numerical investigation mainly focuses on the water-imbibition
process after the gas breakthrough. It has been taken into consideration not only because
it exists during the long-term repository when the discharge of gas pressure happens, but
also because it is an interesting point of view to evaluate the gas sealing efficiency in

several gas breakthrough experiments.

Water imbibition can be seen as an inverse process of water drainage. It happens
in the smallest pores which directly connect with the downstream side then successively
occurs in large pores. Interconnected gas migration pathways would be progressively lost
until the gas effective permeability drops to zero. During this process, several interesting
phenomenons are noticed. For example, the gas shut-off pressure stands for the applied
gas pressure with which the last interconnected pathway is closed. In general, since the
breakthrough pore throat locates in the porous network instead of touching the surface
thus gas shut-off pressure is often lower than gas breakthrough pressure. Moreover, isolated
pores may produce during the imbibition process and remain in desaturation state. If gas

pressure is finally removed, sample will stay in partially saturated state.

The numerical method includes several basic morpho-mathematical operations such as
the morphological opening, the geodesic reconstruction, the union of excursions and the

binary subtraction. It is then capable to extract water imbibition pathways, to estimate the
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gas shut-off pressure and to calculate the imbibing water saturation and the corresponding
gas residual saturation.

Results prove that water inlet pores are the smallest at the beginning with another
large pores successively participate. The final imbibing water saturation lower than 100%
confirms the existence of isolated pores. The obtained gas shut-off pressures lower than

breakthrough pressures show good accordance with initial expectations.
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1 Introduction

In the previous chapters, gas migration scenarios are assumed only following capillary
two-phase flow. The only factor which has to be taken into account is the difference
between the applied gas pressure and the capillary forces. In fact, gas dissolution begins
when gas phase under complementary pressure directly contacts with water phase. The
dissolved gas molecules transfer principally through two modes: the molecule diffusion
and the convection with interstitial water phase drainage. At low gas pressure (lower
than entry pressure), water saturation degree is maintained nearly at 100%, thus the
second mechanism is significantly restricted by capillary resistance. Molecular diffusion
becomes a prominent transport process. In [Pusch et al., 1985], as to the gas migration at
pressures lower than the critical pressure, diffusion of dissolved gas is probably of major
importance. In [Duveau et al., 2011}, even gas pressure is conserved at a low level, after a
sufficient long duration, gas presence can still be detected at the downstream side and was
supposed to be the dissolved species. More interestingly, dissolved gas is limited in water
phase thus its breakthrough needs to be accomplished by water leakage. That means after
the impediment of gas phase movement, a drainage process is always in progress. The
dissolved gas can probably accumulate in saturated pores and porewater will be squeezed

out from the sample. An hypothesis is proposed in this chapter to simulate this process.

2 Basic theories

Before the detailed study, several basic theories are indispensable to be introduced,
such as the Henry’s law, Fick’s law and their applications.
Henry’s law is used to quantitatively study the relation between the amount of dissolved

gas and its partial pressure in the gas phase [Henry, 1803]. It is given as:
Xy=PF,; Kpy (6.1)

where X, is the mole concentration of dissolved gas in water, Py is the gas pressure and
K4 is the Henry’s law constant. In other words, at a constant temperature, the amount
of a given gas that dissolves in a given type and volume of liquid is directly proportional
to the partial pressure of that gas in equilibrium with that liquid.

A large compilation of Henry’s law constants has been published in [Sander, 2015][Sander,
1999]. Moreover, when the temperature of a system changes, the Henry’s law constant

will also change. There are multiple equations assessing the effect of temperature on the
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constant. The form of the Van’t Hoff equation is expressed as:

Kpg = K[?g X exp(AS;?H (% — %)) (6.2)

where AgmH is the enthalpy of solution, R is the ideal gas constant, T© stands for the

reference temperature of 298.15 K and K?{ g is the corresponding Henry’s law constant.
Thus the temperature dependence is given as:

—dWKp,  AwmH

“=Twn - R

(6.3)

These equations are approximations only and should be used when no better experimen-
tally derived formula for a given gas exists. For instance, at the reference temperature,
Henry’s law constant of argon is 1.4 x10~3 mol/L-atm (714.28 L-atm/mol) with constant
C of 1300. When the temperature increases to 50 °C, Henry’s law constant is down to 0.99
%1073 mol/L-atm (1010.1 L-atm/mol). For hydrogen, its C equals to 500, so the Henry’s
law constant value is down from 7.8 x10~* mol/L-atm (1282.05 L-atm/mol) to 6.9 x10~*
mol/L-atm (1449.26 L-atm/mol). Thus, solubility of permanent gases usually decreases

with increasing temperature.

Figure 6.1: Illustration of molecule diffusion.

As illustrated in Figure 6.1, when a concentration gradient is produced, a transport
of molecules of a certain dissolved species begins. It is based on the Brownian motion
[Brown, 1828]. For steady-state, Fick’s first law [Fick, 1855] describes the free diffusion in
terms of concentration gradients as:

_ D?ai

Here C is the volume concentration of the diffusing species (mol/m?), x stands for the

J = (6.4)

position (m), J is the diffusive flux (mol/m?:s) and D (m?/s) is the diffusion coefficient.
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The negative sign ensures that the flux goes from the high to the low concentration regions.
This concentration gradient can be the driving force for this reaction. The diffusion
coefficient describes the velocity with which molecules of gas could diffuse into water
phase.

Unsteady-state diffusion describes processes where the diffusion flux and the concen-
trations change with time t(s). Based on Fick’s first law and the continuity equation for
mass, Fick’s second law [Fick, 1855] is derived as:

2
e (6.5)

When considering the diffusion of molecules in solutions, it is generally important to
be able to estimate the time required for diffusion over a given distance. This knowledge
can help us better understand how long it takes molecules to spread into the interstitial
pore water. The evaluation of the characteristic time scales has been proposed following
several mathematical descriptions. Since the diffusion coefficient predominantly controls
the velocity of molecules and the mean time between collisions, in one-dimensional case, a
basic expression which is also referred to as the Einstein’s approximation equation indicates

that the time scale ¢ for a particle to move a distance x is given on the average by:
~ x2/2D. (6.6)

This rule shows that the diffusion time increases quadratically with the distance. More-
over, this equation can be improved by adding a numerical constant which depends on
dimensionality.

D is a function of a number factors including molecular weight of the diffusing species,
temperature, and viscosity of the medium in which diffusion occurs. Its value in liquids
are lower by about four orders of magnitude than in dilute gases. They are mostly in the
order of 107? m?/s and depend only weakly on solute size [Gensterblum et al., 2015]. The
well-known Stokes—Einstein equation is used to estimate the diffusion coefficient. Its value
of a spherical particle of radius r in a fluid of dynamic viscosity 1 at absolute temperature
T is given as:

RT

D=_——+ .
6T Ngnr (6.7)

where R is the gas constant of 8.31 J- mol™"-K~!. N, is the Avogadro’s number of
6.02x10% mol~!. Water dynamic viscosity is about 8.9x10™* Pa-s at 25 °C and decreases
to 5.4 x10~% Pa-s at 50 °C [Kestin et al., 1978]. For argon, its atomic radii is 71 pm and

for hydrogen, its value is 53 pm [Cotton et al., 1988]. Hence, argon gas diffusion coefficient
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in water is 3.46x107% m?/s at 25 °C and increases to 6.17 x 1072 m?/s at 50 °C. Hydrogen
gas diffusion coefficient in water is 4.62x107% m?/s at 25 °C and increases to 8.27 x107Y
m? /s at 50 °C.

Ultimately, the ideal gas law PV = nRT is an useful tool to approximate the be-
haviour of many gases under many conditions, although it has several limitations. This
equation links the number of moles of gas n and its volume V under defined pressure and

temperature conditions.

3 Scenario and numerical methods

3.1 Proposition of scenario “dissolution + diffusion + fillng”

ngZPl ng:PI
tP, =P, tp, =P tP, =P

Figure 6.2: Illustration of the proposed scenario of “diffusion + filling”.

This section mainly discusses the gas migration scenario with low gas pressure and long
duration of experiment. In [Duveau et al., 2011], the breakthrough experiment performed
in LML shows that after the impediment of gas phase movement, a drainage process
is always in progress. Dissolved gas may probably accumulate in saturated pores and
porewater will be squeezed out from the sample. This process is hereafter called as the

dissolved gas filling effect. Due to the low efficiency of the flux of dissolved gas, gas
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filling may remain at an extremely low increase rate and require long periods to transport
dissolved gas over distances. From this point of view, a low gas pressure can also ultimately
lead to the gas leakage, not by the gas phase, but by the dissolved species.

It should be emphasized that this scenario is proposed based on phenomenological
observations. Several assumptions are indispensably made for following researches. For
instance, pores which could be filled by dissolved gas flux are defined as the large ones
with lower capillary resistances than the applied gas pressure but they are isolated by
the pore throat thus gas phase can not invade. As illustrated in Figure 6.2, image (a)
is the initial saturated pore space. When a low gas pressure is applied and maintained
for long period, dissolved gas molecules progressively diffuse in porewater, see image (b)
and squeeze water in large pores separated by the pore throat then accumulate, see image
(¢). This process will subsequently take place in another large pores situated behind, see
image (d). Dissolved gas breakthrough may happen during filling process along with the
drained water. Finally, large pores will be totally filled and a partial saturated state of

porous medium is obtained, see image (e) and (f).

3.2 Numerical point of view

According to the proposed scenario, the numerical method needs to be targeted at the
extraction of drained pores, the calculation of diffusion distance and the measurement of
filling volume. The defined morpho-mathematical operations such as opening and geodesic
reconstruction are also used in this calculation. Considering the principles of these oper-
ations, the size of the smallest structuring element which can be applied in opening and
geodesic reconstruction operations is equal to three voxels. Thus the real size of structur-
ing element depends on the size of domain and the mesh resolution then determines the
accuracy of results.

The calculation process is illustrated in Figure 6.3. At the onset, the geodesic recon-
struction is applied on initial pore space (Figure 6.3(a)) considering the smallest structur-
ing element, to detect connected pores outwards. Subsequently, the intersection between
two inverse reconstructions provides interconnected pores as shown in Figure 6.3(b). The
morphological opening is then performed by increasing the structuring element size while
the gas pressure decreases. The filtered image is named as image 1 (Figure 6.3(c)) and
the removed part is named as image 2 (Figure 6.3(d)). After these basic definitions, the
geodesic reconstruction towards the downstream side is applied on image 1 to extract
drained pores. Since pores with higher capillary forces than gas pressure have been ef-

faced, geodesic reconstruction will stop at the pore throat where only dissolved species
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Figure 6.3: Proposed numerical method to calculate diffusion distance and filling volume.

could continue move forward (Figure 6.3(e)). Following this, by defining the obtained
result as the marker image, a new geodesic reconstruction is then realized using image 2
as the mask image. In the same way, operation will end at the entrance of filling pore.
The recorded step of geodesic dilation is referred to as the geodesic distance of the diffu-
sion path between drained pore and the filling pore (Figure 6.3(f)). The next step is a
same process only the mask image changes back to image 1. Hence, the geodesic distance
and volume of filling part are provided respectively. In a complex pore space, steps in

image (f) and image (g) are repeated alternatively until no additional parts could been
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conserved. Ultimately, the total diffusion distance, the diffusion distance between drained
pore and filling part, the distances between two filling parts and the filling volumes are
obtained and could be used for later researches. These different stages are computed by

the following equations:

Initial image : M) (6.8a)

Interconnected pores : M = R®(My) N RE(My) # 0 (6.8b)
Imagel : M1 = Mo E; (6.8¢)

Image2: My = M — M o E; (6.8d)

Drained pores : Vg, = R® (M) (6.8¢)

Diffusion part : Vgir = R® (Vg + Ma) — Vg, (6.8f)
Filling part : Vg = R® (Ve + M1) — Vigr — Vi (6.8g)

4 Principle of calculation

Gas pressure
direction

W
dt:d1+d2+d3

Vi \&

Figure 6.4: Principle of calculation for one cell.

It was introduced before that, from phenomenological observations, even under low
gas pressure condition, gas leakage is possible through diffusion of dissolved species. In
Table 6.1, downstream gas pressure was detected within an extremely low increasing rate
before the breakthrough of gas phase by overcoming the capillary resistance of pore throat.
The observed pressure changes at the upstream side were due to diffusive transport across
the water-saturated pore space of the samples. Moreover, the corresponding time for the
record of dissolved gas presence reduces during the pressure loading process (at a rate of

1 to 10 days between two AP gas =0.5 MPa steps). In order to verify the feasibility of
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Table 6.1: Results of gas breakthrough experiment on COx argillite samples in [Duveau
et al., 2011]. The values in bold represent the corresponding gas breakthrough pressures

and duration at the moment of measuring gas presence on the downstream side.

Pgas Pgas
Sample h P. (MPa) | Duration | (MPa) Gas?
n. (mm) | (MPa) | Up- (h) Down- )
stream stream
0.2 0.0015
0.7 48 0.007 No
5 0.98 0.009
1.35 24 0.0065
! 10 1.4 43 | 0.0144 | PO
1.65 1 0.01 Yes
12 1.5 48 0.005 No
1.8 1 >0.01 Yes
1.45 72 0.0011 No
2 72 0.002
> 25 96 | 0.003 | PO
3 1 0.004 Yes
2 20 2 0.0042 No
2.5 96 0.0038
12 3 0.0033 Yes
3.5 7 0.0071
4 0.0145
0.5 0.0032 No
3 10 5 0.88 72 0.0045
1.26 0.012 Yes

proposed scenario, the estimation of duration for dissolved gas reaches the downstream
side is indispensable. Results should show a rapid increasing trend of time with the
decrease of applied pressure. In addition, it should be noted that, the following principle
of calculation is defined based on several assumptions for the purpose of simplification.
The most important one is that: the real sample is composed of same cells of 5 um which
is simulated through union of excursions. The proposed principle for one cell is shown in
Figure 6.4.

V1 and V4 are two pores for filling. The beginning of this process is assumed when
the first dissolved gas molecule travels to the entrance of the filling part. Based on the
diffusion time rule and the hypothesis of one-dimensional diffusion, the starting time of

filling for V7 and V5 are tg1; and %gy, respectively. They are determined by the diffusion
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distance of di and di + do respectively and could be computed as:

d2
t07\/1 = 9 1D (69&)
di + do)?
to,v, = (o +dy)° 12 - D2) (6.9b)

For the purpose of simplification, diffusion is supposed to be stead type. Time brings no
influence to the diffusion flux. In reality, due to concentration gradient decrease, diffusion
flux will become weaker then increase the corresponding required filling time. For V7 and
Vs, filling time are denoted as tyy, and try;, respectively. The injection diffusion flux
is a function of concentration gradient which are denoted as Jy; for Vi and Jy, for Vs.

Subsequently, following the ideal gas law, ¢y, and tfy, are given as:

P,-Vi

tey = —9 1 6.10

IV T RTS Oy, (6.102)
P,-V,

try, = —3 = 6.10b

fve RTSZ‘JVQ ( )

where 5; stands for the surface of the entrance of filling part. Since the pathway connec-
tivity is ended by morphological opening, the value of S; can be seen as the size of used
structuring element. Moreover, in a small cell of 5 um, geodesic distance between two
filling parts is extremely short. Variables of distance could be considered as constants in
this case. As a result, all of the filling processes in the considering cell are supposed to
be simultaneous, thus leads to to1;, = to1,. For the same reason, the difference between
injection diffusion fluxes is not evident thus Jy, ~ Jy,. Ultimately, the required filling
time is determined by its volume. For V; > V3, ty 1, will be longer than tyy,. The starting
time of filling o1 of this cell then equals to £, y;. The total filling time ¢y is then defined
as the corresponding duration for filling the largest pore and the total filling volume V ;

is the sum. They are given as:

for =ty = -4 6.11

01 =towvi =5 (6.11a)
P,-Vi P,V

trg=—2 =7 6.11b

M RTS,J, — RTS:Jy, (6.11b)
Vin=Vi+ V2 (6.11c)

Considering that two cells with identical morphological pore space are connected, mor-
phological opening then provides same diffusion pathways and filling parts. A simple
illustration is presented in Figure 6.5 with interconnected diffusion path between the two

cells. Hence, the starting time of filling in cell 2 is denoted as tp2 and the corresponding
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Gas pressure
direction

o

W
d=d+d,*d;

Vi V2

1 2

Figure 6.5: Principle of calculation for two cells.

filling time is t72. They could be computed as:

(dl + Clt)Q
= - 7 12
t072 2. D (6 a)
P, -V
trg = —L—n 6.12b
12 RTS;Jy ( )

Subsequently, the difference between the required filling time for the two cells At and the
total filling volume of this system Vo could be obtained as:

_ B Py Wa
" RTS;Jo RTS;J;
Via=2(Vi+ Va) (6.13b)

At = tf,g — tf71

(6.13a)

The total filling time t; o for this system of two cells can be defined as the sum of the
filling time for cell 1, the differences between the starting time of filling and between the
required filling time for each cell. Thus it can be written as:

d
2-D

tyo=1tfr1+ At + (to2 — t071) Atrg+ At + (6.14)

In the case of n cells connected as shown in Figure 6.6. For the nth cell, its starting time

of filling ¢y, and required filling time t; , could be derived following the same method as:

(n‘dt)Q
ton ~ 6.1
o= 5TD (6.15)
P,V
tpp=—2— =t At 6.15b
I RIS, (6.150)

Hence, for the system, the total filling time ¢;, and the total filling volume V, are
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N Gas pressure

direction

W
dt:d1+d2+d3

7 V2
1 2 n

Figure 6.6: Principle of calculation for n cells.

obtained as:

n - dg)?
tt,n = tf,l +n-At+ (25) (616&)
Vin =n(Vi+ V3) (6.16D)

Following this scenario, filling process can be considered as a potential drainage process.
In addition to the diffusion, dissolved gas molecules are also driven by the drainage water
flow thus the migration speed towards the downstream side is accelerated. Finally, the

breakthrough is accomplished when the first dissolved molecule leaks out of sample. In

) Gas pressure

direction

g’*\dz‘&.

AV IVGUIRIAU NP WURY U

Vi \E
1 2 m m+1 n

Figure 6.7: Illustration of pore space saturation at the instant of dissolved gas break-

through.

view of the different volumes of filling parts and the starting time lags of filling for pores
located behind, at the instant of breakthrough, pore space is partially drained and illus-
trated in Figure 6.7. Furthermore, the total distance travelled for a gas molecule until
breakthrough is the sum of diffusion distance and drainage water transport distance (ap-
proximately equals to V¢/S;). Based on this idea and the obtained equations, an equations

set is then provided to determine the dissolved gas breakthrough time for a real sample:

Vin/Si+\/2-D trn=L (6.17a)
(7’L . dt)Q

tt7n:tf71+n‘At+W

(6.17b)
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where L represents the total gas molecule migration distance which is influenced by the real
sample size. Vy,, is defined as the filling volume in totally drained cell. For the purpose of
simplification, the partially drained cells are negligible. In this way, the required time for
dissolved gas molecule breakthrough in this proposed scenario can be obtained by knowing
the morphological information of the basic cell of 5 pum. Although this calculation principle
is built based on several assumptions and simplifications, it can still be used to roughly
estimate the variation of molecule breakthrough time with decreasing gas pressure lower
than gas entry pressure. The application on COx argillite model will be introduced in the

next section.

5 Results and discussion

In chapter 3 and 4, several morphological models of the pore network in COx argillite
are generated considering different experimental pore size distributions (Model 1 for WA,
Model 2 for NMR, Model 3 for MIP). Particularly, Model 1 and Model 2 show better
accordance with the experimental breakthrough pressure following the capillary two-phase
flow mechanism. The application of the proposed “diffusion + filling” scenario is performed
on Model 1 to investigate the duration for dissolved gas breakthrough at low gas pressure

condition.

At the onset, morphological information of Model 1 needs to be totally obtained. After
the selection of interconnected gas flow pathways, a sequence of morphological opening
with increasing size of the structuring element is applied to break the connectivity thus
the tradition capillary two-phase flow scenario is no longer suitable. Subsequently, using
the mentioned technique in section 4, the total diffusion distance, the diffusion distance
between drained pore and filling part, the distances between two filling parts and the filling
volumes are obtained. The real sample size is then defined as closed as the experimental
level (10 mm, 20 mm, 50 mm). The used gas is defined as argon. When temperature is fixed
at 25 °C, Henry’s law constant of argon is 1.4 x1073 mol/L-atm (714.28 L-atm/mol) and
diffusion coefficient is 3.46x107" m?/s. Results are presented in Figure 6.8. It is obvious
that sample size is a predominant factor to control dissolved gas breakthrough time. For
sample of 10 mm, breakthrough time sharply increases when gas pressure is down to about
1 MPa and reaches about 35 h with P, = 0.5 MPa. For sample of 20 mm, the quickly
increasing instant appears at about 1.5 MPa and time finally attains about 150 h. For
sample of 50 mm, breakthrough time smoothly increases during the pressure decreasing

process from 6.5 MPa down to 2 MPa, then sharply increases to about 525 h. In [Duveau
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et al., 2011], sample height has been proved influential to the breakthrough pressure: the
value ranges from 1.26 up to 1.8 MPa for sample of 10 mm, whereas it is of 2.5 - 3 MPa for
sample of 20 mm. The simulated pressures which lead to sharply increasing breakthrough
time in this section are about 1 MPa, 1.5 MPa, 2 MPa, respectively for sample of 10 mm,
20 mm and 50 mm. These values are more likely to reflect the breakthrough threshold of
dissolved gas when gas pressure remains at low level. When these thresholds are passed,
the quick drops of time make it easier for gas molecules to reach the downstream side.

Thus, the detection of gas presence at the downstream side can be more affirmative.
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Figure 6.8: Simulated dissolved argon gas breakthrough time considering different sample
sizes (COx argillite, Model 1, X+ direction).

In addition, temperature variation is an important issue since it may change several
parameters. Assuming that temperature increases to 50 °C, Henry’s law constant will be
down to 0.99 x10~2 mol/L-atm (1010.1 L-atm/mol) and diffusion coefficient will increase
to 6.17 x107? m?/s. It means that the amount of dissolved gas reduces, thus the concen-
tration gradient decreases and consequently weakens the diffusion flux. At the mean time,
the thermal motion of particles are enhanced thus the diffusion velocity becomes more sig-
nificant. Moreover, surface tension drops from 71.99 x 1073 N/m to 67.94 x 1073 N/m thus
the gas phase breakthrough pressure is down to 4 - 6.18 MPa. Considering these effect, a
comparison of dissolved argon gas breakthrough time in COx argillite model between T
= 25 °C and 50 °C is made in Figure 6.9. Results show that even the sharply increasing

point of about 2 MPa does not change, the corresponding dissolved gas breakthrough time

decreases. In other words, temperature increase can reduce the required duration for gas
presence at the downstream side.
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Figure 6.9: Simulated dissolved argon gas breakthrough time considering different tem-

peratures (COx argillite, Model 1, X+ direction).

Once again, the proposed scenario is based on phenomenological observations. The
mentioned mechanism consists several uncertainties and perhaps does not really exist.
The simulated dissolved gas breakthrough time may differ from the true value because
of the simplifications made in the calculation principle. However, both of numerical and
experimental results show the same changing behaviour with low gas pressure. More
detailed theoretical analysis and experimental evaluations are indispensable to enhance

this proposed scenario.

6 Conclusions

In this chapter, gas migration scenario is no longer limited by the capillary effect. The
dissolved gas may also lead to leakage at low gas pressures. The two principal migration
modes of dissolved molecules are the diffusion and the convection with interstitial water
drainage. Since at low gas pressure, the second mechanism is restricted, thus diffusion
becomes a prominent transport process. Moreover, dissolved gas is limited in water phase
that means the breakthrough must be performed during a water leakage process. Based
on this idea, the “diffusion + filling” scenario is proposed.

Following this, several basic theories such as the Henry’s law, the Fick’s law, the
diffusion time rule and the ideal gas law are presented. Temperature-dependent parameters
such as the Henry’s constant and the diffusion coefficient are interpreted.

The numerical method is proposed using morpho-mathematical operations such as
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the morphological opening and the geodesic reconstruction. Morphological information
of model such as the total diffusion distance, the diffusion distance between drained pore
and filling part, the distances between two filling parts and the filling volumes could be
obtained for further research.

The calculation principle is defined based on several assumptions for the purpose of
simplification. The proposed equations set can be used to determine the dissolved gas
breakthrough time for a real sample. The required parameters could be obtained from the
basic cell of 5 um using the numerical technique.

According to the application on COx argillite model, sample size is the key parameter
to determine the dissolved gas breakthrough time. For the three samples of 10 mm, 20
mm and 50 mm, the points of sharply increasing time are located at 1 MPa, 1.5 MPa
and 2 MPa respectively. They are more likely to reflect the breakthrough threshold of
dissolved molecules at low gas pressure. In addition, temperature increase may not be
able to change the breakthrough threshold but can influence the corresponding time. It
can accelerate the leakage speed.

Since this scenario is based on phenomenological observation and the proposed tech-
nique includes several assumptions and simplifications, more detailed theoretical analysis
and experimental evaluations are required to provides more accurate description of gas

transport mechanism at low gas pressure.
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Chapter 7
Conclusions and perspectives

This thesis has been mainly dedicated to: 1. the morphological modelling of porous
space in COx argillite considering different experimental pore size distributions. The basic
method used is the excursion set theory on Gaussian Random Field; 2. the simulation of
gas (produced by humid corrosion of metallic parts) breakthrough and imbibition processes
in order to numerically evaluate its repository performance; 3, the applications on another
potential host rocks in the context of radioactive waste repository such as the Opalinus
clay and the Boom clay; 4, the proposition and simulation of gas migration scenario at
low gas pressure (“diffusion + filling).

During the long-term repository, gas phase may probably generate and contact with the
host formation, according to various conditions. The main sources involve the corrosion of
metallic parts, the degassing process, the radioactive waste decay and the water radiolysis.
Gas migration mechanisms in low-permeable formation include the advective and diffu-
sive transport of dissolved gas in water phase, the capillary two phase flow, through the
pathway dilation and through the fractures. During the gas generation process, gas pres-
sure may increase notably. Whenever the capillary threshold for gas passage is reached,
hydrogen gas leakage may occur through the whole structure. If this process can not be
ensured, the increasing gas pressure may damage the repository formation. The aim of this
modelling work is to investigate the gas migration properties for performance and safety
assessment purposes. In chapter 2, a detailed introduction of this context has been given.
In addition, interconnected pores are the key factor to control the fluid permeability. In
order to simulate the pore space, the pore size distribution is an indispensable characteris-
tic. Several experimental methods provide data about it such as WA /WD method, NMR
method, MIP method or FIB method.

Essentially, the complexity of gas migration properties in low permeable rock is derived
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from the complex aspect of pore space. In chapter 3, regarding the construction of pore
space morphological model without using assumed objects, excursion set on Gaussian
random field transforms a continuous field to a binary one, thus is capable to represent
the two phases (pores and matrix). Moreover, union of independent excursions enlarges
the pore size range and then is capable to provide a realistic model in good accordance
with the experimental pore size distribution. However, the lack of capacity to involve the
natural properties of rock may influence the accuracy of simulation. Hence, a complete

real model of sample derived from imagining methods is always a good alternative.

In chapter 4, The proposed scenario for the description of gas movement is no longer
limited by fluid mechanics or macroscopic approaches. It is more original and is based on
purely geometric analysis on the porous network using morpho-mathematical operations.
Considering the initial divergences among experimental pore size distributions due to
different measuring techniques, three models (Model 1: WA; Model 2: NMR; Model 3:
MIP) within a same total porosity are generated. Model 1 provides the gas entry pressure
between 2.18 - 3.06 MPa and the breakthrough pressure between 4.24 - 6.55 MPa which
are similar to measured values. This model enhances the idea that the capillary-induced
gas breakthrough is possible in COx argillite formation at gas pressure lower than the
fracture threshold. In Model 2, the proportion of medium pores is relatively higher thus
the obtained results are slightly higher. In Model 3, the proportion of small pores is
overestimated due to the ink-bottle effect. As a result, the breakthrough pressure is
sharply increasing. These observations match our initial expectations: under a same total
porosity, the size of entry and breakthrough pore throats in models with high proportion
of small pores are bound to be small thus lead to high entry and breakthrough pressures.
Moreover, unlike the breakthrough pressure, the gas entry pressure highly depends on the
spatial position of the entry pore throat. Different upstream sides or orientations may
bring different cases. Besides, results of the extension on the Opalinus clay and the Boom
clay are also in consistence with experimental observations. Thus, it can be concluded
that the proposed scenario seems quite general for different types of porous media and can

be used to predict the gas transport properties.

In addition, after breakthrough, gas leaks through the repository formation and con-
sequently reduces the gas pressure at the generation source. Water imbibition then starts.
Chapter 5 mainly concerns about the simulation of this process. As an inverse process
of drainage, water imbibition can gradually close the interconnected gas pathways. The
gas shut-off pressure which corresponds to the gas impermeable state is targeted lower

than the gas breakthrough pressure. More interestingly, isolated pores may produce dur-
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ing this process then result in a residual gas saturation when the applied gas pressure is
finally removed. The numerical investigation of imbibition process is performed through a
combination of several morphological operations such as morphological opening, geodesic
reconstruction, union of excursion and binary subtraction. Results prove the existence
of isolated pores. The obtained gas shut-off pressures are in good accordance with ex-
perimental values and are always lower than gas breakthrough pressures. The final gas
residual saturation is estimated.

Chapter 6 focuses on the gas migration mechanism with low gas pressure. Some phe-
nomenological observations show that dissolved gas migration plays an important role in
the gas transport process when gas pressure remains at a low level. Since the dissolved
gas is limited in porewater, the breakthrough of dissolved gas is essentially based on the
porewater transport. That means after the impediment of the gas phase movement, a
drainage process is always in progress. The dissolved gas may probably accumulate in
the saturated pores and porewater will be squeezed out from the sample. Based on this
idea, the scenario of “diffusion + filling” has been proposed. The numerical investigation
is also accomplished by using a combination of morphological operations. The calculation
principle is built based on several assumptions and simplifications. Even the numerical
results show good changing behaviours, more detailed theoretical analysis and experimen-
tal investigations are indispensable to accurately describe the gas transport properties at
low gas pressures.

An improvement of this work can be made by adding stress - strain state analysis and
damage or fracture models when considering materials with relatively higher proportion of
small pores. In this case, the generation of fractures may increase the equivalent porosity
and then bring influences to the breakthrough and imbibition processes. Furthermore, a
reliable stress - strain model provides information about the influence to the breakthrough
process with changes in pore pressure and confining pressure. Due to the randomly shaped

and positioned pore space, this amelioration will be very challenging.
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