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RESUME

Comprendre l'altération du verre nucléaire dans un réseau de fracture au sein d'un
bloc de verre vitrifié est important pour la sdreté du conditionnement des déchets
nucléaires (quantification des risques associés au relachement des radionucléides).
L’évaluation de la performance du stockage géologique des déchets nucléaires passe
obligatoirement par la modélisation de I'altération aqueuse d’'un bloc de verre nucléaire
fracturé, I'échelle de temps envisagée (plusieurs milliers d’années) dépassant toute
possibilité d’expérience directe. Cette thése vise donc a combler le fossé entre les
simulations d'écoulement et de transport a I'échelle du réservoir et la modélisation a
I'échelle micrométrique des processus interfaciaux verre-eau, en apportant I'évaluation
quantitative de la dégradation aqueuse du verre a I'échelle d’un bloc.

Pour aborder ce probleme, les objectifs principaux de cette these ont été fixés comme
suit: (i) la reproduction des résultats expérimentaux obtenus précédemment (pour
qguelques fractures modeélisées de maniéere discréete en mode diffusif), (ii) 'analyse de
I'impact des géométries de fractures sur la quantité de verre altéré pour quelques fissures
modélisées de maniére discréte, (iii) I'étude de la possibilité d'adaptation du modéle
géochimique a la modélisation dans le cadre de 'approche milieu équivalent, (iv) la mise
au point d'une méthodologie de caractérisation, (v) la modélisation géostatistique et
géométrique de réseau de fractures a I'échelle d’'un conteneur de verre, (vi) le calcul des
parametres équivalents diffusifs, hydrauligues et les parametres qui contrdlent la
cinétiqgue de dissolution de verre, et au final, (vii) la modélisation de transport réactif a
I'échelle d’'un conteneur.

A titre illustratif, la méthodologie de la caractérisation de réseau fracturé proposée,
basée sur le traitement des images, a été appliquée aux images bidimensionnelles (2D)
de haute résolution de deux blocs de verre. Cette application a permis de mettre en
ceuvre a la fois les données directes obtenues par mesures des paramétres d’'un réseau
fracturé de verre vitrifié et les données indirectes explicatives issues des simulations
thermomeécaniques. L’application a abouti a la création de multiples réalisations de
tessellation de réseaux fracturés équivalents qui ont ensuite été utilisées comme
représentations physiques pour les calculs de la perméabilité équivalente, de la diffusion
équivalente et des parameétres contrélant la cinétique de dissolution de verre borosilicaté.
L'évolution de la quantité de verre altéré obtenue en effectuant la modélisation de
transport réactif appliquée a plusieurs réalisations de la tessellation de réseau fracturé
eéquivalent a été comparée aux données expérimentales d’'un essai d'altération aqueuse
d'un conteneur non radioactif de verre nucléaire. Les résultats montrent que la
méthodologie concue offre une opportunité pour mieux comprendre l'impact de la
fracturation sur l'altération aqueuse du verre vitrifié et constitue un outil fiable permettant
de prendre en compte différents scénarios d'évolution du stockage.

MOTS CLES

Modélisation, corrosion du verre nucléaire, réseau de fractures, analyse d'images,
changement d'échelle, milieu poreux équivalent




ABSTRACT

Understanding the alteration of nuclear glass in a fracture network of a vitrified glass
block is important for the safe conditioning of nuclear waste (quantification of the risks
associated with radionuclide release). Performance assessment of geological nuclear
waste repositories entails modelling of the long-term evolution of the fractured nuclear
glass block aqueous alteration, because the considered time scale, of several thousands
of years, is beyond the range of any direct experimental perspectives. This dissertation
aims then to bridge the gap between the reservoir-scale flow and transport simulations
and the micron-scale modeling of the glass-water interfacial processes, by bringing the
guantitative evaluation of the glass aqueous degradation at the block scale.

To tackle this issue, the main objectives of this thesis were fixed as follows: (i)
reproduction of the experimental results previously obtained (for some fractures modeled
in a discrete way in the diffusive mode),(ii) analysis of the impact of fractures geometries
on the quantity of altered glass at the scale of some fractures modeled in a discrete way,
(i) investigation of the possibilities of the geochemical model adaptation for the
equivalent homogenous modeling, (iv) establishment of a methodology for glass block
fracture network characterization, (v) geostatistical and geometric modeling, (vi)
calculation of the equivalent diffusive, hydraulic and glass dissolution kinetics controlling
properties and (vii) upcoming reactive transport modeling at the scale of one canister.

As an illustrative example, the proposed image processing-based fracture network
characterization methodology was applied to two-dimensional (2D) high-resolution
images of two blocks of vitrified glass. This application brought into service both hard
data obtained by direct measurement of the fracture network and soft physics-based
explanatory data and resulted in the creation of multiple realizations of fracture network
equivalent tessellation that were further used as physical representation for the
calculation of the equivalent hydraulic, diffusive, and alteration kinetics - controlling
properties. The evolution of the quantity of altered glass obtained by conducting reactive
transport modeling applied to several realizations of the equivalent fracture network
tessellation was compared with the experimental data of the aqueous alteration test of a
non-radioactive full-scale nuclear glass canister. The results show that implementation of
the devised procedure presents an opportunity for better understanding the impact of
fracturing on aqueous alteration of borosilicate glass and provides a reliable tool enabling
different scenarios of repository evolution to be accounted for.

KEYWORDS

Modeling, nuclear glass corrosion, fracture network, image analysis, upscaling,
equivalent porous medium
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CHAPTER 1: INTRODUCTION

Résumé du chapitre

Dans ce chapitre, les aspects liés au contexte du stockage de déchets nucléaires de haute
activité a vie longue sont présentés. Ensuite, le procédé de la fabrication des conteneurs de
verre vitrifié est exposé de maniere succincte et la question de la fracturation du verre
engendrée par son refroidissement dans le conteneur inox est abordée. Les questions
scientifiques et les objectifs principaux de cette these sont détaillés. Ce chapitre se termine

par la description de la structure de ce manuscrit.

1. Introduction

1.1. Background and Motivations
In the history of humanity the demand for energy has never been stronger than today. Even
if in 2016 growth in energy consumption amounted to only half the average rate seen over
the previous 10 years (Figure 1-1), it is still positive.
3.0
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Figure 1-1 Energy consumption growth contributions to annual growth, %. Obtained from BP
Statistical Review of World Energy 2017

It weighs more and more heavily on the natural resources (predominantly finite, like
hydrocarbons). Over the last century, France has developed a large fleet of nuclear power
generators in order to meet the growing demand while limiting its dependency to oil and gas
importations. According to the BP 2017 statistical review of world energy (www.bp.com
2017), in 2016 total energy consumption in France amounted to 235 million tons of oil
equivalent, with nuclear energy running to 91.2 million tons of oil equivalent. In 2016, France

was responsible for 15.4 % of the world nuclear energy production.

In view of concerns on climate change, nuclear energy could play a significant role in the
current energy transition. Fossil fuel energy is characterized by heavy carbon emissions that
aggravate climate change. Coal power plants also emit large amounts of particles with real



CHAPTER 1: INTRODUCTION

and immediate impacts on human health. In that concern, from this environmental point of

view, nuclear energy is much cleaner than fuel fossil energy.

Nevertheless, nuclear energy has several important drawbacks. Its development is heavily
capitalistic and subject to onerous security restrictions. On top of that, and what is more
crucial, nuclear energy sector leaves different kind of nuclear waste coming from the
maintenance or operation of nuclear facilities. Thus, the wastes are regarded as a huge issue,
especially since their management represents a technological challenge joined together with

serious moral and ethical questionings.

From a scientific point of view, in France the management of nuclear wastes is based on the
multi-barrier disposal concept implying that a series of engineered and natural barriers
(container, buffer material around the container, metal envelops, sealing systems), will work

together to contain and isolate used nuclear fuel from the environment

This research falls within the context of nuclear waste management, particularly for high
level wastes, and strives for a better understanding of the behavior of the nuclear waste
containing matrix of borosilicate glass over several thousands of years. In particular, it deals
with the analysis of the glass fractured medium evolution. The study is based on the
construction of a model of the fractured medium in view of a reactive transport modeling of
its evolution. The methodology allows for the quantitative assessment of the degradation of
the glass and the release of radionuclides under different scenarios of evolution, bridging the
gap between laboratory scale (micrometer, years) and geological repository scale (meter for

the block, tens of thousands of year).
1.2. General context: nuclear waste storage

1.2.1. Management of nuclear wastes
It is of common practice to classify nuclear wastes firstly, according to their level of
radioactivity (from weak to highly radioactive) and secondly, according to the radioactive
half-life of the main emitters that waste contains. Level of radioactivity and radioactive half-

life define the dangerousness level and the duration of the nuisance that the waste can cause.

These two parameters cover a large range of activities and half-lives; therefore each type of

nuclear waste requires special management.

In this connection it is worth remembering that in 1991 France passed a law, the Bataille Act,
to organize the management of radioactive waste. Subsequently, it was extended by a new
law passed on 28 June 2006. Within this legislative framework a major research program has
been launched, with the main objective being to find the most appropriate way of managing

the most highly radioactive wastes.

Nowadays in France, five waste categories are distinguished; their main characteristics are
provided in Table 1-1
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Table 1-1 Classification of radioactive waste and their storage/disposal solutions; information adapted

from (andra.fr)

Category Origin Volume, % Level of Preparation  Forseen
radioactivity,  stage disposal
% solution
Very-low-level Operation and 27 <0.01 Some VLLW Vaults are
waste (VLLW)  decommissioning is subject to dug out of
of nuclear special clay layer, a
facilities;  clean- processing few meters
up and like below  the
remediation  of compaction,  surface
historic sites solidification,
polluted by stabilization.
radioactivity Waste
packages are
labelled and
stacked  in
vaults
Low and Maintenance and 63 0.02 Waste In reinforced
intermediate operation of packages are concrete
level, short- nuclear facilities compacted near surface
lived radio- (clothing, tools, or solidified structures,
active waste filters, etc.); by and then that are later
(LILW-SL) research or mixed with closed by a
healthcare concrete concrete
activities before being slab, made
placed in a watertight
concrete or by a layer of
metal impermeable
container resin
Low-level Radium-bearing 7 0.01 Graphite Temporary
long-lived waste waste - in stored on
waste  (LLW- comes from the metal baskets industrial
LL) processing of that are later producers
various used put then into sites
minerals concrete
(e.g. metallurgy) containers.
Graphite waste Radium-
originates from bearing
dismantling  of waste - in
the first metal drums
generation of
nuclear reactors
Intermediate-  Metal cladding 3 4 Compacted Deep
level  waste, structures into  pucks geological
long-lived surrounding and placed in disposal at
(ILW-LL) nuclear fuel containers 500 metres
elements  (hulls (more or less
and end caps) or similar to
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residues from the those used in

operation of vitrification

nuclear facilities facilities)
High-level Highly 0.2 96 Stored Deep
waste, long- radioactive temporarily  geological
lived (HLW residue from the in tanks disposal at
LL) reprocessing  of before being 500 metres

spent fuel used calcined in

for power the form of a

production, and powder and

waste from the then

defence sector incorporated

into a molten
glass. The
mixture is
poured into a
stainless steel
container

Among the categories shown in Table 1-1, high level activity (HLA) and intermediate level
(IL) activity long lived wastes are of specific concern, since the safety of their disposal

solution has to be ensured for several thousands of years.

1.2.2. Geological storage
In consideration with the results of fifteen years of research spent studying and assessing
various solutions for waste geological disposal carried out by ANDRA, the French
Parliament opted for deep geological disposal and asked ANDRA to design Cigeo (Centre

industriel de stockage géologique) - a deep geological disposal facility for radioactive waste.

According to the disposal scenario envisaged by ANDRA, the packages of vitrified glass
containing high level long-lived radioactive wastes (HLLLW) will be stored in disposal cells
of a repository to be built in Callovo-Oxfordian clay, located 500 m beneath the ground

surface in Meuse / Haute-Marne, France.

Under the current concept (still in evolution), these cells would be blind micro-tunnels, 0.7 m
of diameter and 100 to 150 m of total length (Figure 1-2). A steel lining is intended to
facilitate the placement of packages during the operational phase (and their removal for
possible recovery). Finally, a filler material should be injected between the liner and the host
rock to enhance mechanical strength and reduce corrosion. The packages would be
positioned separated from one another, so that heat production in the cell is compatible with
thermo-hydro-mechanical targets (ANDRA 2016).

Depending on the administrative procedure and authorization process, Cigeo is expected to
receive first batches of the stainless steel packages with inert vitrified glass (for
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demonstration) between 2025 and 2030 in the framework of the industrial pilot phase, before

an industrial phase by 2035.
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Figure 1-2 a) Schematic diagram of the HA cell; b) Illustration of an HA storage container for vitrified
waste primary package type R7T7High-level long-lived waste disposal gallery in operating
configuration. Obtained from (ANDRA 2016)

1.3. Conditioning of long-lived high- level (LLHL) radioactive waste

1.3.1. Manufacturing procedure of blocks of vitrified glass
The process of treatment of nuclear waste using vitrification at the industrial scale was
initiated in 1978 at the Marcoule vitrification facility (Vernaz et al. 2014). The confinement
process, detailed by (Bonniaud et al. 1980; Advocat et al. 2008), consists of two separate
stages. The first stage involves calcination of the liquid fission product (FP) solutions at
around 400°C. This is followed by a melting stage at around 1100°C in an induction-heated
metallic reactor: the vitrification additive (glass frit) and the calcinated FP solution (calcinate)
are mixed before being poured into a metallic container. In France, two types of melters are
used to vitrify HLLL radioactive wastes: hot or cold crucible. In the melting pot (sometimes
named hot crucible), glass is heated by thermal conductivity from the walls of the pot to the
core the glass bath. Alternatively, with the cold crucible induction melter technology (CCIM),
the principle is to induce electric currents directly within the glass to raise its temperature
without heating the crucible. The direct-induction heating method allows the temperature to
be increased (up to 1300°C) making it possible to obtain new waste containment matrices (i.e.
for the vitrification of highly-corrosive UMo fission products, UOx fission products, etc.).
Also, the CCIM technology allows the industrial vitrification throughput to be significantly
increased: the higher the temperature, the faster the calcine digestion by the glass

(neimagazine.com 2011).

Hot and cold crucibles give similar volume of glass SON68: in both cases about 400 kg is
poured in two batches of 200 kg and the cooling takes place in natural environment without
forced convection during about two days. That said, there are still some differences in
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thermal parameters that differentiate these two procedures. Their graphical interpretation is
given in Figure 1-3.

1. Duration of the inter-flows: about 10 h for the hot crucible, against about 6 h for the
cold crucible.

2. Outside temperature: higher for the hot crucible, due to temperature maintenance in
an oven (duration varies from case to case, in Figure 1-3 it makes up 50 000 s). In contrast,
there is no preheating of the stainless steel casing for the cold crucible, and no external
heating within the first hours. As a result, when the glass is solid, more important rate of

fracturing is revealed for the hot crucible in comparison with the cold crucible.

3. Temperature of the glass melting: 1373 K for the hot crucible against 1 473 K for the

cold crucible.

1473

— Process 2 | Thermocouple external of steel

1373 h=mi-C1,r=21,5cm

1273 = = Process 2 | Tc. External of steel h = int. C1-
C2,r=21,5cm

1173 ——Process 2 | Tc. External of steel h = mi-C2,
r=21,5cm

1073

973
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——Process 1| Tc. In the glass h =mi-C2, r =
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773

673

573

Temperature observed [K]

473

373

273 + T .
0 50000 100000 150000
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Figure 1-3 External temperature readings (close to steel) of the hot (process 2), and the cold (process 1)
crucibles. For both of them the casting is effectuated in two steps, with total mass of a block being 400
kg). Adopted from (Barth 2013).

The resulting glass incorporating FP is then poured and solidifies inside stainless steel

containers (type "CSD-V" - standard package of vitrified waste).

Downstream of the industrial process of vitrification, the packages are sealed and stored in
ventilated wells during a sufficient storage period for initial cooling of the packages (up to

300 years). Later on, these packages are supposed to go to the underground storage facility.

1.3.2. Some studies on glass fracturing
Fracturing is a potential issue as it could increase the reactive surface accessible to
underground water during the geological disposal phase of the vitrified wastes, after the
stainless steel container has lost its integrity. A higher accessible surface in turn means an

9
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increased radionuclide release rate. By conducting leaching experiments of a nuclear glass
(Perez et al. 1989; Chomat 2008; Verney-Carron 2009) demonstrated that these surfaces, if
they are part of a network of open cracks (in percolation), may also interact with water

during the alteration of the packages in an aqueous medium.

That is why it seemed important to study the thermomechanical behavior of the nuclear
glass. The research of (Barth 2013) resided in the implementation of a continuum damage
mechanics model aimed at predicting the development of fracturing surfaces, originating as
a result of the thermal and mechanical stresses related to the manufacturing procedure and
evolving in course of a package life. It comprises such types of simulations as: thermal

simulations, simulation of structural relaxation, and simulation of thermal damage.

(Bouyer et al. 2014) have illustrated the variation of the glass transition temperature
according to the thermal history during cooling and solidification of the glass in the package.
It was shown that the solidification front evolves in a characteristic way according to the
process of glass melting (due to the distribution of thermal histories in the package). The
model relaying on the assumption that the elastic energy associated with the stresses that are
higher than the threshold stress is dissipated in the creation of new surfaces (Dube et al.

2010) was used to estimate the fracture surfaces of a glass block.

The results of the simulations of a glass block fabricated in a cold crucible without the
thermal source due to radioactivity is planned to be used in our research in order to make a
link between the observed fracture network morphology and the physical parameters that

condition the development of the glass fracture network at scale 1.

1.4. Scientific questions and objectives
Modeling of flow and transport phenomena in fractured media has become a topical issue in
Earth Sciences. The nuclear energy industry shows interest in this subject because fractures
could eventually be responsible for the release of the radionuclides with the ground waters
in deep geological wastes repositories. In fact, multiple researches strive to model the
migration of radionuclides in fractures of host rocks surrounding deep geological
repositories for high level wastes (ANDRA 2005a; Zhang 2018; Cvetkovic et al. 2004;
ANDRA 2010, 2005b). With reference to these researches it is possible to state that at the
reservoir scale the solute transport and the flow of the ground water bearing radionuclides

are rather well understood.

At the same time, over the last thirty years, plenty of studies have focused on the
performance of the glass under leaching (Pierce et al. 2014; Steefel 2015; Gin et al. 2013).
Results of these experiments enabled better understanding of the mechanisms of glass
alteration at the micro level and gave the foundation to elaborate glass reactivity with
allowance for the alteration layer model (GRAAL), (Frugier et al. 2008). Despite the
advancements made in studying solute transport and flow of the ground water in fractures

and discoveries in the domain of borosilicate glass aqueous alteration, a crucial investigation
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of the effect of block fracturing on the glass aqueous alteration has stayed rather limited so

far.

The overarching aim of this research has therefore been to bring new light on the impact of
fracturing on the quantity of altered glass at the scale of the glass package (scale 1). The

dissertation is framed by the following scientific questions.

Question 1:

At the scale of some fractures, how to couple the geochemistry of glass alteration and the
modeling of transport phenomena? What are the main mechanisms that drive the

development of the altered glass layers and glass aqueous alteration?

Proposed solution: Taking control of GRAAL model, comparison of the results of reactive
transport modeling to the results of the experiments conducted by Chomat (Chomat 2008),
explanation of the results of modeling in light of the principles of GRAAL model and

theoretical knowledge of nuclear glass corrosion.

Question 2:

What is the influence of fracture length, opening, number on the quantity of altered glass

released?

Proposed solution: Conducting a sensitivity study in the framework of discrete fracture
network modeling that enables to refine the knowledge of the impact of ideal fractures

geometry on the evolution of the glass aqueous alteration.

Question 3:

Is it possible to adapt GRAAL model in order to conduct reactive transport modeling applied

to a system of fractures described by an equivalent porous medium representation?

Proposed solution: “Upscaling” of the GRAAL model, carrying-out the modeling in the
framework of “Fracture” and “Porous Medium” approaches in a diffusive mode. This step
sets the stage for the geochemical modeling at the scale of a glass package. The main purpose
is to prove that from the geochemical perspective it is feasible to replace CPU time
consuming discrete fracture network representation by an equivalent fracture network
representation provided that kinetics governing parameters such as, glass specific surface,
glass mass per solution volume, half-saturation coefficient and equivalent fracture porosity

are supplied for all meshes of the modeled equivalent medium.

Question 4:

What techniques should be applied to characterize a block fracture network? What are the
approaches that will allow us to achieve the final objective of the quantity of altered glass
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quantification in a relatively short period of time and without being extremely too

cumbersome?

Proposed solution: Conception of the image-based fracture network characterization routine
relying on the analysis of high quality images of vitrified glass block cross sections. It
involves stages of fracture network extraction and its meticulous examination and it
proposes the replacement of the fracture network representation by a “crystal”
representation. The idea behind the adoption of the crystal representation is to be able to
replicate block facture network by reproducing its segmented image (kind of object
modeling via the techniques of anisotropic mesh growth). The devised workflow comprises
steps of (i) characterization of fracture network as the scale of vitrified glass block, (ii)
upscaling of permeability, diffusion and kinetics governing parameters and subsequent (iii)

reactive transport modeling with consideration for variability of fracture network.

Question 5:

What data can be brought into play in order to supplement scarce hard data acquired at the

stage of image analysis?

Proposed solution: Examination of the results of thermo-mechanical simulation as a model of
a glass block elaborated in a cold-crucible without radioactive source term. Selection of an
exhaustively known physical parameter whose transforms could supplement the raw data at
the stage of the equivalent fracture network simulation. Analysis of the evolution of the
chosen parameter and its derivatives with upcoming construction of the maps that reflect the
anisotropy of fracture networks in consideration of the evolution of the internal state of the

glass.

Question 6:

Is there any not lengthy and moderately time consuming way to extend the proposed 2D

model towards a 3D model? What are the limitations of this approach?

Perspective for future: creation of a 3D model by applying a cylindrical symmetry.
Regarding the knowledge of the fracture pattern of a transverse plane of fracture package, it
could be obtained by applying the workflow devised in the course of this research. However,
certain caution must be applied since the fracture network is likely to vary along the z-axis
due to the presence of the different thermo-mechanical environments, i.e. zone of

reliquefaction, free glass surface, bottom area of the package.

1.5. Dissertation structure
This section provides an overview of each chapter and explains their contributions to the

achievement of the research goals.
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Chapter 2

In this chapter, in a first step in § 2.1, the state of the art of the aqueous alteration of
borosilicate nuclear glass is presented. The knowledge gained from the multiple experiments
conducted at CEA and abroad is examined and the GRAAL glass corrosion model is
presented. In § 2.2 we discuss the experimental results and the efforts made to characterize
nuclear glass fracture networks at the scale of one container by static and dynamic
measurements and then at the scale of a few fractures by optical microscopy and scanning
electron microscopy. This chapter ends with the analysis of the theoretical bases of reactive
transport and more precisely, in § 2.3 we pay attention to the principles of the coupled
HYTEC reactive transport code used in this thesis, then we present some ideas on the origin
of convection that might exist in storage conditions and we cite some limitations of reactive

transport codes.

Chapter 3

This chapter aims to explain the issue of the glass fracture network analysis at the scale of a
container. In § 3.1 we present the basics of mathematical morphology - the main tool for the
characterization of glass fractured network, discussed in this thesis. In § 3.2 we look at the
steps taken to obtain images of nuclear glass sections and we explain the reasons justifying
the choice of ordinary imaging in relation to different types of microscopy and tomography.
At the end of this chapter we reflect on the possibility of extending the proposed
methodology to 3D applications and we indicate some technical obstacles that will be

necessary to tackle.

Chapter 4

The fourth chapter begins with the recapitulation of the results of the glass aqueous
corrosion experiments applied to simple systems of ideal fractures of nuclear glass. The
second part of the chapter deals with the implementation of the Glass Reactivity with
Allowance for the Alteration Layer Model (GRAAL) and its application as part of the
discrete approach for some ideal cracks. In the last part of the chapter we examine the results
of a sensitivity study aimed at studying the influence of number of cracks, their openings
and their lengths as well as the volume of water and the degree of its agitation on the
intensity of development of the dense passivating gel and of the porous non-passivating gel

and, consequently, on the intensity of glass corrosion.

Chapter 5

This chapter represents the heart of the thesis and aims to explain in detail the image
processing-based fracture network characterization workflow developed for carrying out
reactive transport on a container scale by taking into account fracture network variability
and different scenarios of storage evolution. This chapter is written in the form of two
articles. In the first article in § 1.3 we see the application of the mathematical morphology in
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order to (i) extract fracture network separately from pull-out zones and cavities of
contraction, (ii) determine apertures for each branch of fracture network, (iii) perform image
segmentation which intends to distinguish parts of the matrix separated by fractures and
whose centroids are easy to find, and (iv) finally study the anisotropy of this segmented
image by the theory of moments, from where the ratio of the axis lengths, the angle of
rotation of each crystal and their barycenter are obtained. Then, in § 1.4 and 1.5 of the same
article, we examine the steps of the quantitative analysis of the arrival map of the
solidification front. This map and its derivatives are used to supplement the pointwise data
of image analysis by the global spatial distribution of key parameters in order to perform
geostatistical simulations and to predict network anisotropy. After, we proceed with the
geostatistical simulations of crystal centers and crack openings, the results of which are used
at the stage of the construction of equiprobable realizations of fracture network equivalent
tessellations. The article ends with the demonstration of four simulated glass networks and

two segmented images of UOx and UMo vitrified blocks.

In the second article in §2 we examine the techniques proposed for calculating the
equivalent parameters, such as coefficients of permeability and diffusion. We also look at
how the parameters governing the kinetics of glass dissolution are calculated in the context
of the equivalent porous model. The verification of these techniques is shown in § 3: it is
carried out by means of the simulations of the reactive transport applied to a simplified
network represented, on the one hand, by the DFN approach and on the other hand, by its

equivalent porous model.

The application of the equivalent model at the scale of a container is addressed in § 4 of the
second article, here the results of the reactive transport modeling conducted in diffusive and
convective modes are shown and compared with the experimental results of the long-term
aqueous alteration test of a block of nuclear glass. This experiment was realized at the CEA

in the electrical static leaching unit.

This chapter concludes with the demonstration of the results of reactive transport modeling
in conditions closer to those of the geological storage, i.e. applied to a lying on its side block
in which the thermoconvection created by the release of waste heat is modeled. These
simulations are conducted for three deadlines: 1000 years, 5000 years and 10 000 years after

the canister is deposited in the storage cells.

Chapter 6

In this chapter, the question of the application of the model in the context of the storage of
fractured glass blocks containing high-level nuclear waste is raised. We highlight the
technical problems encountered during the application of the methodology and we reflect on
the possibility of evolution of this methodology to be able, firstly, to extend towards 3D and,
secondly, to take an account of storage conditions more realistic than those modeled in this

thesis.
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Résumé du chapitre

Dans ce chapitre, dans un premier temps au §2.1, I'état de I'art de l'altération aqueuse de
verre nucléaire borosilicaté est présenté. Les connaissances obtenues par les expériences
multiples menées au CEA et a I'étranger sont examinées et le modele GRAAL de la corrosion
du verre est présenté. Au §2.2 sont abordés les résultats expérimentaux et les efforts
accomplis jusque-la pour la caractérisation des réseaux de fractures de verre nucléaire a
I’échelle d"un conteneur par les mesures de lixiviations statiques et dynamiques et ensuite, a
I’échelle de quelques fissures, par la microscopie optique et la microscopie électronique a
balayage. Ce chapitre se termine par l'analyse des bases théoriques du transport réactif et
plus précisément, au § 2.3, nous mettons 1’accent sur les principes du code couplé transport-
chimie HYTEC utilisé dans cette these; puis nous présentons les phénomenes pouvant étre a
I'origine de la convection dans les conditions de stockage et nous exposons enfin quelques

limites des codes de transport réactif.

2. State of the art

2.1. Borosilicate glass aqueous alteration

2.1.1. Knowledge derived from laboratory experiments
In the late 1970s France made the decision to use an alumino-borosilicate glass as a
containment matrix because it has a great flexibility compared to crystalline structures, and it
allows integration of many radionuclides by substitution of atoms of its structure.
Borosilicate glass usually contains sodium with additions of other oxides like aluminum,
calcium, lithium or zirconium. The study of the effects of glass composition on a wide range
of properties like homogeneity, mixing temperature, viscosity, phase separation,
crystallization, leaching behavior, resistance to irradiation, etc., led to the definition of two
glass types: the industrial R7T7 glass (Table 2-1), considered in France as a reference for its

confinement qualities, and its inactive analogue, referred to as SON68 glass (Table 2-2).

Table 2-1 Reference chemical composition of UOx glasses (% mass.).

Oxides (FP +

Zr + Ru02+
Oxide 8iO, B20; Na,0 ALO; L,O ZnO CaO Cr,0; Fe,0; P,0s NiO actinides) +  Rh+
Metallic Pd
particles
% 45.1 139 9.8 49 20 25 4.0 0.5 29 03 04 13.7 1.54
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Table 2-2 Reference chemical composition of SON68 glasses (% mass.).

Oxide $iO, BO, NaO AlLO, LiO ZnO CaO ZrO, Fe O, CsO Ni0 Nd,O, MoO, Other

% 4548 14.02 986 491 198 25 404 265 291 142 074 1.59 1.7 6.2

The interaction of nuclear glasses with water in a geological waste disposal is believed to
happen after a few thousands of years, i.e. after the multiple barriers of the repository
including the steel canister would have failed and groundwater from the surrounding
geological medium would fill the repository. Glass gets corroded mainly due to reaction
with water, which changes the physical structure of the glass surface, and releases its
constitutive elements, including the radionuclides, into water. Laboratory experiments
applied to modern glasses and study of the archeological glasses found in seawater beds or
buried in cathedral construction sites have demonstrated that glass is capable of
withstanding the corrosion for thousands of years (Verney-Carron et al. 2008; Sterpenich
1998).

In contact with water, glass is subjected to various phenomena like ion exchange (or
interdiffusion), hydrolysis of the vitreous network, condensation of a part of the silica and
poorly soluble elements and precipitation of secondary phases. The species solubilized
during the alteration of the glass undergo local processes of condensation-precipitation.
These processes are at the origin of the formation of silicate polymorphs, progressively
reorganized into a porous and hydrated network called “gel”. The solution is also the place
where precipitation reactions happen, leading to the formation of secondary phases,

essentially clay and silicate.

Gel is the name given to the amorphous material formed by the establishment of a balance
with a solution whose nature remains discussed. The gel can originate from several
processes: in-situ condensation (Frugier 2008; Dran et al. 1988; Jegou et al. 2000) or
precipitation (Jercinovic et al. 1990; Geisler et al. 2010; Hellmann et al. 2015) from elements
released in solution by the hydrolysis of a glass network. Moreover, according to the current

vision, these two mechanisms are not necessarily antagonistic and may coexist.

The gel limits the transport of the species to the alteration fronts (Rebiscoul et al. 2007); the
closure of porosities is one of the reasons of gel’s passivation effect (Cailleteau 2008). The
structure of the gel is likely to evolve over time towards the increase of its order at short
distance and the decrease of its pore volume. In general, the denser the gel, the better its

diffusive barrier properties (Grambow et al. 2001).

Recombination of the elements dissolved during the glass alteration gives rise to the

precipitation of secondary phases. Alteration gel and secondary phases are aluminosilicates
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containing cations present in the surrounding solution. According to the affinity of an
element for one of the phases, either formation of secondary phases or gel (to the possible
detriment of certain secondary phases) can take place, the affinity depending on

environmental conditions and their evolution.

As for the terminology used in this thesis, gel refers to the amorphous weathering layer of
glass at the glass / solution interphase. This gel may comprise two parts: passivating and
non-passivating. The former with passivating properties called PRI for passivating reactive
interphase. The non-passivating gel means a gel which has lost part of its initial constituents

or whose passivation properties are negligible.

In the context on this research, we deal only with the aqueous alteration of glass under
assumption of its full saturation with water in pH conditions not allowing the alteration to
resume. However, we propose in the two following sections an overview of the mechanisms
and the kinetic regimes for both environments: alteration in aqueous medium and in

unsaturated vapor phase.

2.1.1.1.  Full saturation with water
During the leaching process of a glass in an aqueous medium, the reaction mechanisms

generate different alteration regimes as shown in Figure 2-1.
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Figure 2-1 Alteration rate of glass in water over time and the different stages of alteration, obtained
from (Gin 2013)

Their duration depends on the composition of the glass and the chemical conditions of its

degradation. For each regime, the prevailing mechanisms are detailed as follows.

Initial rate regime
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In the early stage of alteration, the mechanisms of interdiffusion and hydrolysis occur
simultaneously. However, the interdiffusion regime is transient since it follows a diffusive
process. So it's the velocity of hydrolysis that contributes mainly to the velocity of the initial

alteration.

By definition, the initial glass alteration rate is the maximum dissolution rate of the glass
obtained in the conditions far from the saturation, i.e. in a highly diluted medium where no
diffusional barrier intervenes to slow down the alteration. The initial rate depends on pH

and temperature in agreement with equation 2-1:

Eq1 1

Vo(T, pH) = Vo7, X e RIT Tg) x 1QNo*max(ph=70), 21

where Ea is the activation energy, Vois the initial glass hydration rate, No is the coefficient of
the diffusion dependence on the pH, T is the current temperature, To is the absolute zero

temperature, R is the gas constant.

This equation is composed of three terms. The first is a constant rate measured at the initial
temperature and pH equal to 7. The second and the third indicate the dependence on
temperature and pH. The equation is valid for temperatures between 25 and 100°C and pH
between 6 and 10. For illustrative purposes, two values of the initial rate for different pH and
temperatures for SON68 glass are cited: 0.9 g.m2.d" (T =90°C, pH =7), 5.5 gm2.d* (T =90°C,
pH=9).

Rate drop regime

The rate drop is a complex regime that corresponds to the transition between the initial and
the residual rates. The increase of concentrations in solution leads to the recondensation of
part of the dissolved silicon in an amorphous, porous, and hydrated phase: the gel. The
formation of this phase leads to a decrease of tracer elements departure rate, making the
dissolution largely incongruent'. The fall of the rate is due to the decrease in the dissolution
affinity of the glass and the formation of the passivating gel which limits the transport of
dissolved silica from the glass / gel interphase to the solution. The passivating character of
the gel increases with increasing concentrations in the solution that favors the
recondensation of the elements within the gel. At this stage, the rate of the aqueous alteration

of the glass can decrease by several orders of magnitude.
Residual rate regime

The regime of rate drop gives way to the so-called residual rate regime. This velocity evolves

more or less in a long run. Two mechanisms are responsible for the residual rate regime:

1 The dissolution of a mineral is congruent when its constituents are released simultaneously in solution. Their
stoichiometric ratios in solution are then identical to those of the dissolving mineral
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1. diffusion of elements coming from the alteration of the glass within the gel that
results in the supersaturation at the hydrated glass / gel interphase;
2. formation of the secondary phases, which maintain residual hydrolysis by consuming
certain elements, like silicon, aluminum, sodium and calcium.
In the case of French nuclear glass R7T7, when quasi-stationary silicon conditions are
reached in the solution, a very low rate of alteration is found. To be precise, it is expected to
be 4 orders of magnitude lower than the initial velocity at 90°C and pH 9, with values

around 10 g.m2.d-%.
Alteration resumption

The alteration resumption corresponds to an increase in the raterate of alteration, following
the regime of the rate drop. The main mechanism related to the alteration resumption is
secondary phase formation (as zeolites and Calcium Silicate Hydrates, C-S-H), which
triggers or maintains the residual hydrolysis by consuming the forming elements of the
alteration layer (aluminum, silicon, etc.). The development of these phases causes a pumping
of the constitutive elements out of the gel. By doing this, it destabilizes and inhibits its
passivating properties. According to the experimental and theoretical studies carried out so
far, the phenomenon of alteration resumption depends essentially on the surface by volume
ratio (S/V), pH, composition of the glass and the surrounding solution. The alteration
resumption is favored in strongly basic pH conditions (pH > 10,5), high temperature and
high S/V ratio (Fournier et al. 2014).

2.1.1.2.  Vapor phase

After the break-up of the stainless steel container, vitrified waste alteration is likely to be
initiated in unsaturated conditions resulting, in particular, from hydrogen production
coming from the corrosion of the metal materials of the liner and the container (ANDRA-
Collectif 2016). The reaction of glass with water vapor has been studied in Argonne National
laboratory (ANL), Pacific Northwest National Laboratory (PNNL), Savannah River
Laboratory (SRL) etc. It is acknowledged that currently the scientific database on the vapor
hydration of nuclear glasses stays relatively limited.

From the experimental results conducted so far, it can be understood that the reactions
occurring between glass and water are the same for alteration in aqueous medium and
unsaturated water vapor. However, the rate controlling reaction mechanism and the driving
force for alteration are different in both cases (Abrajano et al. 1989). The difference largely
arises from the changes in the water chemistry, as a result of the extremely small volume of
water available for reaction in the unsaturated case. The various results from the vapor
hydration experiments suggest that the alteration in vapor phase is not simply an extreme
case of the glass alteration in aqueous medium at a very high S/V (Abrajano et al. 1986). The
precipitation of secondary phases seems to be the strongest driving force for alteration in

vapor phase at high temperature. At high temperatures and low solution volume that gets
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saturated rapidly, the conditions are thermodynamically favorable for the precipitation of

secondary phases.

Given the lack of understanding of the geochemical behavior of the borosilicate glass under
leaching in vapor unsaturated phase, it is crucial that more vapor hydration studies be

conducted.

With the knowledge of these regimes, the geochemical modeling of glass dissolution is
complex. It depends on saturation conditions (full saturation with water vs. vapor phase)

and hydrodynamic regimes (solution renewal vs. static conditions).
2.1.2. General statements of GRAAL model

2.1.2.1.  Theoretical basis of the geochemical modeling

The Glass Reactivity with allowance for the Alteration Layer Model was proposed to
describe borosilicate nuclear glass alteration (Frugier 2008). The model was developed with a
dual objective: (i) consideration of the coupling between the affinity effects in the kinetic law
and the diffusion processes in the alteration layer and (ii) the establishment of precise
material balance to calculate the distribution of the elements of the glass between the
solution, the secondary phases and the gel. For this purpose, the GRAAL equations were
implemented in a coupled chemistry-transport code HYTEC (Van der Lee et al. 2003).

The first hypothesis of the GRAAL model is the rapidity of the hydration reaction of the
glass at the initial time. This phenomenon forces the elements of the glass (alkaline, boron) to
pass into solution. The hydrolysis of silicon is slower, and it is the hydrolysis that conditions
the glass initial dissolution rate. The difference between these two kinetics leads to the
creation of the dealkalized hydrated glass layer at the glass-solution interphase. This layer or
gel is gradually reorganized by hydrolysis/condensation phenomena and is called
passivating reactive interphase (PRI). Each silicon atom present in the solution comes from
the dissolution of the PRI. Along with the creation, this gel dissolves, as long as the solution

is not saturated in the elements that constitute it: Si, Al, Ca, Zr.

GRAAL proposes the description of the gel formed on the surface of glass by condensation
and precipitation of Si, Al, Zr and Ca. With a relatively simple formalism, the model
accounts for the chemistry and solubility of the gel. It assumes that glass alteration is
controlled by the PRI consisting of glass without any mobile elements in its composition
(alkalis, boron, etc.). Apart from PRI, another amorphous layer is expected to be created
during aqueous alteration (Figure 2-2). Frugier et al. are of the opinion that due to water
diffusion in the glass, inter-diffusion between protons and alkali ions, some other

amorphous interphases could be created.
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Figure 2-2 Diagram of the different amorphous phases and mechanisms of their generation (obtained
from Frugier et al., 2008)

In this research, we consider two main alteration layers (porous gel and passivating dense
gel) and we strive to model the generation of these two layers by executing a reactive
transport modeling inside different fracture media. The verification of the GRAAL model
undertaken at the first stage of the research was done by results comparison with the
thickness of altered glass measured by means of SEM (Chomat 2008).

According to (de Combarieu 2007; Godon et al. 2012), passivating reactive interphase
comprises all gel forming elements (Si, Ca, Al, Zr). This zone is characterized by a
concentration gradient both of the mobile elements (alkalis, B) and of the elements that limit
the formation of crystallized phases (Zn, Ni, etc.). NMR and X-ray absorption spectrometry
show that it is the layer in which the silica network is more polymerized that in the initial
glass. This in situ reorganization of the glass constituent elements causes the reactivity to

control the concentrations and to passivate the underlying pristine glass.

On the other hand, when the glass is sufficiently altered by the renewal of a pure water
solution or when the glass, that has to be dissolved to saturate the solution, has the thickness
comparable to the characteristic diffusion thickness, another type of gel — depleted in Si, Al

and Ca is formed. This part of the gel is porous and no longer passivating.

In the GRAAL model, the transport properties of the PRI are modeled by a constant diffusion
coefficient for the elements of the glass. Accordingly, the flow of mobile elements
transported through PRI is proportional to the diffusion coefficient and inversely
proportional to the thickness of the PRI. Therefore, the GRAAL model makes the assumption
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of a balance between the non-passivating gel and the solution and between the external
interphase of the PRI and the solution.

The GRAAL model uses two kinetic equations for the PRI grouped in equation 2-2.

e - B (1 _ —Q"R'), 22

i 2
dt XPRI KpRr1

This equation states that the PRI is (i) formed from the glass with a rate r1 which is a function
of its thickness - xpg; and PRI diffusion coefficient - Drri, and (ii) dissolves with a rate r2
according to a classical affinity law in which vo — is the initial rate, Qrrr - is the activity

product of the PRI and Kerr: — is the PRI activity product at saturation.

As it was stated in (Frugier et al. 2018), in order to limit the creation kinetics of the protective
layer, that is, to avoid the appearance of the infinite rate when xpg; = 0, a constant hydration

rate is introduced in the definition of r1in Equation 2-3:

_ Dpr1 _ T'h
M= on — T
PRI 1+XPRID1[
2

2-3

where 1y, is the hydration rate, it is higher than the initial dissolution rate. This is totally
compatible with the experimental observations: the dissolution rate of mobile ions is higher
than the dissolution rate of silicon ions. However, due to the very low diffusion coefficient
value of nuclear glasses, the hydratation rate governs the alteration rate for only a few
seconds of alteration. The parameter is not measurable experimentally and has almost no

effect on the modeling results.

The GRAAL model allows us to compute the gel thickness provided that we know the
concentration of a certain pole or a group of poles. The formalism of this model postulates
the notion of the equivalent thickness, i.e. the glass thickness that should be dissolved to
achieve the measured concentration of a given element in solution. It is calculated based on
the mass balance equation between the quantity accumulated in the solution and the

quantity released by the glass dissolution, as given by (2-4):

de;j d Cj
do _d G 2-4
dt dt ppsXiSpCy

where ei is the equivalent alteration thickness for element i; Ci is the concentration of this
element in solution; pps is the glass density; xi is the mass fraction of the element i in the

glass; Sp is the glass specific surface, Cv is the mass of the glass in a unit volume

Amorphous layer’s end-members stoichiometry, both the one of PRI and those used to
describe the amorphous non protective gel, have been chosen with two constraints: The first
constraint is that the model must account for the analyzed concentrations of the elements in
the fluid, that is the composition and the solubility of the amorphous layer. The second
constraint arises from software limitations: a single end-member can passivate the glass

according equation 2-3. In the GRAAL the Si rich end-members are chosen because silicon is
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the main element and its condensation is mandatory for passivation to occur (Frugier et al.
2018).

For the computation of the equivalent thickness of the dense gel (PRI), the governing
concentration is the SiAl concentration, because the major part of this layer is occupied by Si
and Al (according to the formalism of the GRAAL, the PRI is represented as
SiO2Alo.033(OH)o.1).

SEM measurements provide the total thickness of the amorphous layer. Regarding reactive
transport modeling, this total thickness can be calculated from the total concentration of
SiZrCa and SiZrNa found in the solution. These two poles comprising Zr are chosen because
Zr solubility is low. This allows us to suppose that all Zr liberated from the glass is preserved
(condensed) inside the amorphous layer, that it does not pass into solution. With respect to
the composition of the chosen glass, Zr can form only two species SiZrCa and SiZrNa, sum of
the concentrations of which is necessary to estimate the equivalent thickness of the total

altered layer.

Other parameters frequently used to characterize the glass alteration are the quantity of
altered glass per day (2-5) and its ratio to the maximum quantity of altered glass per day (2-
6):

C.
QAG = =9 2-5
X *V*t

QAG(chrrent) 2.6
QAGmax(VO) ’

The current quantity of altered glass per day QAG [g/(m?xday)] is calculated knowing the
concentrations Ci either of total dissolved boron concentration (B(OH)s)aq or total dissolved
silica concentration (SiOz)aq in the resulting solution at time t. In (2-5), xi is the mass fraction
of the tracer element in the glass, S is the glass surface and V is the volume of the analyzed
solution. In this thesis, the terms “Quantity of altered glass per day” and “Alteration rate”

are used interchangeably.

The maximum quantity of altered glass per day QAGmax is computed in accordance with (2-
7):

-_Ea(i_;)

QAG pax = kt *exp R \To Texp/ 5 10~ (PH 2-7

where R is the ideal gas constant, Ea is the activation energy defined experimentally, n is the
constant determining the dependence to pH, To is the absolute zero temperature, Texp is the
experiment temperature, k* is the dissolution rate of PRI in pure water. It should be noted
that (2-7) is valid for temperature values between 25°C and 100°C and pH between 6 and 10.

2.1.2.2. GRAAL implementation in a reactive transport code
The HYTEC computational code developed by MINES ParisTech was chosen for
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implementing the GRAAL model. This implementation did not demand any software
adaptation since the GRAAL formalism is totally consistent with the reactive transport code
HYTEC. HYTEC is based on the geochemical code CHESS and the flow, heat and transport
library R2lib.

The principal requirements for HYTEC to handle GRAAL equations, were the availability of
the Monod type equation, the ability to use the concentration of a solid (glass) as a variable
of the equation and an adaptive time step (Frugier et al. 2018). That is, the time step needs to
be small at the beginning of the calculation when the protective layer is thin to prevent its

immediate dissolution.

The passage from GRAAL model to HYTEC is realized by treating Equation 2-3 as a Monod
type equation and by using general kinetic formulation to describe the dissolution equation
(Table 2-3).

Table 2-3 Correspondence between the parameters of the GRAAL model and of HYTEC code

GRAAL model HYTEC code
Parameter PRI thickness PRI concentration
Primary solid Derr _ T } half — saturation
alteration rate  Xpri 14 xpg T_hn " half — saturation + Cpg,
controlled by Dpgy 2
protective layer’s W  term specifying the
. EI
thlckness DPRI (T, pH) — DO X [OH—]nI X e_R_'IEl dependence on pH
. ’ Eg4 . . -~
PFotectn'/e layer’s k* X [H*]" x e RF x (1 _ QPRI) Rate{ 5911d saturation Y- term
dissolution rate Kpri specifying the dependence on

the saturation state , activity
W-term specifying the
dependence on the pH

Note to the Table 2-3: definition of all variables is specified in the following paragraphs.

The concentration of the protective layer (Cpg;) calculated by HYTEC in each cell of modeled
glass geochemical unit is proportional to the thickness of the protective layer xpg; - principal
GRAAL parameter (Equation 2-8):

CprI 2.8

X =
PRI pPRlSspCv’

where ppg; is the protective layer’s molar densty, S, is the specific surface area of the glass

(named primary solid),C, is the concentration of the primary solid in the calculation cell.

The mass balance is written for each element belonging to the glass and the PRI as defined in

Equation 2-9:
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ipRIPPRIXPRI
F; =——7"—— 2-9
1psPpsXps

where F; is the fraction of the element from the primary solid found in the PRLipg; and ipg
are the molar fractions of element i in the PRI and in the primary solid, Xpg; and xps are the

thicknesses of the protective layer and of the primary solid that was altered.

Equations 2-8 and 2-9 enable user to calculate half-saturation term that makes part of the

Monod-type equation presented in Table 2-3:

T T
. b i D7 i
half — saturation = —2F; == ppsS;,C, = —2pps —-Ss,Cyy , 2-10
Th " 1pRI Th 1pRI

In Equation 2-10, D is the interdiffusion coefficient that varies with temperature and pH as
defined in Equation 2-11.
_Ea
D(T,pH) = Dy X [OH™ ] x e &r 211
where Dg is the interdiffusion constant, E’, is the activation energy associated to the

interdiffusion coefficient, n’ is the pH-dependence factor.

One example of HYTEC file (htc.) is shown below. It includes the specification of the
database, the flow type, the type of discretization and choice of solver, the definition of all

geochemical units associated to all zones specified in the mesh file.

database = chess_graal.tdb
flow-regime = saturated, stationary
solver-regime = vertex

grid-regime = vertex fissure_vertex_carre_verre.msh
# Geometry definition

zone 1 {
permeability = value or NA when the value is read from the externally provided table
diffusion = value or NA when the value is read from the externally provided table
porosity = value or NA when the value is read from the externally provided table
geochem = water

}

zone 2 {
permeability = value or NA when the value is read from the externally provided table
diffusion = value or NA when the value is read from the externally provided table
porosity = value or NA when the value is read from the externally provided table
geochem = glass

}

In addition, the definition of the composition of assigned geochemical units and overall
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definition of the chemistry block (directly related to the formalism of GRAAL) is to be done
inside the htc input file.

To fill this part, user needs to specify the parameters governing the primary solid alteration
rate (Figure 2-3 lines 3-35) and the protective layer’s dissolution rate (Figure 2-3 lines 38-48).
Within HYTEC, the following syntax is adopted: the law of glass dissolution is written in
three term: (i) inter-diffusion applied to glass (product of rate and half-saturation, Figure 2-3
lines 3-19), (ii) velocity of retro-diffusion applied to PRI (the same parameters as for inter-
diffusion, Figure 2-3 lines 20-35) and (iii) velocity of hydrolysis of PRI (which concerns the
initial velocity of dissolution, PRI ionic product and solubility, Figure 2-3 lines 38-48).

1 # KINETIC (for geochemical zone # 185}

H# ------=-==nnenenaaa-

3 # Applied to glass, describes a congruent dissolution of the primary solid
4 extend mineral CJ4_105 {

5 kinetics {

6 area = CJ4_105

7 rate = -1.05e-4 mol/m2/s
8 monod {

9 species = SiAl

10 half-saturation = 9.173295e-14 molal
11 powerl = -1

12 power2 = 1

13 }

14 w-term {

15 species = OH[-1]

16 power = -0.649

/! 1

18}

19 }

20 # Applied to PRI, describes a backward precipitation of the protective layer
21 extend mineral SiAl {

22 kinetics {

23 area = CJ4_165

24 rate = 1.8872e-5 mol/m2/s

25 monod {

26 species = S51Al
27 half-saturation = 9.173295e-14 molal
28 powerl = -1

29 power2 = 1

30 1

31 w-term {

32 species = OH[-]
33 power = -0.649
34 1

35 1

36

37

38 # Classical dissolution reaction, applied to PRI
39 kinetics {

40 area = CJ4_105

41 rate = -3.05e-12 mol/m2/s
42 y-term, species = SiAl

43 w-term {

44 species = H[+]

45 power = -0.4

46 }

47 }

48 }

Figure 2-3 Fragment of HYTEC script specifying kinetics of glass dissolution in one geochemical zone.

The first group of parameters specifies the Monod-type equation and the dependence on the
pH. The second group of parameters is used to designate pH and temperature dependence
of the initial PRI dissolution rate and the exponential rate drop when the concentrations

approach saturation of the PRI.
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2.1.2.3. Modeling options proposed by GRAAL model

In the scope of the GRAAL model, two approaches may be followed:

1.
2.

Fracture approach

Porous medium approach

Fracture approach

1.

This approach is used when modeled fractures are described explicitly, it falls in the

framework of the discrete modeling (Figure 2-4).

It assumes that there are 2 zones inside a modeled system: a glass zone and a fracture

zone.

From the physical point of view, the fracture zone brings properties of liquid medium
(as it is filled with water); the glass zone shows properties of liquid medium also. The
glass zone is modeled by a film of a unit mesh thickness, in which all the glass is
concentrated. This glass zone is seen as a source of material immediately available at

the glass / water interface.
There are two geochemical units: water and glass.

The transport of material could be monitored in two perpendicular axes (dX, dY).

0l86g728
0.00061533
~ 0.00030767

2.734e-06

Figure 2-4 Representation of fracture modeling approach: two geochemical zones are defined.

Porous medium approach

1.

This approach is used when modeled fractures are described implicitly; it falls in the
framework of the homogenized modeling and is used for the equivalent porous

medium modeling (Figure 2-5 right).

It assumes that there are N zones inside a modeled system: homogenized zones of
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water and glass.

3. These zones have properties of equivalent porous medium. Their calculation is

shown in Section 5.3.3

4. There are N geochemical units, where N is the number of the meshes of the porosity
grid. The necessity to create several geochemical units is explained by the varying

porosity that makes glass concentration and half-saturation term vary accordingly.

5. In this approach, transport along dY axis could be neglected, because the gradient of
the dissolution rate is insignificant. However it is possible to monitor the transport of

material along dX.

Approach
«Porous Medium»

N b
- | VO
Approach
«Fracture»

Figure 2-5 Differences between “Fracture” and “Porous Medium” modeling approaches
The passage from “Fracture” to “Porous medium” approach includes:

i.  calculation of the equivalent parameters of the specific glass surface, the glass mass
per unit volume, the half-saturation factor;

ii.  computation of the porosity grid, showing the ratio of the volume of fractures over
the volume of fractures and matrix together in each mesh of the equivalent porous
medium system.

The parameters governing the kinetics of the glass dissolution are specified in the section
“geochemical units” of the htc file, while the grids of the porosity, the hydraulic conductivity
and the pore diffusion are provided in the form of the table including the coordinates of the

mesh nodes and the corresponding parameter values. This file is read externally.

Here below, the examples of the application of “Fracture” and “’Porous medium” approaches
for one, three and five fractures, are presented. Figures 2-6, 2-7 and Table 2-4 provide some
details about the way in which the simulations were conducted, and the approaches were

changed.

It should be noted that the same physical representations will be met in Section 4.2, when we
will deal with the reproduction of the experimental results obtained by Chomat. Here our

idea is to show that “Fracture” and “Porous medium” approaches are compatible, i.e. to
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demonstrate that the GRAAL model is applicable for modeling glass fracture network

represented by its equivalent porous medium.

Figure 2-6 Examples of systems used to study the aqueous alteration of the glass by applying discrete
and homogenized equivalent approaches. The three first models describe fractures, glass and water-
filled recipients explicitly, water and glass geochemical units are separate. The three last models
represent their equivalent counterparts with fractures being described in an indirect way by
introducing porosity value in a system. The volume of water in two recipients remains identical for

each pair of models (DFN- homogeneous).

Table 2-4 Comparative table of the geometry-related parameters governing the kinetic of glass
alteration.

Glass
Geometries Experience Glass fass
Mass of o per Half- .
of modeled volume specific . . Porosity
glass unit  saturation
Model system Vexp surface Sp
volume
Cv
axlm/
a,b,C Mglass axlmx (0/2)2 Mglass
Fracture Mglass KxSpxCy 1
[Vexp
ax1lmxox ax].meg Mglassx
a,b,c Mglass<IN T
Porous s N /Mglassx N N KxSxC Vil
Medium xSpxCv Vi +
[Vew Ve

2 Half of the aperture is used because one wall of fracture “sees” only one half of the fracture opening.

34



CHAPTER 2: STATE OF THE ART

Notes for Table 2-4: a is the fracture length (in porous medium approach a was equal to the
length of the porous medium system); b is the length of the recipient filled with water; c is
the height of the compound filled with water, o- is the fracture opening; ¢ is the thickness of
the glass layer in contact with the fracture; o is the glass density; mguss is the user-defined (or

experimental) mass of glass; Ng is the number of modeled glass plates, Nt is the number of

. i . .
modeled fractures; A is the fracture aperture, K=Drrixppg iLS where ipg; is the molar fractions
PRI

of elements in the PRI and ipg - in the glass, ppgs is the glass molar density and Deri is the e

diffusion coefficient of PRI; V= axImxAxNg, V; is the user-defined (or experimental) volume

Im
>
d

<€ >

b b

of glass.

Figure 2-7 Image accompanying Table 2-4. Case “1 modeled fracture” in the scope of “Porous

Medium” (left image) and “Fracture” (right image) approaches

It should be noted that:
1. By default in HYTEC, in 2D simulations, the third dimension (depth) is equal to 1 m.
2. € is a purely modeling parameter representing the thickness of the film of glass

covering fracture (Figure 2-7) for the DFN approach. For all cases presented here, € is
taken constant and equal to 10 um. It was shown that this value needs to be small
enough with respect to the fracture aperture (Repina 2016). For fractures whose
opening is higher than 100 um, it was advised to take € equal to 10 um as a tradeoff
between the time of calculation and the accuracy of calculations.

3. Since in the case of “Porous medium approach” the material transport is not limited
in dY direction in contrast to the “Fracture” approach, it was proposed to run a
supplementary case (1 fracture, discrete model) where the water homogenization is
amplified by increasing its coefficient of diffusion. This allows the reservoirs of water

to be modeled as an agitated reactor with homogeneous concentrations.

Figure 2-8 provides the results obtained by conducting RTM in the framework of “fracture”
and “porous medium” approaches in diffusive mode. It is apparent from the curves,
showing the ratio of the quantity of altered glass (QAG, equation 2-6) over the maximum
quantity of altered glass (QAGmax, equation 2-7) and the curves of average pH in water, that

two tested approaches give quit similar results for the cases of three and five fractures. There
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is, however, some difference between the profiles of QAG/QAGmax and pH for the case of 1
fracture modeled by fracture and porous medium approaches. It is expected to be related to
the diffusion process. In fact, for both models, a unique coefficient of diffusion was taken:
D.=Dy=Dw, where Dw — is the water self-diffusion coefficient. Certainly, the question of the
calculation of the equivalent diffusion coefficient must be considered in the future. It will be
dealt with in Section 5.

The supposition that the difference between two models comes from an unadapted
coefficient of diffusion of the porous medium model is confirmed by the results of modeling.
Indeed, once the homogenization of water is favored, the similar QAG is obtained by both
approaches. To sum up, the results of the modeling indicate that GRAAL model can be
applied to model glass aqueous in fractured media in both discrete and equivalent porous
medium. However, certain attention should be payed to the calculation of the equivalent
hydraulic and diffusive properties of the equivalent model.

Input parameters used to conduct the modeling are provided in Table 2-5.

1.

08

06

e N W)

QAG/ QAG 5%

50 60
88
86
= 84
e 1f “Fracture” —
3 f “Fracture” -— -
5 f “Fracture” —
8.2 1 f “Fracture” Diffusion -_-
1f “Porous Medium”
3 f “Porous Medium” —_—
8 T 5 “Porous Medium” —
0 10 20 30 40 50 60

time,d

Figure 2-8 Results of RT modeling in the context of “Fracture” and “Porous medium” approaches of
GRAAL model

Table 2-5 Summary of the input parameters of the modeled cases

Modeling Number Fracture Fracture Water Volume S/V,
Name approach of aperture, length, diffusion  of 1/m

36



CHAPTER 2: STATE OF THE ART

fractures um cm coefficient, water,
m?/s ml

1f Fracture 1 120 0.0625 10 97.5625 2e+04
« Fracture »  (discrete)
3f Fracture 3 120 0.0625 10 91.9875 2e+04
« Fracture »  (discrete)
5f Fracture 5 120 0.0625 10 115.063 2e+04
« Fracture »  (discrete)
1f Fracture 1 120 0.0625 108 97.5625 2e+04
«Fracture»_  (discrete)
Diffusion
1f « Porous Porous 1 120 0.0625 10° 97.5 2e+04
Medium»  medium

(homogeneous

equivalent)
3f « Porous Porous 3 120 0.0625 10° 91.8 2e+04
Medium» medium

(homogeneous

equivalent)
5f « Porous  Porous 5 120 0.0625 10° 114.75  2e+04
Medium»  medium

(homogeneous

equivalent)

2.2. Experimental studies and modeling efforts aiming at the fracture network

characterization

2.2.1. Fracturing ratio by static and dynamic measurements

Fracture network characterization is a subject of prime importance since fractures could be
responsible for the increase of the reactive surface and, very probably, would provide
preferential paths for the migration of elements in solution. This characterisation can be
based on static (cartography or imagery), or dynamic (analysis of the flow circulating under
different conditions through the studied fracture network) measurements that optimally
should be conducted together.

Since, for a long time, glass canister fracture network morphology characterization has not
been on the agenda, the intensity of the glass block fracturing has been only characterized by
a relatively simple and practical for chemical purposes parameter, named fracturing ratio
(FR) and defined by equation 2-12:

total measured surface internal surface

FR = =1+ 2-12

external surace of package external surface of package’

where the outer surface of the package is the geometric surface of the cylinder of the glass

package, and the inner surface is the surface developed by the entire network of cracks
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inside the glass block. The total measured surface is the sum of the internal surface and the

external surface of the package.

The techniques for evaluating the internal surface of the crack network are either based on
dynamic leaching experiments using the measurement of the quantity of glass altered, or
based on physical measurements allowing the fractured surface to be access directly. Each
technique has its assumptions and its own limitations. For example, in case of measurements
by leaching, only the part of the network accessible to water in the time limit of the
experiment (useful surface) can be accounted for. On top of that, when determining the
useful ratio of fracturing by leaching experiments, a homogeneous and constant rate of glass

alteration is presumed.

Regarding the FR estimation by granulometric sorting, it comes along with the physical
damaging of the block that often results in the opening of cracks, or even generation of new
cracks. Concerning the tomographic technique, its main limitation relates to a spatial
resolution that is dependent on the size of the camera recording the different images at
different scans. Thus, by conducting tomography at the scale of glass canister, only part of
cracks (most opened) can be captured. However, it is of common practice to sample
separately the most interesting areas in order to come up with the characterization of their

structure with high precision.

The alteration of the fractured glass block makes it possible to estimate the quantity of
altered glass by equation 2-13:

Quantity of altered glass = QAG = V(r,6,z) dS(r, 0,z) dt, 2-13

ffSurface, time

where V(1, 0, z) is the rate of alteration at a given instant and at a given point of the glass
block, S(r, 0, z) is the surface in contact with water (surfaces of cracks). As the velocity
regime is not known at all times, and the surfaces are not always known, the estimated
fracturing ratio determined by leaching experiments is named the useful fracturing ratio,
assuming that the rate regime of the experiment V is known, constant and uniform. Then,

QAG = V Speasurea- For the initial rate regime, the useful fracturing rate then becomes: 7, =
QAG
e

5 . For the residual velocity regime, the useful fracturing rate then becomes: 7, =
external

QAG
/Vr. It should be noted, that the QAG is generally determined experimentally by

Sexternal

chemical analyzes.

Two full scale SON68 blocks were tested in Soxlhet studies to acquire the initial rate of
alteration (alteration in dynamic mode of water renewal), (Minet et al. 1999, 2003). Results
showed that the useful fracturing ratio specific to this rate regime is close to 5. Other Soxhlet
tests on highly damaged blocks yielded useful fracturing ratio in residual rate regime
between 24 and 65 (Minet et al. 2003).
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Physical measurement by tomography was applied to 4 blocks at scale 1. The obtained
fracturing ratio was between 4 and 15 (Goebbels et al. 1998; Sené et al. 1999).

Finally, granulometry tests performed on 2 blocks gave a fracturing rate equal to 15
(Moncouyoux et al. 1991).

While the fracturing ratio values determined by these two groups of methods are of the same
order of magnitude, they do not provide any insight about the morphology of the fracture
network. For the purposes of reactive transport modeling, it is certainly penalizing, owing to
the fact that processes of transport and flow happening inside fracture are strongly
controlled by the fracture network inherent parameters, like fracture aperture distribution,
fracture connectedness, density (de Dreuzy 2008; Chomat 2008; Davy et al. 2006).

2.2.2. Optical microscopy, scanning electron microscopy (SEM)
Optical microscopy and scanning electron microscopy are two frequently used methods
when studying the products of the glass alteration. In the framework of the study carried out
in CEA/LCLT that focused on a long-term (7.5 years) full-scale glass block alteration
conducted in static conditions on the SON68® glass block (Minet et al. 2013), these two
microscopy techniques enabled the characterization of the crack network, including the
measurement of the cracks apertures and the measurement of the altered layer thickness

inside these cracks.

The post-mortem observations of several transversal cross-sections of the ALISE block (see
Section 5) aimed at fracture mapping, fracture parameters reporting and measurement of the

thickness of altered glass found on the fracture lips.

The overview of the fissure network of disk #6 is shown in Figure 2-9. It was obtained by
drawing cracks visible to the naked eye, with the help of an illuminated magnifying glass. In
accordance with the map, an internal zonation from the center to the periphery of the glass

canister was reported.
By naked eye observations, a radial zonation was proposed, it includes:

- aperipheral zone near the edges of the block, with a higher density of cracks;
- an intermediate zone with less cracks;
- acentral zone near the centre of the inner crack network, where bubbles of “gas

porosity” are present.

3 Inactive glass, simulating French nuclear glass R7T7, histor