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Introduction

The vitrification of radioactive waste has been considered as a reliable method to condition highlevel long-lived nuclear fission products in geological disposal facilities on time scales of up to millions of years. This process involves calcination of the liquid fission product solutions followed by melting at around 1100 °C in an induction-heated metallic vessel, where the glass frit and the calcinated fission product solution are mixed before being poured into a metallic container. During cooling and solidification of the glass, the increase of tensile stresses resulting from the mechanical equilibrium between the shrinking internal liquid and the solidified external glass causes the development of a network of fractures.

ANDRA, the French national operator for the management of nuclear waste, and numerous academic or national operators worldwide have been carrying out research concerning the feasibility of geological waste disposal. In consideration of the results of several decades of research, the French Parliament opted for deep geological disposal and asked ANDRA to design Cigéo (Centre industriel de stockage géologique) -a deep geological disposal facility for radioactive waste. According to the disposal scenario proposed by ANDRA, the packages of vitrified fractured glass containing high-level long-lived radioactive waste (HLLLW) would be stored in disposal cells in a repository built with Callovo-Oxfordian (COx) clay, located 500 m beneath the Earth surface in Meuse/Haute-Marne, France. With the current concept (which is still in development), these cells would be blind microtunnels, 0.7 m in diameter and of 100-150 m total length (Figure 1a). 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 would be injected between the liner and the host rock to enhance mechanical strength and reduce corrosion. The glass canisters made of vitrified glass contained in 53-65 mm thick steel overpacks (Figure 1b) would be positioned separately from one another, such that heat production in the cell is compatible with thermo-hydro-mechanical targets [START_REF]Dossier d'options de sûreté -Partie exploitation[END_REF]. As mentioned above, the cooling down stage creates numerous fractures in the vitrified glass packages. The fracture network increases the reactive surface areas and creates water pathways within the glass. After re-saturation of the vicinity of the cell, and the eventual corrosion of the canister, water will come into contact with the glass. The water-glass interaction must therefore be studied, both in terms of glass alteration and release-rate of radionuclides. Despite the advancements made in studies of solute transport and flow of ground water in fractures at the mega-scale [START_REF] Andra | Dossier 2005 Argile -Tome Évolution Phénoménologique du Stockage Géologique[END_REF][START_REF] Zhang | Thermo-hydro-mechanical behavior of clay rock for deep geological disposal of highlevel radioactive waste[END_REF][START_REF] Cvetkovic | Stochastic simulation of radionuclide migration in discretely fractured rock near the Aspo Hard Rock Laboratory[END_REF][START_REF] Nykyri | Radionuclide release and transport RNT-2008[END_REF] and discoveries achieved in the domain of borosilicate glass aqueous alteration [START_REF] Pierce | Modeling Interfacial Glass-Water Reactions: Recent Advances and Current Limitations[END_REF][START_REF] Gin | An international initiative on long-term behavior of high-level nuclear waste glass[END_REF] at the micro-scale, the reactive transport modeling applied to a scale of one block of fractured borosilicate glass has not been performed to date, to the best of our knowledge.

Although the evolution of reactive transport modeling (RTM) codes is impressive, RTM applied to fractured media of a glass block remains challenging. Particularly, the coupling of the geochemistry of borosilicate glass dissolution with physical flow and transport phenomena within a discrete fracture network is too CPU-intensive. Hence, to study nuclear glass degradation at the scale of the industrial vitrified glass canister, an equivalent fracture network model was constructed, and its hydraulic, diffusive and kinetics controlling parameters were determined.

This study is a further development of our previous research [START_REF] Repina | Coupling image analysis and thermo-mechanical simulation results to produce a model of the fracture network in a nuclear glass canister[END_REF], where the authors presented an image processing-based fracture network characterization workflow elaborated for RTM application to a block of vitrified nuclear glass. The workflow was devised in the following steps: (i) characterization of a glass block fracture network, (ii) establishment of a link between a physical parameter representing an internal state of glass structural relaxation and an internal structure of the block fracture network, and (iii) generation of multiple realizations of fracture networks by considering the variability of fracture network parameters such as fracture distribution and aperture. Based on mapped fracture distribution and aperture, the present paper presents an upscaling workflow and subsequent RTM application as follows: computation of the equivalent hydraulic, diffusive, and glass degradation kinetics-governing parameters, verification of the proposed techniques, their application to several realizations of fracture networks, and reactive transport modeling. The construction of the equivalent continuum model was initiated to overcome the problem of the complexity of the fracture network discrete representations and, as a consequence, to be able to perform RTM at the scale of the industrial glass canister.

RTM was conducted by the HYTEC code [START_REF] Van Der Lee | Module-oriented modeling of reactive transport with HYTEC[END_REF][START_REF] Lagneau | Operator-splitting-based reactive transport models in strong feedback of porosity change: The contribution of analytical solutions for accuracy validation and estimator improvement[END_REF]. The kinetics of the international simple glass (ISG) aqueous alteration [START_REF] Gin | An international initiative on long-term behavior of high-level nuclear waste glass[END_REF], including the passivation effect of dense gel formation, is represented using the Glass Reactivity with allowance for the Alteration Layer (GRAAL) model. ISG glass aqueous alteration was studied under the assumption of full saturation with water in pH conditions preventing alteration resumption. The methodology was tested over synthetic discrete fracture networks, and finally an application is performed at the block scale to simulate a long-term aqueous alteration experiment of a non-radioactive proxy canister.

Material

Aqueous alteration experiment of a nonradioactive full-scale SON68 glass block

French Alternative Energies and Atomic Energy Commission CEA performed an aqueous alteration experiment on a non-radioactive full-scale inert nuclear glass canister [START_REF] Minet | Altération du bloc SON68 01FID07/2 dans Alise à 106°C: résultats de l'essai longue durée (7,5 ans) et observations post mortem[END_REF]. The experiment was conducted in the ALISE (Appareillage de Lixiviation Statique Électrique) unit built in Marcoule. The objective of this experiment was to produce a set of data on the long-term (seven years) aqueous alteration of an industrial-scale vitrified glass canister under static conditions with a moderate amount of water in contact with the glass (about 35 L for one block of 400 kg). The general schematic of the installation is depicted in Figure 2. An industrial-scale block of inert nuclear glass was fabricated in a cold crucible in two stages. This 400 kg block was made in a perforated stainless steel basket with 10 mm diameter holes to facilitate water access during the experiment.

Soon after the fabrication of the block, it was placed into the ALISE unit. It remained there for 2718 days (7.5 years). The initial temperature was set to 106 ± 1 °C. The heating system consisted of two classical heating collars. Three thermocouples monitored the evolution of the temperature inside the ALISE unit. The initial volume of water in the reactor was 34.7 liters. In total, over the course of the test, over a hundred samples were collected and analyzed by ICP/AES for Si, B and some other elements. Prior to each sample collection, the solution was homogenized for thirty minutes using closed-loop pumping.

It should be noted that there were some interventions. First, after 1840 d from the beginning of the test, the reactor was opened to estimate the amount of the evaporated solution 2 . Second, after 2030 d, eight liters of a synthetic solution was added to compensate for the cumulated evaporated water. Before mixing, the solution composition was adjusted to minimize the chemical disturbance.

To characterize the glass alteration, the evolution of several parameters was monitored. First, the evolution of the boron 3 tracer element was observed. Secondly, with respect to boron concentration evolution, the alteration rate was estimated using the following equation (1):

2 Although there was evaporation, the glass block stayed always submerged in water, there was no influence of gas phase on the glass alteration rate. 3 Boron is considered as a tracer of glass dissolution, because it is released completely from the glass during the glass alteration process without being retained in the alteration layer [START_REF] Frugier | SON68 Nuclear glass dissolution kinetics: Current state of knowledge and basis of the new GRAAL model[END_REF][START_REF] Frugier | Modeling glass corrosion with GRAAL[END_REF].
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where Ci(t) is the concentration of dissolved boron in the solution at time t, Xi is the mass fraction of boron in the glass, and V is the solution volume.

Thirdly, to characterize the reaction affinity, the evolution of the silicon concentration was traced.

Glass block section and its fracture network equivalent tessellations

The segmented image of a non-radioactive vitrified glass fracture network (Figure 3a) and three realizations of fracture network equivalent tessellations (Figure 3b-d) presented in [START_REF] Repina | Coupling image analysis and thermo-mechanical simulation results to produce a model of the fracture network in a nuclear glass canister[END_REF] were used as the input data for this study. The glass fracture network was extracted and characterized using mathematical morphology tools. The input data necessary for the generation of multiple realizations of fracture network equivalent tessellations were obtained by conducting geostatistical modelling based on the results of image analysis and the analysis of a physical parameter indicative of glass internal structural relaxation. The parameters of the four fracture networks are indicated in Table 1. 

GRAAL geochemical model

The borosilicate nuclear glass alteration was simulated by the glass reactivity with allowance for the alteration layer (GRAAL) model [START_REF] Frugier | Application of the GRAAL Model to Leaching Experiments with SON68 Nuclear Glass in Initially Pure Water[END_REF][START_REF] Frugier | SON68 Nuclear glass dissolution kinetics: Current state of knowledge and basis of the new GRAAL model[END_REF][START_REF] Minet | Analytic implementation of the GRAAL model: Application to a R7T7-type glass package in a geological disposal environment[END_REF]. The model pursues a dual objective: (i) coupling between the affinity effects in the kinetic law and the diffusion processes in the alteration layer and (ii) establishment of a precise material balance to calculate the distribution of the elements of the glass between the solution, secondary phases and a developing gel. The first hypothesis of the GRAAL model is the rate of the hydration reaction of the glass at the initial time: this phenomenon causes the elements of the glass (the alkali earth metals, boron) to pass into solution. The hydrolysis of silicon is slower and conditions the initial dissolution rate of the glass. The difference between these two kinetics leads to the formation of a dealkalized hydrated glass layer at the glass-solution interface. This layer or gel is gradually reorganized by hydrolysis / condensation phenomena and is referred to as the passivating reactive interface (PRI). Each silicon atom present in the solution stems from the dissolution of the PRI. Concurrent to its formation, this gel dissolves, given that the solution is not saturated with the elements that constitute it, namely Si, Al, Ca, and Zr. GRAAL proposes a 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.

The transport properties of the PRI are modeled by a spatially and temporally constant diffusion coefficient for the elements of the glass. Thus, the flow of mobile elements transported through the PRI is proportional to the diffusion coefficient and inversely proportional to the thickness of the PRI. GRAAL therefore makes the assumption of a balance between the non-passivating gel and the solution, and between the external interface of the PRI and the solution. GRAAL uses two kinetic equations for the PRI grouped in (2).
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This equation states that the passivating reaction interface PRI (i) is formed from the glass with a rate r1, which is a function of its thickness x >?@ and the PRI diffusion coefficient DPRI, and (ii) also dissolves with a rate r2 according to a classical affinity law in which v0 is the initial dissolution rate, QPRI is the ionic product and KPRI is the PRI solubility product. The right hand-side of the equation is the expanded version, indicating the dependence of DPRI and ! " on pH and T, where A " is the interdiffusion constant, B C D is the activation energy associated to the interdiffusion coefficient, ′ is the pH-dependence factor, B D is the apparent activation energy at the initial rate, is the pHdependence factor of the initial rate, k F is the dissolution rate of the PRI in pure water, and T is the sample temperature.

As in the study of [START_REF] Frugier | Modeling glass corrosion with GRAAL[END_REF], in order to limit the formation kinetics of the protective layer, i.e. to avoid the appearance of the infinite rate when x >?@ = 0, a constant hydration rate is introduced in the definition of r1 in (3):
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where r O is the hydration rate, which is higher than the initial dissolution rate. This is fully 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 of components in nuclear glasses [START_REF] Ferrand | Water diffusion in the simulated French nuclear waste glass SON 68 contacting silica rich solutions: Experimental and modeling[END_REF], the hydration rate governs the alteration rate only for a few seconds. The parameter is not measurable experimentally, and has almost no effect on the modeling results.

In order to perform a RTM of borosilicate glass alteration, regardless of the modeling approach used (discrete fracture network or the equivalent porous model), some parameters in the law of glass dissolution have to be specified: glass mass per solution volume Cv, glass specific surface Ssp, halfsaturation coefficient present in the inhibition function 5 used to account for the interdiffusion rate, molar fractions of elements in the PRI, i QRS , and in the glass, i QT , glass molar density ρ QT , and some other constants, like

E W , k F , n, E W C , D " , n C from Equation 2.
Some of the mentioned parameters, such as ρ QT , k F , i QRS , i QT , T, and the pH-dependence constants, E W and E W C , are specific to the chemical properties of the glass. The others, such as Cv, Ssp, and the half-saturation coefficient, are controlled by the internal structure of the modeled fracture network. Depending on whether the discrete model or the equivalent porous model is applied, the calculation of these parameters changes. The exact formulas and the hypothesis constructed to compute these parameters for equivalent continuum and discrete models are discussed in Section 2.1.3 and Section 3.

In this study, the porosity update due to the precipitation of the secondary minerals in the fracture network was not considered. Indeed, in accordance with the GRAAL model, the alteration is considered isovolumetric: dissolved glass is replaced isovolumetrically by the alteration layer [START_REF] Geisler | Aqueous corrosion of borosilicate glass under acidic conditions: A new corrosion mechanism[END_REF][START_REF] Donzel | Study of gel development during SON68 glass alteration using atomic force microscopy. Comparison with two simplified glasses[END_REF][START_REF] Verney-Carron | Long-term modeling of alteration-transport coupling: application to a fractured Roman glass[END_REF], such that glass alteration has no impact on fracture aperture and hydraulic conductivity.

Reactive transport modeling in HYTEC coupled code

Reactive transport simulations are performed by the HYTEC code [START_REF] Van Der Lee | Module-oriented modeling of reactive transport with HYTEC[END_REF]. HYTEC is a coupled chemistrytransport code that relies on the method of the separation of operators, with a sequential iterative algorithm [START_REF] Lagneau | Simulation of coupled geochemical reactions and hydynamical processes in porous media --application to CO2 storage and Uranium exploitation[END_REF][START_REF] Lagneau | Operator-splitting-based reactive transport models in strong feedback of porosity change: The contribution of analytical solutions for accuracy validation and estimator improvement[END_REF]. The flow module is available in saturated (stationary, transitory regimes), unsaturated, and two-phase forms. It also allows for variable density flow. The variation of water densities as a function of temperatures (motor to thermo-convection) uses the Boussinesq approximation (4):
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whereα is the thermal expansion coefficient, : " is the reference temperature at which the density is \ " , and T is the local temperature at which the density is \.

In this study, the simulations of the aqueous alteration of the borosilicate ISG glass [START_REF] Gin | An international initiative on long-term behavior of high-level nuclear waste glass[END_REF] were conducted in saturated stationary and saturated transient regimes. These simulations were conducted in both diffusive and convective modes. Convection originated from an imposed temperature gradient between the lower and upper parts of the modeled glass canisters. Change in porosity and its effect on the permeability and diffusion, as a consequence of clogging or dissolution, was not considered in the simulations, in agreement with the isovolumetric phase replacement.

The grids of both discrete and equivalent models presented here were created by a threedimensional mesh generator GMSH [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF]. HYTEC uses this grid for its node-centered finite volume scheme.

The governing equations of the GRAAL model are implemented in HYTEC. The principal requirements for HYTEC to accept GRAAL equations are 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 [START_REF] Frugier | Modeling glass corrosion with GRAAL[END_REF]. Thus, 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 switch from the GRAAL model to HYTEC is performed by treating (3) as a Monod-type equation and using the general kinetic formulation [START_REF] Van Der Lee | Thermodynamic and mathematical concepts of CHESS[END_REF] to describe the dissolution equation (Table 2).

Table 2 Analogy between the parameters in the GRAAL model and HYTEC code GRAAL model HYTEC code Parameter PRI thickness X >?@ PRI concentration X >?@ = C >?@ ρ >?@ S `aC b Primary solid alteration rate controlled by protective layer's thickness
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Monod type equation

(inhibition) half -saturation = D PRI π 2 r O ρ >} i >} i >?@ S `aC b
W term specifying the dependence of D >?@ on pH,

for example w-term { species = OH[-] power = -0.649 } Protective layer's dissolution rate k F [7 F ] 8 l ~3 R• €1 - Q >?@ K >?@ ƒ
Rate, area, Y-term specifying the dependence on the saturation state: for example y-term, species = SiAl W-term specifying the dependence on the pH, for example w-term { species = H[+] power = -0.4 } C >?@ is the concentration of the protective layer, S `a is the specific surface area of the glass, and C b is the concentration of the glass in the calculation cell volume. Dissolution rate parameters determined for the ISG glass were obtained from [START_REF] Frugier | Modeling glass corrosion with GRAAL[END_REF].

The thermodynamic data used in this study were taken from the public Common thermodynamic database for speciation models CTDP, itself derived from EQ3/6 database [START_REF] Wolery | EQ3/6, a software package for geochemical modeling of aqueous systems: Package overview and installation guide (Version 70)[END_REF]. It was adapted at the Laboratoire d'étude du Comportement à Long Terme des matériaux de conditionnement (LCLT), CEA Marcoule, by the addition of the definition of glass composites of interest (ISG, SON68, etc.). The definition of the amorphous layers end-members and their chemical characteristics are taken from [START_REF] Frugier | Modeling glass corrosion with GRAAL[END_REF].

Methods

Determination of the equivalent properties

The reactive transport parameters considered in this study are the porosity, tortuosity, diffusion coefficient, hydraulic conductivity, and glass alteration kinetic parameters controlled by the ratio of the contact surface to the solution volume.

It has been long established that flow and transport parameters are scale dependent [START_REF] De Marsily | Quantitative Hadrogeology: Groundwater Hydrology for Engineers[END_REF][START_REF] Renard | Modélisation des écoulements en milieux poreux hétérogènes[END_REF]. This results from the existence of multiscale structures of porous medium that induce a hierarchy, which generates the heterogeneity. Consequently, the measurement or calculation of the parameters carried out at one scale cannot be directly applied to another-scale modeling. In fact, to pass to a higher scale, i.e. to make model coarser, upscaling techniques need to be employed. Upscaling leads to the replacement of a heterogeneous domain by a homogeneous one that should reproduce an equivalent response with the same imposed boundary conditions. Hence, upscaling transfers parameter values from the small to the larger scale by regularizing the heterogeneities at the smaller scale [START_REF] Deng | Upscaling Reactive Transport Parameters for Porous and Fractured Porous Media[END_REF]. Upscaling has received a lot of attention from various fields, e.g. reservoir engineering [START_REF] Durlofsky | Numerical calculation of equivalent grid block permeability tensors for heterogeneous porous media[END_REF][START_REF] Begg | Assigning effective values to simulator grid-block parameters[END_REF][START_REF] Christie | Upscaling for Reservoir Simulation[END_REF], hydrology [START_REF] Neuman | Universal scaling of hydraulic conductivities and dispersivities in geologic media[END_REF][START_REF] Zhou | Field-Scale Effective Matrix Diffusion Coefficient for Fractured Rock: Results From Literature Survey[END_REF][START_REF] Cushman | A primer on upscaling tools for porous media[END_REF], and reactive transport modeling [START_REF] Fernàndez-Garcia | Differences in the scale dependence of dispersivity and retardation factors estimated from forced-gradient and uniform flow tracer tests in three-dimensional physically and chemically heterogeneous porous media[END_REF][START_REF] Deng | Upscaling Reactive Transport Parameters for Porous and Fractured Porous Media[END_REF][START_REF] Nos | Reactive transport upscaling at the Darcy scale: A new flow rate based approach raises the unsolved issue of porosity upscaling[END_REF].

There are numerous upscaling techniques, that are often sorted in several groups: most notably volume averaging [START_REF] Whitaker | Diffusion and dispersion in porous media[END_REF], homogenization [START_REF]Homogenization and porous media[END_REF], renormalization [START_REF] King | Transp Porous Med[END_REF][START_REF] Noetinger | The effective permeability of a heterogeneous porous media[END_REF], ensemble averaging [START_REF] Wood | Volume averaging for determining the effective dispersion tensor: Closure using periodic unit cells and comparison with ensemble averaging[END_REF], and continuous-time random walk [START_REF] Noetinger | Up-Scaling of Double Porosity Fractured Media Using Continuous-Time Random Walks Methods[END_REF]. Despite the fact that these techniques have a lot of differences, their goal is basically the same: to relate the microscopic-scale structures and properties to the associated effective, or sometimes termed equivalent parameters [START_REF]Calculating equivalent permeability: a review[END_REF] considered in the macroscopic transport and flow equations.

In this study, we deal with the construction of an equivalent continuum model, meaning that the issue of the upscaling of permeability and diffusion is tackled. Although the construction of the equivalent continuum model is delicate because of the problematic choice of the representative elementary volume (REV) due to the disparate character of fracture density inside a glass canister, this model is able to provide the first estimate of the impact of fractures on nuclear glass aqueous corrosion in the geologic repository environment. Moreover, upscaling is also necessary for the geochemical description of glass alteration: the geochemical model of the borosilicate glass corrosion [START_REF] Frugier | SON68 Nuclear glass dissolution kinetics: Current state of knowledge and basis of the new GRAAL model[END_REF] is entirely adopted in the equivalent continuum modeling.

In the next sections we address the calculation of the maps of porosity, permeability, and effective diffusion and furthermore, we focus on the calculation of the equivalent glass corrosion kinetic parameters.

Equivalent permeability

The objective here is to calculate the maps of equivalent permeability, which would result in the same total flow of single-phase fluid through the coarse, homogeneous mesh as that obtained from the geometric description of the fracture network. It should be noted, that although there is some evidence that under geo-repository conditions a two-phase flow would take place due to the liberation of hydrogen as a result of the steel corrosion and radiolysis, in this research we considered that both flow and geochemical alteration happen under a water saturated condition.

The equivalent permeability was calculated by the simplified renormalization technique proposed in [START_REF] Renard | Calculating equivalent permeability: a review[END_REF][START_REF] Renard | A fast algorithm for the estimation of the equivalent hydraulic conductivity of heterogeneous media[END_REF]. As in all renormalization techniques, the studied parameter is considered at several levels. At each stage, the map of the considered effective parameter is computed by renormalizing the map of the parameter at the preceding step. The idea of the simplified normalization method is to first assemble cells in groups of N × N cells at each step of the calculation, second, for each assembled group to calculate either the harmonic mean followed by the arithmetic mean or the arithmetic mean followed by the harmonic mean depending on the direction of the calculation with respect to the flow direction, third, at the end of stage before passing to the next level, to compute the geometric mean of the two previous results. The procedure is considered completed when the size of the coarse mesh is reached.

The fracture permeability on the initial map of fracture apertures was obtained using the parallelplate model. Values of fracture permeability were computed using the relationship derived from the Hagen-Poiseuille solution of the Navier-Stokes equation, which relates the intrinsic fracture permeability to its aperture as defined in [START_REF] Nykyri | Radionuclide release and transport RNT-2008[END_REF]:

" … = 12 † , 5
where is the fracture aperture.

Matrix permeability was taken as equal to 10 -18 m 2 with reference to the study on thermo-mechanical cracking effects on elastic wave velocities, mechanical strength, and permeability under pressure [START_REF] Ougier-Simonin | Propriétés mécaniques et de transport des verres fissurés[END_REF].

Equivalent diffusion

The efficiency of the random walk method applied to solve the diffusion problem is largely recognized [START_REF] Noetinger | Random Walk Methods for Modeling Hydrodynamic Transport in Porous and Fractured Media from Pore to Reservoir Scale[END_REF]. In the random walk techniques, the determination of diffusivity of the media relies on the Einstein relation [START_REF] Einstein | Investigations on the theory of Brownian movement[END_REF], relating the mean square displacement to the effective diffusion coefficient (6):
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where d is the system dimension (1d, 2d or 3d), D(t) is the diffusion coefficient, r(t) particle position at t, and r(t=0) is the particle position at t=0. It should be noted, that the square displacement is averaged for all particles.

The self-diffusion coefficient of molecules in a limitless bulk media is independent of time. It is only controlled by the type of molecules and by the fluid in which molecules diffuse. However, this diffusion coefficient becomes time-dependent when calculated in heterogeneous porous media.

Multiple studies have shown [START_REF] Promentilla | Quantification of tortuosity in hardened cement pastes using synchrotron-based X-ray computed microtomography[END_REF][START_REF] Nakashima | Three-dimensional diffusion of non-sorbing species in porous sandstone: computer simulation based on X-ray microtomography using synchrotron radiation[END_REF][START_REF] Sen | Time-dependent diffusion coefficient as a probe of geometry[END_REF][START_REF] Gouze | X-ray microtomography characterization of porosity, permeability and reactive surface changes during dissolution[END_REF] that in the case of heterogeneous media, the convergence of the diffusion coefficient D(t) to its asymptotic value of effective diffusion (Deff) is reached once the squared displacement R 2 (t) exceeds the permeability correlation length. In other words, to obtain the information about the true molecule trajectories encoded in the diffusion coefficient, it is necessary to allow the molecules to discover the whole domain. The short-time behavior of the mean squared displacement vs. time determines the surface-volume ratio of the porous media, because at short time scales, the molecules do not sense heterogeneities of the media [START_REF] Sen | Time-dependent diffusion coefficient as a probe of geometry[END_REF][START_REF] Mitra | Short-time behavior of the diffusion coefficient as a geometrical probe of porous media[END_REF].

In this study, we attempt to evaluate the tortuosity and the effective diffusion coefficient from the images of fracture networks shown in Figures 3 and4a. This is carried out by modeling a 2D random walk in the percolating fracture space as follows. 1. Npart independent particles are placed randomly in each cell of the output grid. 2. At each iteration Δt, they can move to 4 neighboring positions (-X, +X, -Y, +Y) inside the fracture network, over a distance equal to 1. In the case where they encounter the glass, the displacement is not incremented. If particles leave the cell, they continue their paths in the fracture medium created by a mirror (toroidal) reflection. 3. Euclidean distance and directional displacements between the initial and the final locations for each particle are calculated and then averaged for all particles. 4. The regression of the average of the squared distances as a function of the iteration is verified for linearity, and the slope of the linear regression is recorded. In general, in the case of the particle diffusion in free limitless space, the slope of the mean square displacement (msd) vs. time is equal to 1, whereas for the diffusion in fractured systems when motion is restricted by the glass matrix, the slope is less than 1. It reflects the impact of geometrical features on the particle diffusion, such as tortuosity of the porous media. To be precise, the tortuosity that determines the ratio of the effective average path of fluid particles to the corresponding straight and shortest distance along the direction of the flux is equal to the inverse of the slope according to the equations [START_REF] Gin | An international initiative on long-term behavior of high-level nuclear waste glass[END_REF][START_REF] Repina | Coupling image analysis and thermo-mechanical simulation results to produce a model of the fracture network in a nuclear glass canister[END_REF] given for the directional diffusion tortuosity.
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where d/dt is the derivative sign. t, x and y are dimensionless time and coordinates.

Subsequently, in accordance with the equations (9-10), the directional coefficients of effective diffusion and the average diffusion coefficient are calculated.

A 1 = ϕA • --‹ , 9 
A " 1 = ϕA • --' , 10
where ˜ is the porosity of the fracture medium, and A • is the water self-diffusion coefficient.

Meanwhile, it should be mentioned that it is not recommended to apply the described procedure to a low-density fracture network. In fact, in low density fractured media where fractures are not branched, it is difficult to record the average diffusion coefficient because particles move for a long time only in one direction before discovering the next fracture ramification. For this reason, at the scale of glass canister, the coefficient of effective diffusion for the inner part of the fracture network is calculated with the assumption that Š ‹ = Š ' = 1. The example of one block partitioning into inner and outer parts is shown in Figure 3d. The separation contour corresponds to the maximum gradient of the map of the arrival times of the solidification front.

Prior to application to a fracture network at the scale of the glass canister, the method is verified by comparing random walk on a discrete fracture network and on the calculated equivalent porous medium. Synthetic fracture networks were created, and the fracture density was chosen in accordance with the target fracture network in the glass canister and the desired upscaling. The evolution of particle concentration (Npart in a cell/Npart ) in each cell of the output grid is recorded and analyzed, in order to investigate the resemblance of particle movement in the synthetic fracture medium and its equivalent porous system. The procedure is the following. 1. For the image in Figure 4a, the limiting slopes of the mean square displacement in X and Y directions (slopex cell(i) , slopey cell(i) ) are calculated in accordance with the procedure explained above. 2. The resulting values are assigned to the elementary displacements Δx cell(i) = slopex cell(i) , Δy cell(i) = slopey cell(i) that particles can effectuate in X and Y directions in each cell during their walk in the equivalent porous system. 3. The equivalent porous system is created by taking into account the porosity of the discrete fracture medium, i.e. the dimensions of each cell of the equivalent porous grid are calculated as defined in [START_REF] Minet | Altération du bloc SON68 01FID07/2 dans Alise à 106°C: résultats de l'essai longue durée (7,5 ans) et observations post mortem[END_REF]:

dx š1›› = a oe † × •ž š1›› and dy š1›› = b oe " † × •ž š1›› , 11
where a and b are the dimensions of the fracture network image, Nx and Ny depict the number of cells in x and y directions, and Φcell is the porosity of the cell where particles are counted.

4. In the case of the discrete fracture network, N particles are placed at the point with the smallest abscissa and ordinate values of the fracture network. They could travel to four neighboring positions inside the fractures during T iterations, with the maximum Δx and Δy elementary displacement being equal to 1. 5. As for the equivalent porous media, the same number N of particles were placed at the (0,0) point. They could travel to four neighboring positions inside the fractures during T iterations. Their elementary displacements were as specified at stage 2. The particles were not allowed to leave the media: they were reflected by the boundaries, and their displacements were incremented in a normal way. 6. At each iteration, the particles present in each cell were calculated and divided by the total number of the particles.

Equivalent glass corrosion kinetic governing parameters

Since the glass aqueous alteration is controlled by the product of the glass mass per solution volume by the glass specific surface (Cv×Ssp), which is determined by the internal structure of the fracture network, the goal of this step is to build the grids of the Cv, Ssp, half-saturation coefficient according to the equations [START_REF] Frugier | SON68 Nuclear glass dissolution kinetics: Current state of knowledge and basis of the new GRAAL model[END_REF][START_REF] Frugier | Modeling glass corrosion with GRAAL[END_REF][START_REF] Frugier | Application of the GRAAL Model to Leaching Experiments with SON68 Nuclear Glass in Initially Pure Water[END_REF]:
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where Φ is the porosity, L is the total length of the fracture median axes in the XY plane, a, b are the dimensions of one cell of the grid, c is the third dimension of the grid that in case of 2D modeling is set to 1 m in 2D, and λ is the coefficient of linear approximation. Note that the formulation of the dependence of D on the pH is valid for pH values between 6 and 10.5 and temperatures between 30 °C and 90 °C.

The fact that the kinetics of glass dissolution is controlled by the product C b × S `a implies that the law of the glass dissolution has to be set separately for each cell in the equivalent porous media system.

Verification

Fracture network of a synthetic model: preparation of input data for reactive transport modeling

Although the principal goal of this study was to perform the reactive transport modeling at the scale of the glass canister and verify the applicability of the techniques proposed with the aim to construct an equivalent fracture model, one synthetic discrete fracture network (Figure 4) was generated by the FRAGMA semi-stochastic generator [START_REF] Crevoisier | Semi-stochastic generator (FRAGMA) of 2D fractured media by mechanistic analogy. Application to reactive transport in a fractured package of vitrified nuclear waste[END_REF].

When modeling the glass aqueous alteration applied to this discrete model, glass and water media were represented in two separate zones: the glass zone (depicted in purple in Figure 4b) and the fracture zone (depicted in green in Figure 4b). In accordance with the GRAAL formalism, both water in the fracture zone and glass in the glass zone were represented by liquid media. The glass zone was modeled by a one-mesh thickness layer at the interface with the fracture zone. The glass zone acted as a source of material and had a concentration given by ( 15):

C ¡ = ∑¢ £ ∑T * D † . 15
Using the geometrical properties of the fractures, equations ( 16) and ( 17) can be modified to yield the two parameters controlling the kinetics of glass dissolution. Depending on the modeled fracture network, these were determined as defined:
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where /2 is the half-aperture of the fracture: only half of the aperture was used to account to the fact that each fracture wall «sees» only half of the solution present in the fracture.

The use of the discrete fracture modeling approach ruled out the necessity of the calculation of the equivalent hydraulic and diffusive parameters. However, it presented a big challenge due to its demand for the fine meshing, and as a consequence, high calculation time.

Results of the RTM applied to the synthetic case

As a first step, we conducted the RTM applied to the discrete fracture network model and its equivalent porous medium model of the synthetic fracture network to demonstrate the relevance of the techniques used to construct the equivalent continuum model.

The discrete fracture network system consisted primarily of the finely meshed glass fracture and secondly of two reservoirs of dimensions (0.064 m × 0.2 m), connected to both sides of the fracture network (Figure 5a). These two reservoirs were filled with water and interconnected via the glass fracture network. Table 3 summarizes the reactive transport input parameters of the discrete fracture network model. Hydraulic conductivity in water was estimated by fluid mechanics modeling from the iterative calculation, taking into account the velocity generated by the temperature differences between two opposite boundaries of the reservoirs separated by three ideal fractures of 1 mm aperture (Figure 15 in Appendix). The glass geochemical unit is represented by a liquid in which all glass is concentrated, and the porosity of this unit is equal to 1. This concentrated glass acts as a source of material readily available at the glass / water interface. During the computation the hydraulic conductivity coefficient is recalculated in accordance to the temperature of the system by the reactive transport code HYTEC [START_REF] Van Der Lee | Module-oriented modeling of reactive transport with HYTEC[END_REF][START_REF] Lagneau | Operator-splitting-based reactive transport models in strong feedback of porosity change: The contribution of analytical solutions for accuracy validation and estimator improvement[END_REF].

The equivalent porous medium model was composed of the grids of porosity, equivalent hydraulic conductivity (Figure 6 a-b), equivalent directional diffusion coefficient, and parameters requested to specify the glass dissolution kinetic law, such as equivalent glass concentration, equivalent glass specific surface, and the half-saturation coefficient.

The values of the directional tortuosity were obtained by analyzing the regressions of the directional mean square displacements vs. time for each cell of the porous media. The examples of these regressions are illustrated in Figure 7. Subsequently, the tortuosity values were used to calculate the grids of diffusion coefficients shown in Figure 6 c-d.

Figure 8 depicts the results of particle concentration evaluation in the discrete fracture network and in its equivalent porous medium. From the curves of the concentration evolution, it is clear that the particles diffused in a similar manner in both media, and no significant differences were found. A discrepancy in concentration was regularly noticed only in cell (2,2). The results of particle tracking indicated that this cell was visited less frequently when the synthetic fracture network was replaced by its equivalent media. This slight divergence in the obtained concentrations was considered acceptable. Overall, the similarity of the concentration profiles was encouraging and indicated that the proposed approach based on the random walk could be applied for calculating the equivalent diffusion in the fractured zones of the glass block where the fracture density is significant, such as the peripheral parts of glass block fracture networks. Similarly to the discrete fracture network model, two water-bearing zones were added to the left and to the right of the equivalent porous media, such that the same water volume was available for both models in the glass alteration (Figure 5b). These supplementary meshes formed the water geochemical unit and were initialized with the same parameters, namely the diffusion coefficient and the hydraulic conductivity coefficient, as the water geochemical unit of the discrete model (Table 3).

The results of the RTM of ISG aqueous degradation obtained by the discrete and the equivalent continuum approaches are presented in Figure 9. The values of the alteration rate are correctly computed and their evolution can be easily explained in view of the kinetic regimes of the alteration of borosilicate glass reported in [START_REF] Gin | Effect of composition on the short-term and long-term dissolution rates of ten glasses of increasing complexity from 3 to 30 oxides[END_REF]. Specifically, after the initial dissolution rate regime ended around 8 h, a rate drop regime occurred until a residual rate was reached, which is four orders of magnitude lower. The differences of the absolute values of the alteration rate can be explained from the angle of the local chemical effects, i.e. saturation in silica was attained faster locally in the case of the discrete model, which leads to the creation of the passivating interface in the middle of cracks and slows down the alteration. In the case of the porous medium model, the alteration progressed more homogeneously. This justification is supported by the results of the modeling. when the dependence of dissolution rate on pH and saturation was not taken into account. In fact, values of the glass alteration rate found by modeling the alteration at the constant dissolution rate by discrete and equivalent porous models were very close (Figure 16 in Appendix). This application was performed to demonstrate the validity of the techniques proposed to compute the equivalent diffusive, hydraulic and alteration kinetics controlling parameters, obtained by comparing the results of the glass aqueous degradation found by the discrete fracture network model and the equivalent porous medium model. Given both the profiles of the alteration rate evolution and the pH evolution, it is evident that the equivalent porous medium model yielded results comparable with those of the discrete fracture network model. This is especially appealing in view of the fact that the rate of the calculation by the equivalent porous medium is much faster. This undoubtedly represents a significant advantage and implies that the model applicable at the industrial glass canister scale, or even under different scenarios of repository evolution. Table 4 presents the values of the time requested to execute simulations of the aqueous alteration applied to the synthetic discrete fracture network and to its equivalent porous media system. The RTM could not be run in convective mode applied to the discrete model of the synthetic case. However, this was realized for the equivalent porous model. The fluid movement in this simulation was generated by the temperature gradient imposed to the left (80 °C) and to the right (90 °C) walls of the water reservoirs (Figure 10). The results of the glass aqueous alteration in convective mode can be found in Figure 17 in Appendix. 

Application

Application at the scale of the vitrified glass canister in diffusive and convective modes

Although this study focuses on the construction and the application of a 2D model of a nuclear glass fracture network at scale 1, its extension toward a simplified 3D model is feasible. Glass canisters, being perfect cylinders, have a natural axis of symmetry which has been used for the thermomechanical simulations at the glass canister scale [START_REF] Barth | Sur la modélisation et la simulation du comportement mécanique endommageable de verres borosilicatés sous sollicitation thermique[END_REF]. Thus, the use of cylindrical coordinates was opted for in this study (Figure 11a).

The equivalent porous medium models of the training image fracture network and of three realizations of the fracture network equivalent tessellation were used. All models are composed of two geochemical units, the equivalent porous media unit and the water (reservoir) unit. The equivalent porous media unit is described by the map of porosity, equivalent hydraulic conductivity, equivalent directional diffusion coefficient, local direction of anisotropy 6 and parameters defining the glass dissolution kinetic law. Each grid was made up of 4 × 21 meshes, each mesh had dimensions of 5.168 × 10 -2 × 4.964 × 10 -2 m. The water unit represented a hollow cylinder with a height equal to 1.13244 m and internal and external radii equal to 0.2067 m and 0.2217 m, respectively. The total volume of the water zone was 35 L and reflected the amount of water initially present in contact with the glass canister in the ALISE experiment (Section 1.2). Figure 11 b-c shows the representation of the equivalent porous medium model at the glass canister scale, used to conduct RTM in diffusive and convective modes. Results of RTM of the ISG glass aqueous alteration are given in Figure 12 for the diffusive mode and in Figure 13 for coupled diffusive and convective modes. Before proceeding to examine the results of these simulations, it is necessary to look at the interpretation of the experimental data.

Experimental results from ALISE unit

The results from the ALISE experiment are documented in [START_REF] Godon | Référentiel scientifique sur le comportement à long terme des déchets vitrifiés : résultats de la R&D menée en collaboration avec les producteurs de déchets[END_REF][START_REF] Minet | Altération du bloc SON68 01FID07/2 dans Alise à 106°C: résultats de l'essai longue durée (7,5 ans) et observations post mortem[END_REF].

Based on the detailed analysis of the concentration of the boron tracer element, the pH and the glass alteration rate, the study in [START_REF] Minet | Altération du bloc SON68 01FID07/2 dans Alise à 106°C: résultats de l'essai longue durée (7,5 ans) et observations post mortem[END_REF] reported five phases of alteration. Phase 1, from 1 to 30 days: the initial phase characterized by a rapid transition from the initial rate regime to the rate drop regime reflected by the sharp increase of the released altered glass per unit time and the quick increase of the pH. Phase 2, from 30 to 550 days: gradual decline of the alteration intensity characterized by progressive decrease of the alteration rate (from ~0.3 g/d to ~0.2 g/d) and the slow increase of the pH (from ~8.9 to ~9). Phase 3, from 550 to 1400 days: interchange between the regime of the alteration rate recovery [START_REF] Fournier | Resumption of nuclear glass alteration: State of the art[END_REF] and the regime of the alteration rate drop. Phase 4, from 1400 to 1700 days: recovery of the alteration rate, with an increase of the alteration rate (from ~0.15 to ~0.21) and the significant increase of the pH (from ~9.15 to ~9.25). The final phase (1700 to 2700 days) involved external interventions, which disturbed the experiment and thus did not allow for a proper interpretation.

Diffusive mode simulation

The modeling results of the average total dissolved boron concentration in water, the average pH in water, and the glass alteration rate are shown in Figure 12. A comparison of these results with experimental data reveals that the first part of the alteration (0-550 d) was correctly reproduced. The simulations in diffusive mode exhibit the same pattern of the alteration regimes transition as the ALISE experiment: a sharp decrease from the initial alteration rate in the first tens of days followed by a period of the gradual alteration rate decline and the stabilization of pH. Moreover, for this first period, the average total dissolved boron and silicon concentrations for three equivalent fracture networks are close to the experimentally measured concentrations. However, the results of the RTM applied to the segmented image are less compatible: this less intensive glass alteration is believed to be related to an underestimation of glass fracture surface available for the alteration. Indeed, according to Table 1, internal fracture surface of the segmented image is 2.5 times lower than that of the equivalent tessellations. Unfortunately, the fracture network surface of the ALISE bloc was not determined, such that no comparison with the model is possible.

The simulation of the second part of the alteration (550-2700 d, Figure 18 in Appendix) was not attempted. Indeed, the ALISE experiment displays phases of the alteration resumption from the 550 th day, during which the glass is again significantly altered. The GRAAL model (in the version that was used) does not take this phenomenon into account, since it is not expected in repository environments. The perturbations of the chemical environment due to maintenance of the apparatus in phase 5 of the experiment are not relevant either.

In summary, the proximity of the results of the RTM applied to the equivalent tessellations with the experimental results enables us to argue that (i) the chosen fracture network equivalent tessellations are representative of the ALISE glass block fracture network, and (ii) the technique proposed to construct glass block equivalent porous model are relevant and could be relied upon.

The comparison of several principal parameters (pH, boron concentration, silicon concentration, rate of the glass alteration) obtained from the experiment and the modeling shows clearly their proximity. The data set is not sufficient to completely qualify the model, however the fact that integrative data (pH and Si notably, clear indicators of the chemical reactions and the transport driver) gives confidence in the proposed model. It means that the chosen fracture network equivalent tessellations are representative of the ALISE glass block fracture network (because they are leached in the same manner). Therefore, the technique proposed to construct glass block equivalent porous model are proved to be relevant and could be relied upon.

Thermo-convective mode simulation

Due to experimental constraints, the ALISE experiment did not display temperature gradients and therefore not thermo-convection. However, heat release by the wastes and diffusion in the host rock are bound to create temperature gradients in repository applications, including at the waste scale. Simulations with thermo-convection were therefore conducted to evaluate the impact of the water convection on the alteration in the fractured nuclear glass blocks. They gave similar overall results (Figure 13), with a fast initial alteration rate and the following rate drop regime to the residual rate.

During this time the alteration rate dropped from ~70 g/d (after 12 h) to ~0.065 g/d, and the pH increased from ~8.45 to ~8.94. Figure 14 shows that the initial rate was much higher in the presence of thermo-convection. In fact, once the convection was installed, it stimulated the renewal of water inside the glass fracture equivalent media with fresh water from the outer reservoir. This resulted in the immediate increase of the dissolution rate. Then, when the saturation in silica became high, the reaction affinity diminished and the rate started to drop. The transition from the initial rate regime to the residual rate regime was shorter for the diffusive case in comparison to the convective case.

Although the average total concentration of silica in water was lower in case of pure diffusive transport, the effect of local arrivals on silica saturation was more important. 

Discussion

Regarding the project feasibility study, it is important to consider several scenarios in the geological repository evolution. That is why it is essential to compare the results of the borosilicate glass alteration obtained in diffusive and convective modes. In this study, we do not aim at reproducing a scenario of repository conditions, where the fluid movement would potentially result from the heat release due to radioactivity. Nevertheless, the results of the modeling presented in this paper provide a preliminary idea about the impact of water flow on the intensity of the glass alteration at the scale of one canister.

According to the results presented in Figures 121314, glass degradation was favored by water convection. Twelve hours from the start of the alteration, the glass alteration rate was four times higher compared to the no-flow case. The effect was, however, less significant once the solution became saturated in alteration products. Indeed, for the fracture tessellation #1, as an example, the glass altered rate in the convective flow conditions at the 20 th day of alteration made up only 4.8% of the initial rate and was 1.54 times higher than the alteration rate in the pure diffusive movement conditions. However, it is important to mention that the gradient imposed in the presented case was significant (10 °C) and does not reflect the situation in repository conditions.

In future studies, it would be interesting to conduct reactive transport modeling in conditions that are more representative of the repository. Heat sources could be specified according to specific scenarios: time of water intrusion, spacing between canisters, and heat exchange with the host rock.

The methodology developed in this paper could then be extended to 3D simulations. Application to industrial purposes would require further research to understand and quantify the phenomena that would govern (i) the alteration of the borosilicate glass in presence of all the components of the nearby field (e.g. iron of the overpack, clay of the COx), (ii) the transport of the alteration products with the COx water in the conditions of the argillite pores clogging, and (iii) the mechanisms of glass alteration and solutes migration in presence of hydrogen originated from radiolysis and corrosion of the overpacks.

According to multiple studies [START_REF] Carrière | Influence de la corrosion du fer sur les processus d'altération du verre : approche analytique multi-échelle[END_REF][START_REF] Neill | Various effects of magnetite on international simple glass (ISG) dissolution: implications for the long-term durability of nuclear glasses[END_REF][START_REF] De Combarieu | Altération du verre de confinement de déchets type R7T7 en condition de stockage géologique[END_REF][START_REF] Rébiscoul | Glass-Iron-Clay interactions in a radioactive waste geological disposal: a multiscale approach[END_REF][START_REF] Arena | Effets cumulatifs et compétitifs des éléments chimiques sur l'altération des verres nucléaires[END_REF], in presence of iron, glass alteration is fostered by the precipitation of iron silicate species. The formation of these secondary phases modifies the chemical equilibrium in the aqueous solution, acting as a "silicon pump" and, as a consequence, increases glass alteration. Regarding the interactions with the COx water, studies [START_REF] Jollivet | Effect of clayey groundwater on the dissolution rate of the simulated nuclear waste glass SON68[END_REF][START_REF] Aréna | Impact of iron and magnesium on glass alteration: Characterization of the secondary phases and determination of their solubility constants[END_REF][START_REF] Debure | Borosilicate glass alteration driven by magnesium carbonates[END_REF] show that the pH of the water of the repository site and the availability of magnesium in solution can affect the transient regime, where dissolution rate drops rapidly and the residual rate. In fact, magnesium secondary phases could maintain glass alteration by consuming silicon. Nevertheless, in absence of a renewal of magnesium or in the case of decrease of the pH, the expected residual rate was reported close to that measured in pure water [START_REF]ANDRA-Collectif: Dossier d'options de sûreté -Partie après fermeture (DOS-AF)[END_REF][START_REF] Jollivet | Effect of clayey groundwater on the dissolution rate of the simulated nuclear waste glass SON68[END_REF].

In accordance with the current vision of the high-level vitrified waste alteration model presented by ANDRA [START_REF]ANDRA-Collectif: Dossier d'options de sûreté -Partie après fermeture (DOS-AF)[END_REF], the first phase of glass alteration would take place in unsaturated conditions resulting from partial re-saturation of the vicinity of the cell and the counter-effect of hydrogen release due to radiolysis and anoxic corrosion of metallic components, which could last from several thousand to tens of thousands of years. In consideration of the possibility of a high relative humidity in the storage conditions, studies aiming at the understanding of the mechanisms of glass alteration in the vapor phase have been initiated. 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 [START_REF] Abrajano | Aqueous corrosion of natural and nuclear waste glasses. II. Mechanisms of vapor hydration of nuclear waste glasses[END_REF]. The difference arises largely from the changes in water chemistry, as a result of the extremely small volume of water available for reaction in the unsaturated case. The various results from vapor hydration experiments suggest that the alteration in vapor phase is not simply an extreme case of glass alteration in aqueous medium at a very high S/V [START_REF] Abrajano | Aqueous corrosion of natural and nuclear waste glasses I. Comparative rates of hydration in liquid and vapor environments at elevated temperatures[END_REF]. The precipitation of secondary phases seems to be the strongest driving force for alteration in vapor phase at high temperature and low solution volume.

Moreover, presently there is no clear vision on the possibility of the gas to coexist with the water. In fact, it is necessary to understand in further detail how the repository re-saturation will happen. Although, according to ANDRA [START_REF] Andra | Projet Cigéo : Revues techniques de préparation à la Demande d'Autorisation de Création (DAC) Revue Finale des Modèles et des Données -première partie (RFMD-1) : Bilan des connaissances phénoménologiques et incertitudes résiduel[END_REF], hydrogen presence will not imply significant overpressure in water, it is still uncertain how the re-saturation will occur precisely in different compartments of the repository, what will be the relative permeability of the hosting rock and the infilling materials of the repository, and how the transport of the solutes in the biphasic condition will differ from that in the saturated condition.

In general, our model can be evolved to take into account the above-cited phenomena. Certainly, in case of the presence of both gas and water phases inside the fracture network of vitrified canisters, it will be mandatory to change the techniques of the permeability and effective diffusion calculation [START_REF] Savoye | New experimental approach for studying diffusion through an intact and unsaturated medium: a case study with Callovo-Oxfordian argillite[END_REF][START_REF] Savoye | Experimental study on diffusion of tritiated water and anions under variable water-saturation and clay mineral content: comparison with the Callovo-Oxfordian claystones[END_REF], and take into the account saturation of both wetting (water) and non-wetting (gas) phases, as well as the capillary pressure [START_REF] Mualem | A new model for predicting the hydraulic conductivity of unsaturated porous media[END_REF]. Moreover, in the future, the geochemical part of the model should be enhanced, such that the interactions of the elements of the nearby field could be accounted for. This will require an upgrade of the geochemical model and could also require accounting for the change of fracture aperture, since the hypothesis of isovolumetricity would not be valid anymore. Moreover, the temporal porosity change related to the swelling of argillites minerals [START_REF] Bock | Self-sealing of Fractures in Argillaceous Formations in the Context of Geological Disposal of Radioactive Waste[END_REF][START_REF] Trotignon | Predicting the long term durability of concrete engineered barriers in a geological repository for radioactive waste[END_REF] would be probably worth considering when estimating the temporal evolution of the hydraulic/diffusive properties of glass canister fracture network.

Another possible evolution of the upscaling is towards a hybrid model. Indeed, the glass canister fracture network exhibits strong non-stationarity: large sparse fractures in the center, opposed to fine, dense fractures close to the periphery. A hybrid model could be devised, with explicit fractures at the core of the canister and equivalent medium on the finely fractured peripheral area. This change of the modeling approach should be considered with regard to the calculation capabilities of the applied reactive transport code. This is because, at the present time, it is hardly possible to run this type of model at the scale of the glass canister, especially when the convection, originated by temperature gradient, is taken into account.

Conclusions

Coupled chemistry-transport models must be used to quantitatively assess the corrosion of the vitrified fractured glass containing long-lived high-level nuclear waste. Having been restricted to laboratory examinations for a long time, the present study gives an example of how such models can be used for geometries (2D and simplified 3D) and time scales relevant for performance assessment. Given the difficulty of performing reactive transport modeling applied directly to the discrete representation of the glass fracture network at the scale of glass canister, we focused here on the construction of its equivalent porous model. Special attention was paid to the calculation of the reactive transport parameters such as porosity, tortuosity, diffusion coefficient, hydraulic conductivity, and glass alteration kinetic parameters. First, the validation of the applicability of the proposed techniques was accomplished by conducting reactive transport modeling applied to a synthetic two-dimensional fracture network in the scope of the discrete model and the equivalent porous model. Second, the equivalent porous model was applied to four representations of the glass fracture network. The reactive transport modeling was performed in cylindrical coordinates in diffusive and convective modes. The results of the quantity of altered glass were then compared with experimental results obtained of the long-term aqueous alteration test of a non-radioactive full-scale nuclear glass block. Reasons were provided to explain the minor differences. Although the reproduction of one particular scenario in the conditions of the repository was not the objective of this study, the presented results gave a preliminary indication of the impact of thermo-convection on the glass alteration at the scale of one canister and demonstrated the feasibility of the glass corrosion reactive transport modeling under different scenarios of repository evolution.

The presented model focused on glass-water interaction in conditions that do not correspond to the repository conditions. Nevertheless, the model could be extended or re-adapted such that different scenarios of canister evolution might be considered. The strength of this work, started in [START_REF] Repina | Coupling image analysis and thermo-mechanical simulation results to produce a model of the fracture network in a nuclear glass canister[END_REF], is within the proposal of a complex workflow and data integration process that allows the estimation of the impact of fracturing on the glass corrosion, by taking account fracture network variability and different limiting conditions.

Figure 1 a

 1 Figure 1 a) Schematic diagram of the high activity HA cell; b) Illustration of an HA storage container for vitrified nuclear waste, primary package type R7T7. High-level long-lived waste disposal gallery in operating configuration. Obtained from [1].

Figure 2

 2 Figure 2 General view of the ALISE unit. Dimensions indicated on the sketch are in mm. Modified from [11].

Figure 3

 3 Figure 3 Input images used to calculate equivalent reactive transport parameters: segmented image of the full glass section of the canister (top left), and three equivalent tessellations used in this study. Image dimensions are 6144 px × 2430 px, with 1 px corresponding to 0.17 mm.

Figure 4 a

 4 Figure 4 a) Image of the synthetic fracture network. Fractures have a constant aperture equal to 1 mm. The orange box shows the position of the mesh represented in b. Black pixels denote glass matrix, white pixels indicate fractures; b) fragment of the mesh used to run RTM. Cells in green belong to the water geochemical unit, while cells in blue belong to the glass geochemical unit. Total number of cells of the discrete fracture network is 24300. The thickness of the glass film is 0.1 mm. The total length of all walls of the fracture network is 5.93 m.

Figure 5

 5 Figure 5 Physical representation of the system comprising two reservoirs and the synthetic facture network in the framework of a) the discrete model and b) the equivalent porous media model. X and Y axes are in m.

Figure 6

 6 Figure 6 Results of the calculations of the equivalent parameters for the synthetic fracture network. Grids of: a, b) the equivalent directional hydraulic conductivity (m/s) in X and in Y; c, d) the equivalent directional diffusion coefficient (m 2 /s) in X and in Y. Both axes are in m.

Figure 7 a

 7 Figure 7 a-e) The mean square displacements (〈r 〉 -in blue,〈x 〉 -in green, 〈y 〉 -in black) vs. time of 2000 walkers for the synthetic fracture network. Plots are shown for the cells (1,1), (1,3), (2,1), (3,3) of the output grid presented in Figure 8d.

Figure 8 a

 8 Figure 8 a-c) Evolution of particle concentration in the cells, obtained by tracking 500 independent particles undergoing Brownian motion in the discrete and the equivalent porous media. d) Scheme showing the synthetic discrete fracture network and the positions of the cells used in the legend of the graphics on the left.

Figure 9

 9 Figure 9 Results of the reactive transport modeling by the discrete fracture approach and by the equivalent continuum approach in the diffusive mode: a) the glass alteration rate obtained from boron concentration averaged over the water zones, b) evolution of the solution pH.

Figure 10

 10 Figure 10 Equivalent porous media model: temperature field and directions of fluid movement.

Figure 11 a

 11 Figure 11 a) Conceptual representation of a simplified 3D model with cylindrical coordinates, b) representation of the equivalent porous medium model used to study the glass aqueous alteration in diffusive mode. The zero flux condition was imposed to the axis of revolution. c) Representation of the equivalent porous medium model used to study the glass aqueous alteration in convective mode. RTM was conducted with consideration of the following limiting conditions: upper heated collar -constant temperature at 80 °C, lower heated collarconstant temperature at 90 °C, axis of revolution -zero flux. X and Y axes are in m.

Figure 12

 12 Figure 12 Results of the RTM of the aqueous alteration in the diffusive mode at the scale of the nuclear glass canister: a) average concentration of all aqueous species containing boron present in the solution, b) average concentration of all aqueous species containing silicon present in the solution, c) overall glass alteration rate obtained by total boron release, d) evolution of the solution pH. Experimental results of the ALISE test are documented in[START_REF] Minet | Altération du bloc SON68 01FID07/2 dans Alise à 106°C: résultats de l'essai longue durée (7,5 ans) et observations post mortem[END_REF]. It should be noted that the experimental results and the modelling results could be compared only for the first 550 days (presented on the figure), because later the ALISE experiment displays phases of (i) the alteration resumption that is not considered in the applied version of the geochemical model and (ii) the impact of the chemical perturbations due to external interventions.

Figure 13

 13 Figure 13 Results of the RTM of the aqueous alteration at the scale of the nuclear glass canister: a) average concentration of all aqueous species containing boron present in the solution, b) evolution of the solution pH,and c) overall glass alteration rate obtained from total boron release. Both diffusion and thermo-convection caused by the imposed temperature difference were considered.

Figure 14

 14 Figure 14 Evolution of the average total concentration of silica present in water and the alteration rate: a) in the short-term and b) in the long-term.

  

Table 1

 1 Fracture network parameters impacting glass alteration

	Name/	Segmented Image Equivalent	Equivalent	Equivalent
	Parameter		Tessellation #1	Tessellation #2	Tessellation #3
	Average porosity	0.08	0.11	0.12	0.11
	Length of fracture	20.5	51	52.1	49.5
	median axes, m				
	2D fracturing ratio	17.4	42.7	41.8	40.6
	Internal fracture	26.6	67.7	66.2	66.7
	surface 4 , m 2				

Table 3

 3 Reactive transport parameters used to model the glass aqueous alteration in the synthetic fracture network described explicitly (discrete fracture network approach).

	Geochemical	Porosity	Pore	Hydraulic	T,°C Cv, g/l	Ssp, m 2 /g	Half-
	unit		diffusion	conductivity				saturation,
			coefficient,	coefficient				molal
			m 2 /s	at 25 °C,				
				m/s				
	Glass	1	1 ×10 -09	-	90	3.49×10 -04 5.73×10 -09 3.07×10 -11
	Water	1	1 ×10 -09	1	90	-	-	-
	N.B.							

Table 4

 4 Comparison of the time requested to conduct the RTM by the discrete fracture model and the equivalent continuum model. Number of processors was equal to 16 for all modeled cases.

	Simulated time,		Execution time, d
	year	Transport	Discrete Fracture	Equivalent
			Model	Continuum Model
	1	Diffusion	87	0.22
	1	Diffusion +	-	15.1
		Convection		

Calculated under the assumption that fracturing ratios in 2D and in 3D are equal.

The inhibition function, representing a special case of the Monod equation, imposes that the interdiffusion rate is only proportional to the diffusion coefficient if half-saturation << instantaneous PRI concentration. When the PRI does not exist, the alteration rate of the glass is maximal.

The rotation angle is defined as the angle associated with the largest axis of a fracture and the horizontal plane. The grid of the rotation angle is identical for all modeled cases and was employed to introduce the directional anisotropy of the hydraulic conductivity and the diffusion.
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Appendix

The value of the hydraulic conductivity of the water geochemical unit indicated in Table 3 was set by analogy with the simulation represented in Figure 15. Here three ideal fractures of 1 mm aperture were connected from the right and from the left to two water reservoirs. The objective was to find the value of the hydraulic conductivity of the porous medium (Figure 15b) so that it reproduces the velocity field obtained by computational fluid mechanics modeling (Figure 15a). [START_REF] Minet | Altération du bloc SON68 01FID07/2 dans Alise à 106°C: résultats de l'essai longue durée (7,5 ans) et observations post mortem[END_REF]. Modelling results do not agree with the experimental results because starting from the 550 th day of the alteration the ALISE experiment displays phases of (i) the alteration resumption that is not considered in the applied version of the geochemical model and (ii) the impact of the chemical perturbations due to external interventions.