For civil engineering structures with a tightness role during a severe accident, structural permeability is a key issue. In this context, this PhD deals with the numerical modelling of leakage rate through a cracked concrete structure. Two hydro-mechanical models in a continuous framework are proposed, a fully continuous one and another one that requires a semi-discrete analysis. The semi-discrete approach is based on a crack tracking method allowing to find the crack path. Once the crack path is found, the Crack Opening Displacement (COD) can be computed along the discretized crack surface by equivalence with strong discontinuity approach. The final step is to prescribe a modified Poiseuille's law along the crack surface to estimate the leakage rate while imposing a pressure gradient. The fully continuous approach can be directly applied in a sense that no crack tracking is needed. It is a combination of permeability of diffuse damage and modified Poiseuille's permeability. Herein, the positive principal strain is chosen to drive the modified Poiseuille's permeability. The two proposed approaches are validated on an experimental campaign of dry concrete disk loaded in a splitting setup where gas permeability is performed. The validation is performed on the flow rate in the longitudinal direction. The results obtained with the proposed approaches compared to experimental data show a good estimation of the hydraulic conductivity. Furthermore, the fully continuous approach is applied to estimate the flow rate through a reinforced concrete element subjected to tensile loading where multi-cracking in Mode I occurs (tie-beam test). The comparison with the experiment is performed on the flow rate in the perpendicular direction to the applied loading. The latter shows a good agreement between the estimated flow rate and the measured one if the same number of cracks is obtained. This PhD deals as well with the effect of the delayed thermo-mechanical loadings on the hydraulic conductivity of concrete. A permeability system is developed and constructed during this PhD based on the experimental program. An experimental campaign is carried out to study the effect of thermal and/or mechanical creep on dry gas permeability of concrete. Permeabilities in longitudinal and radial directions with respect to load axis are addressed. The loading induced anisotropic permeability is analyzed. Furthermore, the determination of the structural permeability along the steel-concrete interface at different shear loadings is still an open issue. An experimental program is carried out which deals with the mechanical behavior of reinforced concrete subjected to a push-in test, as well as with a permeability analysis along the steel-concrete interface at different load levels. A first attempt to simulate the test using the proposed continuous approach is performed. This thesis was the occasion to conduct a new experimental campaign, to produce original results, to perform numerical modeling and to compare two proposed approaches to validate the models in order to apply them at the structural scale.
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Re sume de la the se Pour les structures de génie civil avec un rôle d'étanchéité lors d'un accident grave, la perméabilité structurelle est une question clé. Dans ce contexte, cette thèse porte sur la modélisation numérique du taux de fuite à travers une structure en béton fissurée. Deux approches hydromécaniques dans un cadre continu sont proposées, une entièrement continue et une autre qui nécessite une analyse semi-discrète. L'approche semi-discrète est basée sur une méthode permettant de trouver le chemin de la fissure. Une fois que le chemin de la fissure est trouvé, l'ouverture de fissure peut être calculée le long de la surface de la fissure discrétisée par équivalence d'une discontinuité forte. La dernière étape consiste à prescrire la loi de Poiseuille modifiée le long de la surface de la fissure pour estimer le taux de fuite tout en imposant un gradient de pression. L'approche entièrement continue peut être appliquée directement dans le sens où aucun suivi de la fissure n'est nécessaire. C'est une combinaison de la perméabilité des endommagements diffus et de la perméabilité de Poiseuille modifiée. Ici, la déformation principale positive est choisie pour conduire la perméabilité de Poiseuille modifiée. Les deux approches proposées sont validées sur une campagne expérimentale de disque béton sec chargé dans un essai de fendage où la perméabilité aux gaz est réalisée. La validation est effectuée sur le taux de fuite dans la direction longitudinale. Les résultats obtenus avec les approches proposées par rapport aux données expérimentales montrent une bonne estimation de la conductivité hydraulique. En outre, l'approche continue est appliquée pour estimer le taux de fuite à travers un élément en béton armé soumis à une charge de traction où la multi-fissuration en mode I se produit (essai tirant). La comparaison avec l'expérience est effectuée sur le taux de fuite dans la direction perpendiculaire à la charge appliquée. Celui-ci montre un bon accord entre les débits estimé et mesuré si le même nombre de fissures est obtenu par le modèle mécanique.

Cette thèse porte aussi sur l'effet des chargements thermomécaniques et de fluage sur la conductivité hydraulique du béton. Un système de perméabilité est développé et construit au cours de cette thèse sur la base du programme expérimental. Une campagne expérimentale est effectuée pour étudier l'effet couplé du fluage thermique et / ou mécanique sur la perméabilité à l'air sec du béton. Les propriétés de transfert dans les directions longitudinales et radiales par rapport à l'axe de charge sont étudiées. L'anisotropie de la perméabilité induite par la charge appliquée est analysée. En outre, la détermination de la perméabilité structurelle le long de l'interface acier-béton à différentes charges de cisaillement est encore une question ouverte. Un programme expérimental est réalisé qui porte sur le comportement mécanique du béton armé soumis à un essai de type push-in, ainsi que sur l'analyse de la perméabilité le long de l'interface acier-béton à des niveaux de charge différents. Une première tentative pour simuler le test en utilisant l'approche continue proposée est effectuée. Cette thèse a été l'occasion de réaliser une nouvelle campagne expérimentale, de produire de résultats originaux, d'effectuer de la modélisation numérique et de confronter les deux approches proposées pour valider les modèles afin de les appliquer à l'échelle structurelle. 

Challenges

Although many studies were carried out to study the influence of hygro-thermo-mechanical loadings and creep on concrete, to this day, the effect of temperature up to 180 °C and/or creep on concrete permeability is still not very well understood. Studies have shown for instance that there is coupled effect of temperature and mechanical creep (thermally activated creep) on concrete. But the question is, is there a coupled effect on concrete permeability?

In addition, numerical models to predict leakage rate in large structures are still needed. To this day, there is no single permeability model that is able to estimate correctly the permeability for different damage regimes, diffuse, localized and during the transition between the two regimes. Moreover, some permeability models were validated for specific cases where either isotropic micro-cracking or single localized macro-cracking occurs in concrete without taking into consideration the existence of steel reinforcement. However, the nuclear containment is a much more complex problem where multicracking might occur and where steel reinforcement might play a significant role. Therefore, it is essential to extend the validation of those models to more complex cases where multi-cracking occurs and steel reinforcement exists.

Objectives and methodology

The objectives of this PhD thesis can be summarized into two tasks:

 Influence of delayed thermo-mechanical loadings on concrete permeability by means of experimental measurements.  Development of numerical tools to predict leakage through concrete (micro-cracked and cracked material)

For the first task, a permeability device has been developed, constructed and validated in 3SR laboratory. It should be noted that this study is restricted to dry concrete specimens and to residual permeability measurements. All specimens are dried at 80 °C until their mass stabilization before the permeability tests. In addition, all permeability tests are performed using nitrogen given its inert property toward concrete. We note that our intervention lies in the realization of the permeability analysis on damaged concrete specimens that has undergone thermo-mechanical loadings and performed in WP2. The next step was to develop numerical tools to predict concrete permeability based on those latter tests. Unfortunately, there was a significant delay in WP2 concerning the realization of the thermo-mechanical tests and consequently we decided to develop the numerical tools based on other experimental tests realized in our laboratory and which exist in the literature. One of the experimental studies that were carried out in our laboratory 3SR, which is an open issue, is about the gas conductivity evolution of the steel-rebar concrete interface during its degradation due to shear stresses (push-in test). A first attempt to predict the gas conductivity of the interface is carried out. It should be noted that the development of numerical tools is restricted to hydro-mechanical coupling for dry concrete. Moreover, due to delay, some specimens were not sent during this PhD, namely those xviii that has undergone compressive loadings. This may explain from time to time that the results of the experimental campaign are not optimal since some of them are missing but will be addressed in the next few months.

Regarding the hydro-mechanical coupling, models mainly in a continuous framework will be considered. The proposed couplings are validated on a 3D splitting tests and then their applications are extended to two case studies: The push in and the tie-beam tests. The latter is an intermediate step in order to validate/extend their applications to large reinforced concrete structures.

Organization of the thesis manuscript

This thesis manuscript is organized as follows:

 In Chapter I, a state of the art presentation will be given. This chapter is divided into three main sections. The first section addresses the physical behaviour of concrete, where effect of thermal and mechanical loading on concrete is presented. The second section deals with the mechanical modelling of concrete behaviour and the different methods to assess crack properties in a continuous framework. The third and final section in Chapter I presents, firstly theoretical and physical aspects in transfer phenomena, secondly and thirdly, the effect of concrete preconditioning on permeability and permeability discrepancy. Fourthly, permeability evolutions during diffuse and localized cracking regimes are presented for some experimental studies from literature. Finally, some hydro-mechanical models for diffuse and localized cracking regimes are addressed.  Chapter II is dedicated for the proposition of two approaches for hydro-mechanical modelling.

For validation purposes, an experimental campaign on mortar specimens subjected to splitting test performed in Nantes-France is considered; the gas permeability of the specimens is measured during the tests at different load levels. Crack opening displacements are estimated by means of digital image correlation. The analysis of the experimental data is carried out herein. The validation of the proposed hydro-mechanical model against experimental results is performed on the leakage rate perpendicular to the disk for different load stages. Finally, the proposed models are compared to some models from literature.  Chapter III deals with the application of the proposed models to two case studies. The first case study is the tie-beam. The hydro-mechanical behaviour of reinforced concrete specimen, undergoing tie-beam test, is achieved and compared to experimental data from literature. The second study is about the steel rebar-concrete interface. The experiments are carried out in this PhD. Original permeability measurements were performed for reinforced concrete specimens undergoing push-in test. The hydro-mechanical behaviour of concrete during push-in test is obtained and compared to experimental data.  Chapter IV contains the experimental campaign that is conducted during this PhD that aims to characterize the concrete permeability when it is subjected to thermo-mechanical loadings and creep. The particular permeability system that is developed, constructed and validated during this PhD will be presented first. Different studies are carried out and presented in this Chapter: Effect of specimen length, drying shrinkage, thermal loading up to 250 °C, traction creep and coupled effect of traction and thermal creep on concrete permeability in longitudinal and radial directions.  Finally, conclusions and perspectives on this PhD thesis will be given.

I. State of the art

During a severe accident, temperature up to 180 °C, pressure up to 5 bars and saturation gradient develop inside the containment building of a nuclear power plant. Those gradients drastically influence the transport properties of the porous media and are coupled with the damage evolution of the solid phase. In a diffuse state of cracking, namely before the propagation of a macro-crack, the transport properties are governed by the porous network of the cementitious material, the pre-existing micro-cracks (and the degree of saturation if the percolated fluid is gas). Predictive models of porous media permeability exist since years. However, some simplifications are generally introduced, that are no longer valid in case of SA loading. Creep strains related to the increase in pressure and temperature within containment during a severe accident will affect the ability of the material to be crossed by a fluid by modification of the porous structure and generation of a micro-crack. Moreover, the rise in temperature (above 140 ° C) causes the departure of water that is chemically bounded to the hydrates of concrete also amending its porous network (and its mechanical behavior). In addition to the changes in the intrinsic properties of the cement paste, there is the difference in the behaviors (mechanical and thermal) due to the heterogeneous nature of the concrete (cement paste and aggregates) that may cause a micro-crack, consequently it should be taken into account in the estimation of the permeability, and in predicting the mechanical behavior of concrete. The coalescence of micro-cracks generates a macro-crack which becomes a preferential path for the fluid. The leakage flow prediction is generally deduced from the Poiseuille's law. Nevertheless to apply this approach, an accurate estimation of the crack openings and path is needed. Moreover, the tortuosity and the roughness of the crack must be taken into account through a coefficient. From experimental tests the identification of this coefficient leads to results with a wide variation (between 0.1 and 0.5). The prediction of the leakage flow evolution during the transition between a sound material and concrete with macro cracking is an open subject. The national project CEOS.fr and the works supported by the Mefisto project allow significant advances concerning the predictive determination of the crack path and openings. However, these models should now be coupled with transport models for the prediction of leakage flow. It will be shown in the following that concrete can undergo different cracking regimes depending on the type of the applied loading (drying, thermal, mechanical, coupled loadings, etc.). Therefore, a state of the art presentation on the concrete thermo-mechanical behaviour undergoing diffuse and/or localized cracking will be given afterwards.

I.1 Physical behavior of concrete

I.1.1 Concrete undergoing diffuse cracking

I.1.1.1 Drying of concrete

The exposure of a concrete structure at an ambient relative humidity, lower than that prevailing within the material is at the origin of a hygrometric imbalance. This imbalance results in a water movement from the inside of the material towards the outside, leading to its drying. Taking account of the water transport in concrete is of great importance for cementitious materials. Indeed, the water content greatly affects the evolution of shrinkage and creep strains. In addition, the drying is usually accompanied by structural effects, due to the strains induced gradient. The total shrinkage of concrete is generally a combination of [Acker 1988]: thermal shrinkage, autogenous shrinkage, self-desiccation shrinkage, carbonation shrinkage and drying shrinkage. The participation of each part is related to concrete composition [ Baroghel-Bouny 1998] and hydric conditions. The major parameter, due to drying, is the induced micro-cracks caused by a structural effect related to hydric gradients that are generated during drying of concrete specimen or structure. Experiments show that an important part of micro-cracking induced by drying is due to, on the one hand, the heterogeneity induced by the presence of aggregates [Hearn 1999, Bisschop andvan Mier 2002b], and on the other hand, the heterogeneous moisture content in the material which induces gradients of drying shrinkage of the cement paste. Another consequence of drying on the structural scale that should not be disregarded is micro-cracking related to restrained shrinkage. The description of this type of micro-cracking, namely due to drying shrinkage will be presented in the next section.

I.1.1.2 Micro-cracking induced by drying shrinkage

Many studies in the literature have shown that concrete undergoes diffuse cracking (micro-cracking) due to drying effect [Bažant et al. 1986, Sicard et al. 1992, Benboudjema 2002, Bisschop and van Mier 2002b, Burlion et al. 2005, Wu et al. 2015]. The observations using fluorescence optical microscope and electronic scanning microscope (MEB) allow observing the microstructure of the material at different scales. These observations highlight, on mortar specimens subjected to drying shrinkage, the existence of cracks induced by the drying, where the opening is typically varying between 0.25 and 50 [Bažant et al. 1986, Sicard et al. 1992, Bisschop and van Mier 2002] (see Figure I-1).

Figure I-1 : Typical crack opening induced by drying, observed using electronic scanning microscope [Bisschop van Mier and 2002].

A recent study on the influence of sample thickness , maximum size of aggregate and micro-cracking on the transport properties of ordinary mortars and concretes subjected to drying is presented by [START_REF] Wu | Influence of drying-induced microcracking and related size effects on mass transport properties of concrete[END_REF]. Samples, of 100 mm diameter disk shape, were prepared with different ratios (2.5 to 20), either by changing the thickness (25 or 50 ), or using different aggregate size distribution ( : 2.5, 5, 10 and 20 ). All samples have the same porosity at the time of testing. To achieve samples with 25 or 50 thickness, samples of the required thickness were cut from cured samples of thickness of 250 . Other samples were directly casted to the required thicknesses. The different samples preparation allows studying the size effect, the effect of specimen surfaces condition and cut sample position in the whole 250 on the transport properties. Three drying regimes were selected in order to examine the extent of drying-induced micro-cracks on samples with different moisture states: a gentle stepwise drying at 21 °C with gradually decreasing relative humidity, drying at 50 °C and drying at 105 °C. Unidirectional drying was ensured in the longitudinal direction. All samples are dried until the equilibrium is reached. Fluorescence microscopy technique was used to observe micro-cracks in the 50 thick disks. Since the micro-cracking is expected to be non-uniform along the specimen, observations were performed on the edge surfaces (exposed) as well as inside the specimen by sectioning the specimen in parallel to the edge surface. This allows to observe how micro-cracks vary internally and to characterize their depth and orientation with respect to the edge surfaces (exposed ones). All samples exhibited micro-cracking, even those that were subjected to a gentle stepwise drying at 21 °C with gradually decreasing relative humidity. The results in [START_REF] Wu | Influence of drying-induced microcracking and related size effects on mass transport properties of concrete[END_REF] show that drying at higher temperatures of 50 °C and 105 °C, leads to more severe micro-cracking, in terms of density, length, width and area of micro-cracks occurring (see Figure I-3 (b)). They found that the observed micro-cracks had widths ranging from 1 to 60 and extended to depths of several millimeters into the sample. Nevertheless, most micro-cracks (more than 80%) are characterized by widths ranging from 1 to 10 and lengths smaller than 100 . Finally, it is noticeable in their results that the micro-cracking density increases with the decrease of ratio (for bigger maximum aggregate size micro-cracking is more significant, see Figure I-3 (b)). This analysis is consistent with the one given in [Bisschop andvan Mier 2002a, Bisschop andvan Mier 2002b] (see . It should be pointed out that, when aggregates size is larger than 6 mm, the micro-cracking is very diffused in the material [Bisschop and van Mier 2002b] 

Concrete undergoing thermal loading

Many phenomena occur at the concrete microstructural level when it is subjected to temperature. Amongst all, the most important are the decrease in the water content due to the evaporation of free water (capillary water and a part of the adsorbed water) up to 120 ° C [START_REF] Noumowé | Effet de hautes temperatures (20-600 °C) sur le béton. Cas[END_REF]], the chemical decomposition of the cement paste due to the loss of bound water, thermal cracking caused by differential thermal expansion, the free thermal expansion of the entire material and change in the pore internal pressure [START_REF] Luccioni | Thermo-mechanic model for concrete exposed to elevated temperatures[END_REF], etc. The physical changes, chemical ones and thermal cracking, as they affect strongly and irreversibly (damage) the porous structure of concrete will be described in the following.

I.1.1.3.1 Physicochemical modifications in the porous network

Concrete subjected to elevated temperatures undergo physicochemical changes that alter its microstructure. Thanks to X-ray diffraction or differential thermal analysis, the following reactions are identified in the cement paste:

 Between 30 °C and 105 °C, free water and part of the adsorbed water are evacuated. The free water is completely evaporated at 120 °C [START_REF] Noumowé | Effet de hautes temperatures (20-600 °C) sur le béton. Cas[END_REF]].  Between 110-130 °C and 170 °C, the decomposition of gypsum [START_REF] Noumowé | Effet de hautes temperatures (20-600 °C) sur le béton. Cas[END_REF], Alarcon-Ruiz et al. 2005] and Ettringite [START_REF] Zhou | Thermal stability and décomposition mechanisms of ettringite at < 120°C[END_REF], accompanied by the loss of a part of bound water of the carbo-aluminate hydrates [START_REF] Nonnet | Elastic properties of high alumina cement castables from room temperature to 1600 °C[END_REF], can take place.  From 180 °C to 300 °C, due to the loss of bound water, the first step of the chemical dehydration of the C-S-H gel takes place. Hydrates are transformed into anhydrous products while water becomes free water and evaporates (during heating). However, according to [Harmathy 1970] and [START_REF] Bazant | Creep and shrinkage in concrete structures[END_REF], dehydration takes place from 105 °C. According to [START_REF] Baroghel-Bouny | Caractérisation des pâtes de ciment et des bétons ; méthodes, analyse, interprétations[END_REF], the temperature of dehydration of calcium silicate hydrates (C-S-H) is uncertain and depends on the relative humidity but, according to this author, at 105 °C dehydration has already begun.

Water vapor, after the evaporation of free and chemically bound water, fills the pore network and tends to escape from concrete. When it fails to do so, the vapor pressure increases [Tsimbrovska 1998]. Consequently, the thermal strain of concrete is a combination of the thermal strains of the cement paste and aggregates that do not have the same thermal expansion coefficient. In most cases, up to 150 °C, expansion of the cement paste is greater than the one of the aggregate. Due to restrained strains caused by the differential expansion of the cement paste and aggregates, stresses generate at the cement paste-aggregate interfaces and can lead to thermal cracking (see Figure I-6). However, for high temperatures, only the expansion of the aggregates results in the concrete expansion despite the contraction of the cement paste [START_REF] Bazant | Concrete at high temperatures, Material properties and mathematical models[END_REF]. Indeed, the aggregates are mechanically more resistant and they dominate the thermal behavior by cracking radially the cement paste (see Figure I-6). Accordingly, the thermal cracking includes both the creation of new pores (voids) and the irreversible enlargement of pre-existing pores [Lion 2004].

Figure I-6 : Cracking patterns in a matrix-embedding medium adapted by Hettema (1996) where represents the equivalent coefficient of expansion due to the effects of temperature (thermal expansion and drying shrinkage) [Hettema 1996].

I.1.1.3.3 Evolution of the porous structure characteristics

Concerning the pore size distribution in mortar, the temperature increase leads to an increase in the amount of largest pores . The first peak of the pore size distribution curve represents the population of pores related to the hydrated cement paste only, while the second peak, which shifts toward the largest pore sizes with the temperature increase, illustrates the population of pores related to mortar [START_REF] Jumppanen | Material properties of F-concrete at high temperature[END_REF]]. This population is attributed to the cracking at the cement pasteaggregate interfaces [Tsimbrovska, 1998]. According to the same author, during expansion, part of the fine pores (diameter less than 4 nm, which are detectable by gas absorption) expands to become capillary pores (diameter greater than 4 nm, detectable by mercury porosimetry).

With the generation of cracks, porous network connectivity increases. The appearance of cracks around the aggregates, especially when they are large, also favors the increase of tortuosity. However, Tsimbrovska (1998) noted that a single parameter characterizing the connectivity and tortuosity, obtained by measuring electrical conductivity, remains constant with temperature in mortar and ordinary concrete, while it considerably increases in high-performance mortar and concrete with respect to its reference value (after treatment at 105 ° C). et al. 1983] (b) according to [START_REF] Vodak | The effect of temperature on strength-porosity relationship for concrete[END_REF]].

Many conclusions can be drawn in this subsection:

 Cracks induced by drying, are characterized by openings typically varying between 0.25 and 60 . Consequently, drying lead to higher permeability.  The larger the aggregate size, the more the severity, the spread and the isotropicity of the micro-cracking.  Up to around 100 °C (there is still discrepancy on the exact temperature), the cement paste is unaltered of any chemical decomposition. Nevertheless, due to drying, micro-cracking occurs.  Between 110-130 °C and 170 °C, the decomposition of gypsum and Ettringite, accompanied by the loss of a part of bound water of the carbo-aluminate hydrates can take place which directly affect to porous network and expectedly will lead to permeability increase.  For temperatures up to 150 °C, thermal micro-cracking will be generated at the aggregate cement-paste interfaces and consequently one can expect slight permeability increase as micro-cracking is not crossing the material.  Above 150 °C, thermal micro-cracking will be generated and propagated radially from aggregates to the cement paste. In this case, higher permeability evolution is expected as micro-cracking is more probable to lead to more interconnected paths.

Generally for gas permeability tests, the intrinsic permeabilities of concrete specimens are assessed after the specimens are completely dried at 80 °C or 100 °C to prevent any chemical dehydration of hydrates [Picandet 2001, Choinska 2006]. Clearly, the specimens will undergo inevitable diffuse micro-cracking due to drying effects. Consequently, one can expect higher initial intrinsic permeability of specimens which undergone drying compared to others that were water saturated and their intrinsic permeabilities were evaluated by conducting water permeability tests. Nevertheless, the evolutions of the intrinsic permeability under the effect of thermo-mechanical loadings and creep are what matters. In this thesis, drying at 80 °C for all specimens is considered.

I.1.2 Concrete undergoing diffuse and localized cracking

I.1.2.

Concrete in compression

A typical ordinary concrete behavior in compression during a test controlled by strain is presented in Figure I-8. This behavior shows the structural evolution of concrete under compressive loading, it can be divided into four phases:

 A first phase, up to 70% of maximum stress, where the behavior is almost linear. Indeed, micro-cracking (diffuse cracking) slightly develop in this phase. According to the compressive cracking mechanism, proposed in [Mehta 1986] and shown in Figure I-9, the first microcracks in the cement paste-aggregate interfaces (bond cracks) appear for 30% of maximum stress.  A second phase, up to 75-85% of maximum stress, where the behavior becomes non-linear.

According to Mehta [1986], micro-cracks spread out in the interfaces, start to propagate in the cement matrix already from 75% of maximum stress (see Figure I-9). However, according to Shah et al. [1987] by performing microscopic observations, before 85% of the maximum stress, cracking is only reduced to cement paste-aggregate interfaces. According to Mazars [1984], at the microscopic level, this micro-cracking due to extensions develops in combined cracking modes, cracking mode (I) and in plane shear mode (II). It develops in the cement paste-aggregates interfaces as well as through the cement matrix. Nevertheless, those microcracks are not interconnected yet.  A third phase, up to peak stress. Due to Poisson's effect, the extensions perpendicular to the loading axis become so important that micro-cracks develop parallel to the loading axis and through the cement matrix [Acker et al. 1982, Mehta 1986, Shah et al. 1987]. As the loading increases, these micro-cracks join the bond ones and form altogether an interconnected network of spread out micro-cracks in the concrete specimen.

When the peak stress is achieved, the micro-cracks which are parallel to the loading axis eventually form one or more macro-cracks. Measurements of displacement and distortion fields (using stereo-photogrammetry technique, see Figure I-10) show that the strains are concentrated and then rapidly grow in the weak zones to finally form a macro-crack, while surrounding areas discharge. This phenomenon is called strain localization; the mean strain field becomes non-uniform [Torrenti et al. 1993].  A fourth phase, beyond the peak stress, where the behavior becomes soft. Herein, macrocracks (localized) open and propagate. This phase ends up by total structural failure characterized by a residual strength.

I.1.2.2 Concrete in direct tension

The experimental behavior of concrete specimen subjected to direct tension test controlled by strain is presented in Figure I-11. Three phases can be revealed:

 The first phase, up to around 50% the maximum stress, the behavior is linear. Herein, there is no appearance of micro-cracks at the cement paste-aggregates interfaces.  The second phase, up to peak stress, the behavior becomes nonlinear. The material damage, expressed on the global behavior by a loss of stiffness, appears first due to debonding of the interfaces between cement paste and aggregates, then due to the progression of micro-cracks in the cement matrix [Mazars 1984]. Very close to the peak stress, strain localization occurs, which corresponds to the formation of localized macro-crack [Mazars 1984].  The final phase is characterized by a softening behavior. The development of a localized macro-crack leads to the material rupture.

Direct tensile tests are difficult to perform on concrete due to the low tensile strength of the material on the one hand, and due to difficulties encountered while set-up the test on the other hand, mainly related to ensuring an equally distributed positive stresses in the concrete specimen cross section. Therefore, indirect tension tests such as splitting, three and four points bending tests were developed to determine the tensile strength of concrete.

I.1.2.3 Concrete in indirect tension (splitting)

The splitting test consists of applying a compressive loading on the diametrical plane parallel to the loading as shown in Figure I-12. The traction is generated in the specimen perpendicularly to the loading. This traction generates at first diffuse strains then the strain becomes localized. The strains rapidly localize to form in most cases one macro-crack in the loaded diametrical plane [START_REF] Castro-Montero | Evaluation of damage in Brazilian test using holographic interferometry[END_REF], Picandet 2001]. The global behavior (force versus displacement) during the splitting test presents a snap-back therefore this test is controlled by the diametrical displacement perpendicular to the loading, called in the following the lateral displacement. A typical behavior (force versus lateral displacement) is presented in Figure I-13. Generally, the crack is initiated in the center of the transversal section and propagates in the diametrical plane parallel to the loading [START_REF] Picandet | Crack effects on gas and water permeability of concretes[END_REF], Rastiello et al. 2014] (see .

The crack opening as well as its length increase when the lateral displacement increases [START_REF] Wang | Permeability study of cracked concrete[END_REF], Aldea et al. 1999, Akhavan et al. 2012]. This lateral displacement is a good approximation of the crack opening displacement when the crack is well developed. When several cracks develop, the first crack is the main crack as its opening is the highest. The crack opening is often more significant in the center. When the lateral displacement exceeds 150 µm, inclined cracks due to shearing close to bearing strips develop. However, their length and opening are limited [Picandet 2001]. The splitting test is interesting for the analysis of the permeability evolution since during this test a single macro-crack develops after specimen failure and so it is possible to find a direct relation between the permeability and the crack opening if the latter is evaluated.

I.1.2.4 Concrete in traction due to bending

The bending behavior of concrete can be divided into several phases (Figure I-15) [START_REF] Karihaloo | Karihaloo B: Fracture mechanics and structural concrete[END_REF], Bernard 2000] as follows:

 Linear behavior (OA), up to 70-80 % maximum stress. Presence of superficial micro-cracks on the specimen, however the modulus of elasticity (E) remains almost constant.  Appearance of micro-cracks within the specimen, characterized by a non-linear pre-peak behavior (AB). It is considered that this phase extends to applied stress of 75 to 100 % the maximum stress.

The propagation of micro-cracks generates diffuse damage in concrete. The modulus of elasticity slightly decreases and residual strains appear.  Accumulation of micro-cracks (around the point B). These micro-cracks tend towards localized cracks. The strain localization causes significant localized damage.  Softening behavior (BC). Areas of strain localization clearly appear with several localized cracks. The modulus of elasticity decreases significantly. Macro-cracks are formed due to micro-cracks accumulation while the aggregates prevent the macro-cracks propagation.  Rapid increase of strain, while the load decreases slowly (CD). The rate of cracks propagation decreases due to the friction between aggregates. This friction transmits a resistance between the cracks lips and consequently prevents the decrease of the load. 

I.1.3 Concrete-rebar interface undergoing mixed-cracking modes

Generally, the concrete structures are reinforced and in some cases pre-stressed such as the case of a concrete nuclear containment. Due to concrete-steel rebar interface degradation in the pre-stressed concrete confinement caused by shear stresses, cracks (micro or/and macro) may be generated in the interface and consequently form preferential paths for the fluid to leak (see Figure I-16). Therefore, the study of transfer properties evolution due to the concrete-steel rebar interface degradation is very significant and is still an open issue. In this thesis, the push-in test is chosen to study the influence of concrete-steel rebar interface degradation on its permeability since experience on this mechanical test has been provided by Tixier [2013] who has pursuit his PhD in the same laboratory (3SR). The conclusions reported in [Dominguez 2005, Tixier 2013] regarding the phenomenological behavior of the steel rebar-concrete interface undergoing shear failure are the followings:

i.

Behavior of the concrete-steel rebar interface in the pre-peak phase

The first part of the interface behavior in the pre-peak phase is characterized by the chemical bond between the steel rebar and concrete. It is present on all the contact surfaces between the steel rebar and the concrete. This first phase ends when the strength of the chemical adhesion between steel and concrete is reached, which occurs early in the loading (Point A on the curve, see Figure I-18).

The second part of the interface behavior in the pre-peak phase corresponds to the transmission of efforts via the strut in compression into the concrete. ii.

Behavior of the concrete-steel rebar interface in the post-peak phase

The rupture of the interface is characterized by the propagation of a mode II crack along the interface.

It can be described at the interface scale by the breakage of compression struts ensuring the transfer of efforts between steel rebar and concrete. This rupture induces a softening phase in the global behavior. This degradation of the interface resulting in a global slipping of the rebar in the concrete, which carries as well pieces of concrete located between the ribs. The two lips of the longitudinal crack in contact are therefore mainly composed of concrete. This type of crack does not have, in theory, a crack opening, since there is a global slipping of a surface along another (mode II crack type). In addition, due to the heterogeneity of concrete, the two lips of the crack are neither perfectly straight nor parallel.

Local contacts progressively occur as the slip increases. However, the interface is not capable of transmitting additional imposed efforts, the steel rebar then slides along the longitudinal crack with 

I.2 Numerical models for mechanical behavior description and crack opening assessment

The generation and development of cracks play a vital role in the hydro-mechanical behavior of concrete structures. The three main approaches used to model the cracking of concrete are the discrete cracking models, continuous models and more recently, the lattice models [Van Mier 1994].

The discrete cracking models consider the crack as a geometric discontinuity. The cracks are modeled by a separation between the originally connected elements at their borders. This approach requires a continuous change in the structure topology. Various techniques are employed associated with finite elements representation and automatic re-meshing as shown in X-FEM [START_REF] Moes | A finite element method for crack growth without remeshing[END_REF]], G-FEM [START_REF] Strouboulis | The design and analysis of the Generalized Finite Element Method[END_REF]], E-FEM [START_REF] Oliver | A comparative study on finite elements for capturing strong discontinuities: E-FEM vs X-FEM[END_REF][START_REF] Jourdain | Upscaling permeability for fractured concrete: meso-macro numerical approach coupled to strong discontinuities[END_REF]]. Nevertheless, this approach remains very time demanding in 3D, whatever is the used technique.

In lattice models, originally developed by physicists [Hermann et al. 1989], the continuous medium is replaced by a lattice network composed of rod elements or beams [START_REF] Bolander | Fracture analyses using spring networks with random geometry[END_REF], Cusatis et al. 2003]. This type of models introduces almost naturally the heterogeneity of the material as well as the discontinuous character of the crack. In a mesoscopic framework, the microstructure of the material is thus meshed through these elements which are assigned different properties depending on whether they represent aggregates or mortar. These models have become popular for the analysis at the mesoscopic scale and for the explanation of concrete rupture process.

The concept of continuous cracking model considers cracked concrete as a continuous medium. The description of the cracking then consists of introducing a stress-strain relationship which includes in particular a post-peak softening behavior. This approach is widely used nowadays and does not require a priori the knowing of cracks location and orientation. However, it does not allow direct access to discrete physical quantities such as cracks openings. This approach, in addition to its high efficiency, is relatively simple to implement. Amongst mechanical models in continuous framework are models based on damage mechanics. Herein, the micro-cracking process and the macro-cracking failure are implicitly described and can be modelled using damage parameters [Mazars 1984, La Borderie 1991, Rossi et al. 1994, Fichant et al. 1999, Tailhan et al. 2010, Sellier et al. 2013]. Regularization techniques to avoid mesh dependencies can be used [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF], Pijaudier-Cabot and Bazant 1987, Giry et al. 2011]. Those models are able to predict the initiation and the propagation of the cracking and account for size effects. Furthermore, if needed, crack properties (path and opening) can be estimated in a post-processing phase with a good agreement compared to experimental results [START_REF] Dufour | Extraction of a crack opening from a continuous approach using regularized damage models[END_REF], Matallah et al. 2010, Dufour et al. 2012, Giry et al. 2014, Bottoni et al. 2015].

Since continuous mechanical models based on damage mechanics are more adaptive for large structures applications, given their low time cost, their efficiency and relative simplicity, they are preferred in this thesis. General notions on damage mechanics and a presentation of some particular damage models will be given in the following.

I.2.1 Overview on damage mechanics

I.2.1.1 General notions on damage mechanics

To describe the loss of stiffness due to the gradual onset of micro-cracks until the formation of macrocracks (failure), the damage theory based on continuum mechanics can be adopted. This concept initially proposed by Kachanov [1958] for modeling failure of metals due to creep postulates the existence of an effective stress ̃ that is applied on the sound part of the material (see Figure I-23).

In pre-peak phase, the damage is low and diffuse. In this phase, the mechanical model is based on the solution of the homogenization problem because cracks are not yet localized. Once the peak is reached, due to the softening behavior of the material, a crack appears in the weakest or the most loaded zone. The damage becomes localized; this means that a localized macro-crack is formed. This behavior law integrates both types of damage (diffuse and localized) corresponding to the Rankine criterion. It has the advantage to pass from a zone with diffuse cracking to a zone with localized cracking without re-meshing or enrichment of the formulation. . The diffuse pre-peak damage of this model is given by:

( ̃ ) (I.3)
With, ̃ represents the Rankine stress in the principal direction. and are model parameters, they are chosen so that the behavior law passes through the point ( . represents the tensile strength of the material. When the maximum tensile stress is attained by the element, tensile cracking localizes and the softening phase of the behavior begins. The energy dissipation occurs in the finite element the most loaded or the weakest. The dissipated energy is proportional to the size of the element and must be equal to the fracture energy per unit area :

( + ∫ ) (I.4)
Where represents the strain at rupture in the principal direction and depends on the size of the finite element in this direction. For the post-peak phase, the damage law parameters are automatically adjusted to the size of the mesh in the principal direction.

ii.

Compressive behavior:

In compression, the damage evolution is based on a compression-shear criterion. This criterion reflects the increase in strength with the confinement pressure. The Drucker-Prager criterion allows the treatment of those two aspects of the behavior. Unlike the traction, micro-cracks due to compression do not exhibit a marked orientation. The experimental observations show that the concrete specimens are sometimes crushed. The resistance of the entire zone is mitigated whatever is the loading direction. The compression damage is therefore considered isotropic in the model. Similarly to traction, the pre-peak diffuse damage is based on the theory of homogenization. Although it is isotropic, it is evaluated in the principal direction of compression for energy requirements. iii.

Constitutive laws:

The model proposed by Sellier et al. [2013a] is able to treat unilateral effect without affecting the damage variables. When compression is applied to the material after a tensile loading (having overpassed the peak), a compressive stress develops parallel to the edges of the crack ̃ (it is zero during propagation phase). This stress is integrated into the behavior law presented below:

̃+ ̃ (I.6)
The principal stress in the crack ̃ depends on the crack opening . The selected function allows describing the evolution of this stress with the crack closure.

̃ + √ (I.7)
With, is the maximum crack opening of the material during its loading history.

is the reference crack opening. This parameter corresponds to crack opening for which ̃ . The coefficient is chosen close to zero to avoid division by zero if the compression is too significant. The plastic stress tensor ̃ ̃ ̃ is chosen so that ̃ remains in its validity domain using the radial return method.

When the crack recloses under the action of the normal stress, roughness of the crack lips entangle and allow to transit a shear stress. They are modeled following the Mohr-Coulomb criterion where the internal friction angle can manage the friction intensity.

I.2.1.2.2 Mazars model [Mazars 1984]

Mazars' damage model describes the elastic-damageable concrete behavior. It is a simple 3D model that describes the decrease in the stiffness of the material under the effect of micro-cracks and macrocracks generation in concrete. It relies on a single scalar variable describing damage in an isotropic manner. Nevertheless, it distinguishes damage in traction and in compression. This model [Mazars 1984] does not account for the stiffness recovery in case of crack closure and does not take into account any plastic deformation or viscous effects that may be observed during the deformation of concrete. In the following, the original Mazars model will be presented.

The damage variable follows an evolution law based on a strain criterion. It is controlled by a state variable which is function of the strain tensor via a scalar called equivalent strain . This equivalent strain allows representing a triaxial state to a uniaxial state. As positive strains are preponderant in the cracking phenomenon of concrete, this equivalent strain introduced by Mazars (1984) is defined from the positive principal strains, namely:

√∑ (I.8)
The load surface linked to damage is written in function of the equivalent strain:

( (I.9)
The variable is the maximum value reached by during the loading history:

( (I.10)
With is the strain that corresponds to the damage threshold. Initially, the variable is set equal to . During loading, Y ensures that the load surface drives the threshold surface, which is expressed by: If ( and ̇( , then with ( and ̇ . Else, ̇ and ̇ . is a function describing the evolution of damage. To take into account the asymmetry of the mechanical response of the material between tension and compression, the damage variable is a combination of traction damage and compression damage [Mazars 1984]: Where and are the strains created by the principal stresses respectively of traction and compression. For instance, in pure tension and , whereas in pure compression and . The coefficient is a material parameter which improves the shear response when it is greater than 1. A value of 1.06 is frequently used. This model is local in a sense that local damage is calculated without any interaction with the neighborhood. This local formulation poses difficulties for modeling strain localization in the softening phase of the material behavior. Many regularization techniques were developed [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF], Pijaudier-Cabot and Bazant 1987, Giry et al. 2011] to solve this issue. Some of them are retained and presented in section I.2.2. Enhancements on the original model were performed recently, namely to better describe the behavior during bi-compression and pure shear and to model the behavior under cyclic and dynamic loadings as well [Mazars et al. 2015]. [Mazars et al. 2015] This model, proposed in [Mazars et al. 2015] called model ( for Mazars Unilateral) is an improved version of the original Mazars' damage model [Mazars 1984]. Enhancements are mainly done on the material behavior during bi-compression and pure shear. In addition, unlike the original model, this model is able to describe the material behavior under cyclic loading and to take into account strain rates effect.

+ (I.

I.2.1.2.3 Mu model

The main assumptions within the model are listed below [Mazars et al. 2015]:

 Elasticity and damage are considered in the material behavior (no plastic strains).  Isotropic description of damage is assumed.  As opposed to previously presented damage models, denotes the . It means that not only damage describes the micro-cracking state of the material as in classical damage models, but describes also the effect of damage on the stiffness activated by loading. In a cracked structure for instance, must then be able to describe the effects of crack opening and closure (i.e. unilateral effects).  Two main damage modes are considered, crushing (due to compression) and cracking (due to tension), they are respectively associated with two thermodynamic variables and , which represents the ultimate loading states reached in the compressive and tensile parts, respectively, of the strain space.

Figure I-27 presents the evolution of damage , the internal variables and and their combination during cycling loading. For more details, see [Mazars et al. 2015]. The two damage models proposed in [Sellier et al. 2013a] and [Mazars et al. 2015] seem to be promising. Nevertheless, they are still out of hands. Moreover, since those models integrates more ingredients compared to the original Mazars model [Mazars 1984], this will complicates the solving of a mechanical problem which is already complicated in some cases and very demanding. Especially, that for this thesis those addition ingredients are not essential since the applications are limited to monotonic loadings. For those reasons, the original Mazars model [Mazars 1984] is adopted for the numerical modelling in this thesis.

I.2.2 Regularization methods for post peak behavior

The softening phenomena are accompanied by strain localization. Upon finite element modeling, the strains localize in the weakest finite elements or the most loaded. Therefore, the localization width is usually the one of an element. Numerically, when the element undergoes pure tension for instance, the localization leads to a loss of the ellipticity of the static problem equations and consequently leading to the existence of an infinite number of solutions (see [START_REF] Benallal | Some mathematical aspects of the damage softening rate problem[END_REF], Nadjar 1995, Peerlings et al. 1996]). The solution of the problem provides a mesh dependent response (size and orientation) (see for instance, [Crisfield 1984, Jason 2004]).

From an energy point of view, the dissipated energy decreases with the size of the element and eventually approaches to zero if the mesh is very fine [Bazant 1976]. Therefore, it becomes necessary to perform a mathematical correction of the problem in order to make the response independent of the mesh size. In the literature, methods called regularization techniques allows to prevent mesh dependency issues.

I.2.2.1 Original integral non local approach

To prevent softening and localization issues, stresses at a material point shall not be described locally, but must also take into account the interaction between defects (pores, microcracks) at the microstructural level [Pijaudier-Cabot andBazant 1987, Askes 2000].

The non-local theory, applied to damage models, consists of averaging a mechanical quantity in its neighborhood using weight functions (Gaussian ones are mostly used) [Pijaudier-Cabot andBazant, 1987, De Borst et al. 1993]. Contrary to local approaches, interactions between the finite elements undergo thanks to the non-local averaging.

With the Mazars' model, the local equivalent strain is replaced by an average equivalent strain ̅ over a volume in the equation governing the damage extension as defined by Pijaudier-Cabot and Bazant [1987].

̅ ∫ ∫ (I.16)
is the weight function defining the interaction between the considered point located at and the neighbouring points located at inside the volume of the structure . Gaussian function is mostly adopted for the nonlocal averaging:

( ‖ ‖ ) (I.17)
With, is the internal length and generally linked to the size of the material heterogeneities.

The load surface linked to damage is written in function of the non-local equivalent strain:

( ̅ ̅ ̅ ̅ (I.18)
It is very clear that the original integral nonlocal method is efficient to maintain the objectivity of the solution. However, several drawbacks arise when using this method, namely:

 Description of kinematic fields in the fracture process zone (FPZ).

This method fails to represent open macro-cracks with localized strains across the crack. The poor resolution of local quantities stems from the fact that the non-locality introduced into the calculation is established during the damage process and depends solely on the distance between neighboring points. At complete failure, interactions across the cracked zone remain activated, thus leading to the socalled ''damage diffusion'' process (see Many improvements on the non-local averaging method were performed to resolve the above presented issues [START_REF] Geers | Strain-based transient-gradient damage model for failure analyses[END_REF][START_REF] Voyiadjis | Gradient plasticity theory with a variable length scale parameter[END_REF], Krayani et al. 2009[START_REF] Pijaudier-Cabot | Nonlocal damage model: boundary and evolving boundary effects[END_REF], Bazant et al. 2010, Giry et al. 2011]. In the following, the stress based non local approach inspired from [START_REF] Krayani | Boundary effect on weight function in non-local damage model[END_REF]] and proposed in [START_REF] Giry | Modified nonlocal damage model based on stress state influence[END_REF] will be presented as it is the most recent and complete one amongst the others.

I.2.2.2 Stress based non local approach

This approach, proposed in [START_REF] Giry | Modified nonlocal damage model based on stress state influence[END_REF], is an improved version of the original non local method. It consists of modifying the weight function such as taking into account the stress state in the medium.

The weight function becomes: 

‖ ‖ ) (I.

I.2.2.3 Regularization using fracture energy concept

The method proposed in [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF]] by its local character is the simplest to implement. In addition, it allows to consider multiple localized cracks at the same point. According to [START_REF] Sellier | Coupled damage tensors and weakest link theory for the description of crack induced anisotropy in concrete[END_REF][START_REF] Sellier | Orthotropic da-mage coupled with localized crack reclosure processing : Part I : Constitutive laws[END_REF], it facilitates significantly the treatment of anisotropy (see also [START_REF] Meschke | An anisotropic elastoplastic-damage model for plain concrete[END_REF]).

When the maximum tensile stress is reached in a finite element, tensile cracking is localized and the softening phase of the behavior begins. The energy dissipation occurs in the most loaded finite element. The dissipated energy is proportional to the size of the element and must be equal to the fracture energy per unit area . The size of the finite element and the total dissipated energy are related by the following equation:

∫ (I.22)
With is the characteristic length of the finite element, approximated to √ when elements have an irregular form. This approach can be applied to Mazars' damage model to avoid mesh dependency [Mazars and Grange 2015]. The crack band approach using the fracture energy concept could be used [START_REF] Bazant | Crack band theory for fracture of concrete[END_REF]. is defined according to [START_REF] Planas | Measurement of the fracture energy using three-point bend tests: Part 2, influence of bulk energy dissipation[END_REF]] and [Bazant 2002]. The material behavior at the finite element of characteristic length is chosen so that the following equation is verified:

( ) (I.23)
with, and are the tensile strength and the Young modulus of the material respectively. being the post peak tangent stiffness for an equivalent triangular shape of curve.

Any of the three regularizations method can be applied to obtain objective results. However, those methods have advantages as much as they have drawbacks with respect to each other:

 The energy based regularization technique is simple and can be very useful in some cases. However, the method is limited to mode I cracking. Furthermore, despite that the method solves the mesh size dependency problem; it does not solve the mesh orientation dependency one.  Regarding the original integral non local approach, it has been shown that several drawbacks arise when using this method (damage diffusion process, wrong treatment of interactions close to boundaries and damage initiation problem). Therefore, since the stress based non local approach solves the three stated drawbacks of the original non-local technique, as well as the mesh size and orientation problems, it is preferred in this thesis.

I.2.3 Crack opening assessment

The assessment of crack opening displacement is indispensable for the leakage rate since the latter is significantly driven by the crack opening of a macro-crack. In fact, almost the totality of the leakage rate percolates in the macro-crack once it is originated. As discussed before, the crack opening displacement is not a directly provided by the damage models in a continuous framework. Nevertheless, different approaches, depending on the type of regularization, exist to calculate a crack opening displacement in a continuous framework. In a broad sense, they are all based on the maximum positive strains projected in the principal direction and on a characteristic length of the element. Some of approaches, which are developed for local damage models regularized by the fracture energy concept [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF], will be discussed in the following subsections. Other approaches, developed for non-local damage models, which are adopted in this thesis, will be presented in sections II.4.4, II.5. [START_REF] Matallah | A practical method to estimate crack openings in concrete structures[END_REF] This method is based on an energetic regularization in a damage model framework (see section I.2.2.3) namely Fichant's damage model [START_REF] Fichant | Isotropic anisotropic description of damage in concrete structures[END_REF]]. The crack is assumed to be localized in a band with certain width over which it is considered that micro-cracks are uniformly distributed. The band width is introduced in order to avoid spurious mesh sensitivity. The application of the energetic regularization to Fichant's model, which imposes the same element energy dissipation whatever the element size, reads:

I.2.3.1 Method presented in

+ (I.24)
with the tensile strength of the material, is the strain threshold ( , where is the material Young's modulus. is a model parameter which controls the slope of the softening curve. The crack opening tensor is given by the following expression:

(I.25)
where is the strain tensor excluding the elastic part. Finally, the normal crack opening displacement is given by: (I.26) where is the unit vector normal to the crack.

I.2.3.2 Method associated to Sellier s model

The model, presented in section I.2.1.2.1, provides access to the crack opening. In fact, it gives the opening of localized cracks as well as their orientations. It is an approximation of the crack opening and its orientation because the numerical procedure is based on the idealization of the crack system in an orthotropic "rotating crack". If a finite element is subjected to a mechanical strain that is equal or higher than in the traction principal direction, then this finite element is completely unloaded in that direction. Consequently, the displacement at the edge of the element corresponds to the crack opening and its crack density tends to 1. It is then assumed that the crack opening in the principal direction satisfies the following condition:

(I.27)

The selected function by [Sellier et al. 2012] takes into account this condition. It provides access to the crack opening from the initiation of cracking; it uses the crack density in the principal direction , weighted by the damage at the peak in traction :

̃ (I.28)
Under these conditions, only the positive effective stresses ̃ as well as damage that are higher than the one at peak can open a crack.

It was shown that it is possible to calculate a crack opening with damage models which are regularized using the fracture energy concept. However, it was shown previously (see section I.2.2.3) that this regularization technique provides solutions for the mechanical problem that are mesh orientation dependent. Moreover, it is stated that the stress based non local method is preferred in this thesis. See sections II.4.4, II.5 for details on how to assess crack opening when using regularized damage models with the original and stress based non-local integral approaches. In the case of an incompressible fluid (water for specific pressures for instance), under laminar flow condition, the permeability of the medium can be directly obtained by applying Darcy's law. This law is hereafter recalled:

I.3 Transfer properties under pressure gradient

(I.29)

The concept of permeability defined by Darcy's law, expresses on a macroscopic scale the physics of the flow of a viscous Newtonian fluid (the forces due to the viscosity predominate over inertia forces) at the scale of pores. For unidirectional flow in laminar regime, Darcy's law is written:

(I.30)
where is the volumetric fluid, is the intrinsic permeability of the porous medium, is the cross section area crossed by the fluid, is the material length in the flow direction, is the dynamic viscosity of the fluid and is the pressure difference. When gas percolates the porous medium, the compressibility and the specific movement of the gas phase in the porous medium need to be taken into account in order to apply Darcy's Law.

I.3.1.1.2 Compressible fluid

The presented law for the determination of the permeability of incompressible fluids cannot be applied directly for the permeability of gases. Indeed, the compressible nature of the gas flow and not exclusively viscous through the porous medium are outside the scope of validity of the law presented in Equation (I.30). Thus, when the gas flow is permanent, the velocity of the fluid varies at any point with the pressure. However, the mass flow rate remains constant; it is then possible to determine an apparent permeability [Picandet 2001, Choinska 2006]. Nevertheless, additional approach is required to determine the intrinsic permeability [Forchheimer 1901, Klinkenberg 1941, Carman 1956]. Assuming that the out-flow measurement is done and under isothermal conditions; the apparent permeability of the material, according to the flow direction and material configuration (see 

I.3.1.2 Determination of the intrinsic permeability

It was shown in the previous section how apparent permeabilities can be calculated using Darcy's law, taking into account the compressibility of the gas. Nevertheless, the gas flow in the porous material is not always purely viscous. Indeed, experiments shows that the apparent permeability, calculated with Darcy's law for compressible fluid, overestimates the intrinsic permeability and it is pressure dependent [Picandet 2001, Chatzigeorgiou 2004, Dandachy et al. 2016b] (see Figure I-35). This is actually due to a molecular flow (known as slip flow), known as the Knudsen diffusion [Knudsen 1909], which occurs in addition to the viscous one. In molecular flows, unlike viscous flows where frequent collisions between gas molecules exist, gas molecules undergo collisions with the walls of the channel, e.g. pore in form of a cylindrical tube. In fact, it occurs in porous media such as concrete for instance, when the mean free path ̅ (Equation (I.33)) of a gas molecule of diameter under pressure and temperature is of the same order of magnitude or higher than the pores diameter.

̅ √ (I.33)
where is the Boltzmann constant . The order of magnitude of the mean free path of nitrogen for instance in normal conditions of temperature and pressure is 60

. Whereas, the dimension of numerous pores in cement materials is of the same order as the mean free path of nitrogen. Therefore, it is not surprising that Darcy's law (or Poiseuille's law for tubular Darcy type flow, see equation (I.31)), does not correctly represent the gaseous flows in theses pores for certain gas pressures. In this case, the flow is governed by Knudsen's law and the correspondent equation to express the volumetric flow in a cylindrical tube of radius assuming that the gas is perfect could be written:

√ √ (I.34)
where, and are the gas constant and its molar mass respectively. is the radius of the cylindrical tube representing the pore. We recall, assuming the flow is purely viscous, the volumetric gas flow in a cylindrical tube of radius given by Poiseuille after solving Navier-Stokes equation is written:

(I.35)
with, and are the entrance and exit gas pressures respectively. One can notice, by disregarding the gradient of pressure in Equation (I.34), that the slip flow unlike the viscous flow is pressure dependent. This could be very useful to determine numerically the apparent permeability by considering the slip flow in the numerical modelling if data on the pore size distribution is provided (see for instance, [START_REF] Pijaudier-Cabot | Coupled Effects between Damage and Permeability with a View to Discrete Modelling[END_REF]). Many approaches exist, according to the flow regime, for calculating an intrinsic permeability with gases even if slip flow occurs. Klinkenberg's approach for instance [Klinkenberg 1941], is widely used when the regime is laminar, and Forchheimer's approach [Forchheimer 1901] can be adopted if the regime is turbulent. The latter approaches will be presented in the following.

I.3.1.2.1 Klinkenberg s approach

One can notice in Figure I-35 that, the gas flow through the material is the sum of a laminar viscous flow which is independent of the average pressure and a molecular flow (or slip flow) governed by

Knudsen's law which varies inversely proportionally to the average pressure. When tends to zero the pressure tends to infinite and consequently the mean free path would be zero and the slip flow as well. The laminar viscous flow, assuming negligible inertial effects, remains and the corresponding permeability is intrinsic. This analysis is consistent with the empirical analysis model proposed by Klinkenberg [Klinkenberg 1941] which provides an intrinsic permeability depending on the average pressure and the apparent permeability calculated using Darcy's law. Klinkenberg equation is written:

( + ) (I.36)
where is a constant called Klinkenberg coefficient. It is shown in [Picandet 2001 andChoinska 2006], thanks to Kundt and Warburg theory [Kundt and Warburg 1875] and Klinkenberg analysis, that it is possible to relate the coefficient to the mean free path ̅ of a gas molecule:

̅ (I.37)
where is a constant close to 1 and is the radius of the cylindrical tube. Equation (I.37) shows that, for constant Klinkenberg coefficient , when the pressure decreases the mean free path increases and consequently slip flow is more significant.

For practical use of the Klinkenberg approach to determine the intrinsic permeability of a material, calculation of apparent permeabilities for different injection pressures are made in order to finally plot the versus line and to apply line regression as shown in Figure I-35.

I.3.1.2.2 Forchheimer approach

When the flow rates are high, the flow may become turbulent. This is observed when the flow rate evolution becomes non-linear with respect to the gradient of pressure. In this type of flow, the contribution of slip flow can be neglected [Picandet 2001]. In Darcy's law, only viscous effects are taken into account. Nevertheless, the inertial effects become significant and Darcy's law must be modified. The determination of the intrinsic permeability in this case is based on an application of the Forchheimer equation (see, e.g. , [Dullien 1979]):

+ (I.38)
where and are two constants related to the porous medium. The first is equivalent to the inverse of the intrinsic permeability while the second is a correction factor. Moreover, when the flow rate is low, the second term in Equation (I.38) can be neglected (

) and thus Darcy's law is found. Assuming the gas is perfect and applying the principle of mass conservation, Equation (I.38) becomes [Picandet 2001]:

+ (I.39)
where and are the atmospheric fluid pressure and correspondent mass density.

For longitudinal intrinsic permeability calculation after integration along the specimen length (see 

I.3.2 Effect of concrete specimen preconditioning on its initial permeability

The term preconditioning is used to designate a specific treatment performed after the maturing of concrete and prior to permeability measurements and in some cases prior to the maturation of the material itself. Generally, it consists of a saturation of the material by the fluid used in the permeability test:

 The specimen is saturated by liquid, e.g. water, in case of liquid permeability tests.  If gas permeability tests are performed, capillary water must be completely evacuated before the permeability test. Therefore, the specimen has to be dried out.

In this latter case, drying mode has a large influence on the gas permeability measurements. Concrete often has an internal hygrometry higher than the average environment hygrometry where it is placed, excluding water. Water migration due to this imbalance is driven from the inner of concrete toward the surrounding environment. This phenomenon, which is very slow, causes various phenomena such as, permeation, condensation-evaporation, diffusion and adsorption-desorption.

Experiments show that drying affects the mechanical properties [Benboudjema 2002, Burlion et al. 2005], causes major varying strains (shrinkage for instance) and can lead to micro-cracking by hydric gradient since tensile stresses develop due to internally restrained shrinkage [Pons andTorrenti 2008, Wu et al. 2015] (see section I. 1.1.2). This micro-cracking directly affects the concrete permeability and might induce permeability anisotropy in some cases [START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF], Wu et al. 2015]. Moreover, high temperatures (above normal temperature and below 100°C) accelerate the drying process leading to higher hydric gradients and consequently increase the severity of micro-cracking [Bisschop and van Mier 2002a, Bisschop and van Mier 2002b, Wu et al. 2015].

In addition, temperatures above 100°C can lead to chemical dehydration in the cement paste and consequently to an increase in the total volume as well as in the pores dimension [START_REF] Noumowé | Effet de hautes temperatures (20-600 °C) sur le béton. Cas[END_REF]] (see section I. 1.1.3). Therefore, it is recommended to use a drying temperature below 100°C to prevent any chemical dehydration. And since the drying process is very low in normal conditions, temperature between 60 and 100°C with low heating rate (1 °C/min) is mostly used [Picandet 2001, Choinska 2006]. In this thesis, a temperature of 80 °C with the same heating rate (1 °C/min) is used to dry the concrete samples.

I.3.2.1 Induced initial permeability anisotropy due to drying

Influence of drying induced micro-cracks on gas permeability in two perpendicular directions, longitudinal and transversal, is studied in [START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF]]. The concrete was chosen with a particular formulation (water cement ratio , maximum aggregate size of 8 ) so that drying shrinkage is maximized in a relatively short time. Consequently, the initial permeability was expected to be high. Six prismatic specimens ( were casted and after curing they were submitted to a relative humidity of 60 ± 5% and a temperature of 21 ± 1 °C. Three of them, denoted , were kept for 10 months while the three others were kept for 2 years. In order to show a possible permeability anisotropy induced by micro-cracks of drying shrinkage origin, each prismatic specimen, after being dried to the required time, is cored into one or two transversal specimens and one longitudinal of 30 diameter as shown in Figure I-37. Transversal direction is being the direction of the highest hydric gradients. The results, found in [START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF]], of permeability measurements carried out on the specimens which were dried for 10 months, are presented in Table I-1. With and are the longitudinal and transversal permeabilities respectively. It shows that the permeability is almost isotropic. Except for specimen S2 where the permeability difference is more significant. Nevertheless, in any case, the ratio of transversal to longitudinal permeability remains lower than 2. The authors believe that micro-cracks are certainly formed, but either in insufficient number or with an opening that is too weak for the permeability to increase significantly. In order to better clarify the trend, they carried out the permeability measurements on the cylindrical specimens that are extracted from the prismatic specimens which undergone 2 years of drying at the same conditions mentioned before. Results are presented in Table I-2. It shows that in both directions permeability has significantly increases. Unexpectedly, the tendency is inverted, the longitudinal permeability is found higher than the transversal one by a factor ranging between 5 and 20. This confirms the existence of permeability anisotropy due to effect of drying. [START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF].

Several important points were put in evidence in [START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF]], as follows:

 Unexpectedly, the permeability anisotropy due to drying is indeed significant in some cases.

In fact, micro-cracks occur in a first time preferentially along the direction which corresponds to the highest gradient caused by the structure geometry (transversal). However, the resulting permeability anisotropy first is slight. Later on, the length, the opening and the connectivity of micro-cracks become important and lead to a global permeability increase. Furthermore, the anisotropy becomes significant; ratio of longitudinal to transversal permeability might increase up to factor of 20. This means that micro-cracks cross completely the sample in the longitudinal direction and not in the transversal direction.  The core of the sample was more permeable than its skin. This can be due to carbonation phenomenon occurring on the sample skin which decreases the permeability.

 An additional confining pressure might lead to a partial micro-cracks closure. In case of nuclear confinements for instance, additional concrete pre-stressing could decrease gas permeability.

It was shown that due to a structural effect related to drying, permeability anisotropy might be induced. This is indeed important for nuclear containments where structural effects caused by drying are expected to be significant. Due to this effect, one can expect lower permeability value in the transversal direction compared to the longitudinal one. For this reason, it was interesting in this PhD to look at the anisotropy of the permeability by testing specimens of different geometries (results can be found in Chapter IV).

From a modelling point of view, in long-term durability analysis, it would be useful to take into account the permeability anisotropy, while keeping in mind that longitudinal permeability for a wall for instance, may become higher than the transversal one.

I.3.3 Disparity in concrete permeability

I.3.3.1 Healing phenomenon

Many authors have studied the healing process and confirmed its existence (mortar, cement paste, concrete, claystone ...). This phenomenon characterizes the properties of self-healing cracks. Indeed, in the presence of water it is possible to close the cracks partially or completely.

In water permeability tests on hollow concrete specimens of 200 in height [START_REF] Banthia | Permeability of concrete under stress[END_REF], it is shown that the flow rate decreases versus time due to healing phenomenon (see Figure I-38). As indicated in [START_REF] Hearn | Measurement of permeability under uniaxial compression[END_REF]] and [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]], the involved phenomena in the healing process of cracks are controversial. In fact, in some cases it is accepted that a single phenomenon is the healing origin, while other authors believe that there are concomitant effects of different physicochemical phenomena.

The main phenomena that may potentially cause healing are listed below (see Figure I-39):

 The formation of calcium carbonate (CaCO3), more specifically of calcite in the crack. This phenomenon is characterized by the presence of white marks on the crack lips [START_REF] Homma | Self-healing capability if fibre reinforced cementitious composites[END_REF][START_REF] Ranaivomanana | Prediction of relative permea-bilities and water vapor diffusion reduction factor for cement-based materials[END_REF]].  The presence of anhydrous grains resulting in continuous hydration in the flow path [START_REF] Banthia | Permeability of concrete under stress[END_REF][START_REF] Zhong | Influence of damage degree on self-healing of concrete[END_REF][START_REF] Li | Cracking and healing of engineered cementitious composites under chloride environment[END_REF].

 The locking of the water flow by the presence of impurities, namely by micro-particles [START_REF] Loosveldt | Experimental study of gas and liquid permeability of a mortar[END_REF]] that are detached from the crack lips and blocking the flowing of water or by products of corrosion origin in the case of reinforced concrete. [ [START_REF] Hearn | Measurement of permeability under uniaxial compression[END_REF]] point out some reversible phenomena that may be related to healing phenomenon. Poor saturation of the samples (the presence of air in the matrix) for instance, or the expansion of C-S-H when water penetrates into concrete, can cause a decrease in the flow versus time.

A measure of the upstream and downstream flow or continuous monitoring of the change in mass can be used for instance to verify the proper sample saturation and allow therefore to overcome these phenomena. Under these conditions, the water permeability cannot be considered intrinsic to the material since healing phenomenon may occur. That is why the gas permeability measurements are generally preferred; it reduces the chemical interactions between fluid flow and the cement matrix. In most applications the nitrogen is used, as it remains inert for the concrete constituents.

I.3.3.2 Water versus gas permeability

In the application of the Darcy's law to determine the material permeability, the intrinsic permeability is theoretically independent of the fluid nature. The gas permeability (oxygen or nitrogen) of sound ordinary concretes is of the order of to [Picandet 2001, Loosveldt et al. 2002, Choinska 2006, Dandachy et al. 2016b] whilst the water permeability of the same concretes is of the order of to [Kermani 1991, Hearn and Lok 1998, Loosveldt et al. 2002, Banthia et al. 2005] which is lower by a factor of 100 than gas permeability. This discrepancy is either due to overestimation of the permeability using gas or underestimation using water. The permeability using gas cannot be directly considered intrinsic to the material. Unlike water flow which is purely viscous and where permeability is assumed intrinsic, additional slip flow occurs with gases and consequently the permeability is higher (see section I. 3.1.2). Therefore, the intrinsic permeability with gases can be overestimated with respect to water permeability if additional approach, e.g. Klinkenberg, is not considered (see section I. 3.1.2.1). Another potential reason for permeability overestimation with gases is the drying process that undergoes the concrete specimen which differs from the treatment that undergoes specimen before water permeability test. While drying the specimen, additional micro-cracking might generate leading to a higher permeability compared to permeability determined using water (see section I.3.2) Another reason for permeability discrepancy between water and gas permeability is the underestimation of the water permeability mainly due to the reactivity of water with the constituents of concrete. This reactivity leads in some cases to autogenous healing of cracks in concrete and consequently decreases the water permeability (see section I. 3.3.1).

In this thesis, the gas permeability of concrete is studied to avoid the autogenous of cracks if any. It must be pointed out, that the permeability will not be analyzed as an absolute quantity, but its evolution, due to various phenomena, will be analyzed.

I.3.3.3 Effect of specimen thickness/maximum aggregate size

In [START_REF] Wu | Influence of drying-induced microcracking and related size effects on mass transport properties of concrete[END_REF], the effect of specimen thickness to maximum size of aggregate ratio on gas permeability of concrete is addressed. The description of the experiment is presented in section I.1.1.2. The influence of ratio on gas permeability of concrete is shown in Figure I-40. It shows that gas permeability decreases significantly with the increase in ratio and almost stabilizes when is equal to 10 and larger. Furthermore, for samples of same thickness and drying regime, gas permeability increases with the increase in aggregate size. This is consistent with the analysis of Bisschop et al. [2002b] which indicates that the more the aggregate size is larger the more the micro-cracking is severe and consequently permeability should be higher. It is also noticeable that the gas permeability of cut samples presents higher variability with respect to casted samples. Furthermore, samples cut from bottom of the cylinder consistently present lower gas permeability than those from top. This is due to segregation, observed as well in [START_REF] Wong | Influence of the interfacial transition zone and microcracking on the diffusivity, permeability and sorptivity of cementbased materials after drying[END_REF], Wong et al. 2011], that inevitably occurs during compaction of 250 cylinders, leading to porosity and aggregate content gradients along the cylinder height. Cut samples are more likely to be affected by segregation phenomenon since they are extracted from 250 cylinders and consequently they provide higher variability than casted samples. 

I.3.4 Concrete transfer properties evolution during diffuse cracking

I.3.4.1 Concrete permeability in compression

The transport properties of concrete are highly affected by the crack generation and pattern which in turn is directly dependent on the stress level [START_REF] Bhargava | Measurement of concrete permeability under stress[END_REF], Banthia and Bhargava 2007, Kermani 1991]. The permeability of a concrete specimen is either investigated when concrete is under loading or after unloading. In a study of gas radial permeability evolution during compression test under loading and after unloading [Choinska et al. 2007a], it is observed that there is a slight decrease at first in the permeability until 50-60% of the ultimate stress. Upon further loading, the permeability increases marginally until 80% of the ultimate stress. Only beyond 80% of ultimate stress, a significant increase in gas permeability is noticed (see Figure I-41). In [START_REF] Sugiyama | Effect of stress on gas permeability in concrete[END_REF], the authors attribute the threshold of rapid permeability increase to the change of volumetric behavior of concrete under uniaxial compression (it goes from a contractant behavior to a dilatant one). According to [START_REF] Sugiyama | Effect of stress on gas permeability in concrete[END_REF], this threshold corresponds to the development of interconnections between the cracks. The constant permeability or even a slight decrease initially for lower level of compression stress is due to the effect of consolidation or closing of voids and initial micro-cracks in concrete [START_REF] Meziani | An experimental study of the mechanical behaviour of a mortar and of its permeability under deviatoric loading[END_REF], Choinska et al. 2007a, Wang et al. 2014]. Moreover, in [Choinska et al. 2007a] it is observed that up to their stress threshold (80% the ultimate stress), the measured permeability after unloading is more significant than the measured permeability under stress. In fact, the low applied compressive stress on the sample led to a contractant volumetric behavior where some of the initial micro-cracks close and consequently the permeability slightly decreases. When re-unloading, those micro-cracks get back to their initial state and therefore the permeability slightly increases again. However, beyond the stress threshold, the trend is inverted; the permeability under stress becomes higher than the unloading permeability up to a factor of around 3. Beyond the stress threshold, additional micro-cracking develops and with the stress increase micro-cracks become interconnected leading to higher permeability increase. The volumetric behavior becomes dilatant. It is possible in this case that after unloading the developed micro-cracks reclose partially or totally which leads to permeability decrease with respect to the one of loaded material. With the increase of stress beyond peak, both permeabilities tend to be equal (see In [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF], the permeability evolution of the material under uniaxial compressive stress is studied for three different types of concrete (ordinary concrete, high performance concrete and fiber reinforced high performance concrete). The gas permeability is measured for the central part of the pre-damaged samples due to compressive stress up to 90% of peak stress. The experimental set-up for the compression test and the extracted disk for the permeability test are shown in Using impregnation technique, they were able to observe diffuse small cracks near the coarse aggregates. The crack width and length were smaller than 3 and 5 respectively. The increase in total gas flow through the damaged samples was reported due to diffuse damaging in the discs. It is observed that the permeability increases up to a factor of 10 with respect to undamaged material permeability for the three types of concrete. Macroscopic mechanical damage was determined using two methods, ultrasonic measurements and from the unloading slopes in the global behavior (ratio of stiffness loss to initial stiffness). Diffuse cracking was assumed homogenous in the central part in the longitudinal direction as the experiments show. A strong correlation between the normalized permeability evolution and the damage parameter was found. Similar permeability evolution with respect to damage was found disregarding the concrete type (see Figure I-44). The same trend was seen in [Choinska 2006]. From a modelling point of view, many authors were interested in relating the permeability evolution to diffuse cracking by means of the mechanical damage parameter [START_REF] Bary | Poro-Damage Approach Applied to Hydro-Fracture Analysis of Concrete[END_REF], Picandet et al. 2001, Gawin et al. 2002, Jason 2004, Choisnka 2006, Jason et al. 2007, Chen et al. 2014]. Some of them are isotropic exponential laws [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF], Choisnka 2006] or anisotropic exponential laws [START_REF] Bary | Poro-Damage Approach Applied to Hydro-Fracture Analysis of Concrete[END_REF]] while others are isotropic power laws [START_REF] Gawin | Simulation of damage-permeability coupling in hygro-thermo-mechanical analysis of concrete at high temperature[END_REF], Jason 2004, Jason et al. 2007] or anisotropic power laws [START_REF] Chen | Simulation of damage-permeability coupling for mortar under dynamic loads[END_REF]. A summary of those models is presented in Table I-3 The main concern with this method on the one hand is that empirical permeability-damage relations identified on specific experimental test (compression, splitting, BIPEDE, etc.), with different test methodologies, are not always valid for any loading case and specimen geometry (see [START_REF] Gerard | Cracking and permeability of concrete under tension[END_REF], Picandet et al. 2001, Choinska et al. 2007a]). For instance, the study in [Choinska et al. 2007a] has shown an increase of the intrinsic permeability of a factor of 2.5 while the increase is by a factor of 10 in [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF] for the same structural damage (see Figure I-45). Both studies are on compression tests. The main difference and that could explain this discrepancy, is that in [Picandet et al. 2001] the permeability test is performed on the central part of the specimen only, while in [Choinska et al. 2007a] the permeability test is performed on the whole specimen. It is very clear that the central part of the specimen is more damaged than the parts close to the boundaries and consequently the permeability increase will be more significant in [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF] than in [Choinska et al. 2007a]. On the other hand, since the experimental damage is assessed from the structural response and is certainly not valid for extreme loading for which crack localization is obtained, a material law can no longer be derived. However, many authors agreed that those models are valid for low damage values (up to 0.15-0.2) [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF], Gawin et al. 2002, Jason 2004, Choinska et al. 2006, Jason et al. 2007, Jason et al. 2014, Rahal 2015]. From a modelling point of view, with most damage models damage cannot decrease during unloadings and consequently the permeability calculated as function as damage remains constant. In addition, the damage parameter is limited to value of 1 at complete failure and therefore the permeability, calculated based on damage, is limited as well. This is why the permeability-damage direct relations are used for low damage values and at complete failure localized approaches are then considered.

Another possibility is to relate the permeability during diffuse cracking to the strain, namely the Drucker-Prager's one [Jason 2004]. Thereby, the permeability is no longer limited and can decrease with the increase of the confinement pressure. An identification of the model parameters on experimental data provided [Choinska et al. 2007a] is done in [Rahal 2015] as shown in Table I-3.

I.3.4.2 Concrete permeability under temperature effect

We have seen in section I.1.1.3 that concrete undergoes physico-chemical modifications in its porous network, thermally induced cracking and evolutions in its porous structure characteristics when subjected to temperature. All these phenomena must definitely affect the concrete permeability.

A study on the influence of elevated temperatures ranging between 20 °C and 700 °C on intrinsic permeability of HPCs and UHPCs concrete was conducted in [START_REF] Gawin | Effect of damage on permeability and hygro-thermel behaviour of HPCs at elevated temperatures: Part 1. Experimental results[END_REF]]. Residual microstructural and water permeability tests were carried out at ambient temperature (20 °C) after heating to the desired temperature (20 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C and 700 °C) and cooling again. Nitrogen adsorption and mercury intrusion porosimetry techniques have provided initial pore sizes ranging from 6 to 200

. Due to temperature increase, cracks grow preferably through cement paste, damaged due to dehydration process and then start growing around aggregates above 500 °C. Since pore size range covers the range of micro-cracks and cracks [Hinrishsmeyer 1987, Schneider andHerbst 1989], it was provided by that micro-cracks reached a size greater than 10

. Knowing of pore sizes range is essential when temperature above 105 °C is applied to concrete since its influence is dominant on concrete permeability [START_REF] Bazant | Concrete at high temperatures, Material properties and mathematical models[END_REF]. All samples were completely dried using a vacuum pump before the tests. The intrinsic permeability evolutions versus temperature for four types of concretes, and are presented in Figure I-46. A strong correlation is found, the intrinsic permeability evolves exponentially as a function of temperature as follows [Bazant and Thongutai 1978, Bazant and Thongutai 1979, Gawin et al. 2005]: :

(I.43)

with the intrinsic permeability , the initial one, and are material parameters, where . The parameters found in [START_REF] Gawin | Effect of damage on permeability and hygro-thermel behaviour of HPCs at elevated temperatures: Part 1. Experimental results[END_REF]] for C60, C60 SF, C70 and C90 are equal to 0.0144, 0.012, 0.011 and 0.02 respectively. Similar trend was found for ordinary concrete in [Choinska et al. 2007a From a modelling point of view, it would be more interesting however to correlate the intrinsic permeability evolution with state variables describing the real physical reasons of the phenomenon, i.e. material cracking and porosity. Temperature induced cracking for instance could be described, according to [START_REF] Nechnech | On the modeling of thermomechanical concrete for the finite element analysis of structures submitted to elevated temperatures, Fracture Mechanics of Concrete Structures[END_REF], Gawin et al. 2003] by means of thermo-chemical damage . The latter is calculated, according to [START_REF] Gerard | Coupled diffusion-damage modelling and the implications on failure due to strain localisation[END_REF], Gawin et al. 2003], as the ratio of mechanically undamaged material stiffness loss, purely due to temperature , to the undamaged material stiffness at the reference temperature , the relation reads:

(I.44)

The correlation between the permeability evolution and the thermo-chemical damage is achieved in [START_REF] Gawin | Effect of damage on permeability and hygro-thermel behaviour of HPCs at elevated temperatures: Part 1. Experimental results[END_REF], it is presented in Figure I-48. Again the permeability evolution is found exponential with respect to thermo-chemical damage. It reads:

(I.45)

The material parameter is found ranging between 8.24 and 12.8. To take into account mechanical damage , thermo-chemical damage and the gas pressure at the same time a relation is proposed in [START_REF] Gawin | Modelling of thermo-chemical and mechanical damage of concrete as a multiphase material at high temperatures[END_REF]], it reads as follows:

(I.46) with, a temperature function which is always smaller than and takes into account the influence of the dehydration process on the permeability of concrete at high temperature. The total damage is defined according to [START_REF] Nechnech | On the modeling of thermomechanical concrete for the finite element analysis of structures submitted to elevated temperatures, Fracture Mechanics of Concrete Structures[END_REF], Gawin et al. 2003] as follows:

(I.47)

In [Dal Pont et al. 2005], the gas pressure and the influence of dehydration process were neglected and Equation (I.46) is reduced to: The permeability tests can either be performed during loading (real time permeability) [Rastiello 2013, Rastiello et al. 2014] or after unloading (residual permeability) [START_REF] Wang | Permeability study of cracked concrete[END_REF], Aldea et al. 1999, Picandet 2001, Picandet et al. 2009]. In all cases, the aim is to find a correlation between the permeability evolution and the crack opening. In [Picandet 2001, Picandet et al. 2009], the residual permeability of three types of concrete during splitting test was studied. When measuring residual permeability, the knowledge of the crack opening recovery is essential in order to achieve the correlation. Generally during a splitting test, the crack initiates at the specimen center and propagates in the diametrical plane until the complete split of the specimen. Experiments show that the crack initiation and propagation is not symmetrical on both specimen faces. In most cases, due to heterogeneity of concrete, crack initiate and propagate on one face and then propagate in the longitudinal direction toward the other face until the split is occurred [START_REF] Wang | Permeability study of cracked concrete[END_REF], Aldea et al. 1999, Rastiello et al. 2014].

The crack opening displacement was assessed using optical instruments in [Picandet 2001, Picandet et al. 2009] as a first characterization. Nevertheless, more sophisticated techniques were adopted in The evolution of the residual permeability versus the residual lateral displacement during the splitting test in [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF] for three types of concrete is presented in Figure I-54. A remarkable increase of the permeability is recorded. The permeability has increased up to four orders of magnitude up to 250 of residual lateral displacement. The permeability threshold, from which the permeability began to increase, was found equal to 15 of residual lateral displacement, which is equivalent to about 25 of under loading. Moreover, it is reported in [START_REF] Picandet | Crack effects on gas and water permeability of concretes[END_REF]], that gas permeability of uncracked specimens depends on the saturation degree but, as shown in Figure I-54, if a macro-crack is formed (i.e.

), despite that the specimens have different saturation degrees which induces one order of magnitude difference in terms of initial permeability, the global permeability is no longer affected by the water saturation degree. This is consistent with the study in [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF] where it is shown that once a macro-crack is formed, this crack convey the most of the gas flow with no influence of the saturation degree. Assuming the flow follows Darcy's law and is laminar, the obtained permeability, known as Poiseuille's law can be written:

(I.50)
Many authors [Choinska 2006, Pijaudier-Cabot et al. 2009, Picandet et al. 2009, Akhavan et al. 2012, Rastiello 2013, Rastiello et al. 2014] have shown that Poiseuille's law overestimates a fluid flow in a real crack since secondary effects such as crack roughness, crack opening variation and tortuosity are not taken into account. A correction factor, generally denoted (or which is the inverse of ) in the literature is introduced in order to account for those geometrical parameters. Equation (I.50) for real cracks can be rewritten:

(I.51)
As a first approximation, this factor can be supposed to be constant for a given concrete [START_REF] Pijaudier-Cabot | Permeability due to the Increase of Damage in Concrete: From Diffuse to Localized Damage Distributions[END_REF], Picandet et al. 2009, Akhavan et al. 2012]. For instance, load-induced cracks in High Performance Concrete (HPC) should be smoother than the tensile cracks in Ordinary Concrete (OC), and therefore the correction factor might be lower for OC [START_REF] Picandet | Crack effects on gas and water permeability of concretes[END_REF]]. However, a recent study on water permeability evolution of a localized crack in concrete under splitting test has recently proposed, based on experimental data, an empirical relation for the correction factor which depends on the crack opening [Rastiello 2013, Rastiello et al. 2014]. In this way, the wall effect provided by the crack roughness is relatively dependent on the crack opening (see In [Rahal 2015], a threshold effect is considered in Poieuille's law. It assumes that it exist a reference crack opening from which Poiseuille's law becomes representative of the flow in real cracks. Therefore, it is assumed that the fluid velocity must be zero at the asperities of the crack as shown in (I.53)

The choice of shows a good fitting of the latter proposition with the experimental data provided in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF] A set of some permeability models for localized cracking regime that exist in the literature is presented in Table I -4. In order to apply the Poiseuille's law, crack opening must be numerically assessed. Some authors aim to relate crack opening to damage by means of a simple derivation [START_REF] Pijaudier-Cabot | Permeability due to the Increase of Damage in Concrete: From Diffuse to Localized Damage Distributions[END_REF] to avoid extra computations. Herein, non-local regularization technique is used to ensure a solution objectivity of the mechanical problem where an internal length is introduced that controls the interactions between the neighbor finite elements [START_REF] Pijaudier-Cabot | Nonlocal Damage Theory[END_REF]]. This derivation is based on equivalence between damage band and the crack. It assumes that all the deformation in the damage band is converted into crack opening. This assumption leads to an overestimation of the crack-opening since some part of the deformation corresponds to material damage around the crack that is not part of crack opening [START_REF] Pijaudier-Cabot | Permeability due to the Increase of Damage in Concrete: From Diffuse to Localized Damage Distributions[END_REF]]. Moreover, with most damage models, damage cannot decrease upon unloading since the second principle of thermodynamics must be verified ̇ . Plus, since damage is limited to the value 1, permeability is also limited consequently. Other studies have shown that crack opening can be directly and easily computed in a continuous framework if the problem is regularized by fracture energy [START_REF] Matallah | A practical method to estimate crack openings in concrete structures[END_REF], Rahal 2015]. Damage in this case localizes in one set of elements. Herein, the crack opening is calculated as the strain component in the direction perpendicular to the crack multiplied by a characteristic length of the finite element. The advantage of this technique is that permeability is no longer limited since strain is not limited and can decrease when unloading. Unfortunately this technique is restricted to mode I thus it cannot be applied to any loading case. Moreover, this method is sensitive to the form of the finite elements. Indeed, regular form of the finite elements is preferred to prevent a mesh dependency on the crack opening computation. This technique to calculate crack opening, originally proposed in [START_REF] Matallah | A practical method to estimate crack openings in concrete structures[END_REF]] is successfully applied in [START_REF] Jason | Comparison between continuous and localized methods to evaluate the flow rate through containment concrete structures[END_REF]. Literature shows that permeability models do exist for diffuse and localized cracking regimes. However, only few permeability models are able to describe the whole permeability evolution. A way to have such a permeability model is to consider a matching law which is a logarithmic combination weigthed by damage of both permeabilities in diffuse and localized cracking regimes [Choinska 2006, Pijaudier-Cabot et al. 2009]. Another way is to assume the sum of flows, one due to diffuse damage (Darcy's-like flow), and the other due to localized cracking (Poiseuille's flow) [START_REF] Rastiello | Macroscopic probabilistic cracking approach for the numerical modelling of fluid leakage in concrete[END_REF], Rahal 2015, Dandachy et al. 2016a]. 

I.4 Conclusions

A state of the art on the thesis topic was presented in this chapter. In a broad sense, concrete due to the effects of hygro-thermo-mechanical loadings might undergo diffuse and/or localized cracking which directly influence its permeability. Furthermore, the literature review presented hereby has highlighted different methods for numerical hydro-mechanical coupling in a continuous framework as models in this framework are preferred in this thesis for their relative simplicity. Finally, an overview on the transfer properties under pressure gradient was given. Many conclusions were drawn, which led to consider many choices and assumptions for this thesis.

In order to conduct permeability tests on concrete, the concrete specimen has to be preconditioned first. Generally, it consists of a saturation of the material by the fluid used in the permeability test: The specimen is saturated by liquid, e.g. water, in case of liquid permeability tests. If gas permeability tests are performed, capillary water must be completely evacuated before the permeability test. Therefore, the specimen has to be dried out. On one the hand, literature review has shown that when conducting water permeability tests on concrete/mortar, with time, healing process occurs. This phenomenon characterizes the properties of self-healing cracks. Indeed, in the presence of water it is possible to close the cracks partially or completely. On the other hand, drying lead to generation of micro-cracks which are characterized by openings that vary between 0.25 and 60 . The larger the aggregate size, the more the severity, the spread and the isotropicity of the micro-cracking. This drying induced micro-cracking leads to higher permeability. In some cases, depending on the specimen/structure geometry, structural effect related to anisotropic hydric gradients might occur leading to anisotropic micro-cracking and permeability. In this thesis, the gas permeability of concrete is chosen for the permeability characterization to avoid the self-healing of cracks if any. Furthermore, the permeability will not be analyzed as an absolute quantity, but its evolution, due to various phenomena, will be analyzed. For the drying temperature, it is recommended to use a drying temperature below 100°C to prevent any chemical dehydration. And since the drying process is very low in normal conditions, temperature between 60 and 100°C with low heating rate (1 °C/min) is mostly used. In this thesis, a temperature of 80 °C with a heating rate of 1 °C/min is used to dry the concrete samples.

Temperature has an important role for the permeability. Above 100 °C, chemical dehydration starts to take place leading at first up to 150 °C to micro-cracking at the aggregate cement-paste interfaces and consequently one can expect slight permeability increase as micro-cracking is not crossing the material. Above 150 °C, thermal micro-cracking will be generated and propagated radially from aggregates to the cement paste. In this case, higher permeability evolution is expected as microcracking is more probable to lead to more interconnected paths.

Concerning the mechanical loading, whether concrete is subjected to compressive or tensile stresses, up to around 70 % compressive/tensile strength micro-cracking occurs only at the aggregate cementpaste interfaces. As micro-cracks are not interconnected yet, the permeability will not be much affected. Beyond 85% compressive/tensile strength, micro-cracks commence to propagate in the cement matrix and become interconnected, the permeability start to increase slightly. At peak stress, micro-cracks form one or more macro-crack (combined mode I and mode II cracking in compression and mode I cracking in traction) and consequently the permeability significantly increases as the macro-crack forms a preferential path for the fluid to leak. Beyond the peak, macro-cracks' openings increase and therefore the permeability keep on increasing significantly as it is directly influenced by the crack opening. The splitting test is interesting for the study of permeability evolution since during this test single macro-crack forms at complete failure. Therefore, it is possible thanks to this test to find a direct relation between the permeability of a crack and its opening.

Generally, concrete structures are reinforced and in some cases pre-stressed such as the case of a concrete nuclear containment. Due to concrete-steel rebar interface degradation in the pre-stressed concrete confinement caused by shear stresses, cracks (micro or/and macro) may be generated in the interface and consequently form preferential paths for the fluid to leak. Therefore, the study of transfer properties evolution due to the concrete-steel rebar interface degradation is very significant and is still an open issue. For the first time, the evolution of the concrete-steel rebar interface permeability during its degradation is studied in this thesis.

In this thesis, interest is given for damage models in a continuous framework given their low time cost, their efficiency and relative simplicity for the hydro-mechanical coupling. The concept of continuous cracking model considers cracked concrete as a continuous medium. This approach is widely used nowadays and does not require a priori the knowing of cracks location and orientation. However, it does not allow direct access to discrete physical quantities such as cracks openings. This approach, in addition to its high efficiency, is relatively simple to implement. Amongst mechanical models in continuous framework are models based on damage mechanics. Herein, the micro-cracking process and the macro-cracking failure are implicitly described and can be modelled using damage parameters. Regularization techniques to avoid mesh dependencies can be used, with preference to improved non local regularization technique to avoid any mesh orientation dependency in this thesis. Those models are able to predict the initiation and the propagation of the cracking. Regarding the crack opening displacement, it is not a directly provided by the damage models in a continuous framework. Nevertheless, different approaches, depending on the type of regularization, exist to calculate a crack opening displacement in a continuous framework. In a broad sense, they are all based on the maximum positive strains projected in the principal direction and on a characteristic length of the element. The two damage models proposed in [Sellier et al. 2013a] and [Mazars et al. 2015] seem to be promising. Nevertheless, they are still out of hands. Moreover, since those models integrates more ingredients compared to the original Mazars model [Mazars 1984], this will complicates the solving of a mechanical problem which is already complicated in some cases and very demanding. Especially, that for this thesis those additional ingredients are not essential since the applications are limited to monotonic loadings. For those reasons, the original Mazars model [Mazars 1984] is adopted for the numerical modelling in this thesis.

To assess concrete permeability with damage models during diffuse and localized cracking, many options are possible as shown in Table I-3 andTable I-4. On the one hand, experiments have put in evidence that it is possible to relate the permeability to the damage parameter when the latter is diffused (micro-cracking). For instance, when concrete is subjected to compressive stresses, a strong correlation between the normalized permeability evolution and the macroscopic damage parameter was found. The main concern with this method is that empirical permeability-damage relations identified on specific experimental test (compression, splitting, BIPEDE, etc.), with different test methodologies, are not always valid for any loading case and specimen geometry. Furthermore, since the experimental damage is assessed from the structural response (macroscopic damage) and is certainly not valid for extreme loading for which crack localization is obtained, a material law can no longer be derived. However, many authors agreed that those models are valid for low damage values (up to 0.15-0.2).

On the other hand, experiments (splitting tests), where there is a clear formation of macro-crack, have shown that it is possible to relate the permeability to the crack opening of the macro-crack. A modified Poiseuille's law that takes into consideration the crack tortuosity, roughness and bridging was successfully defined. It means in order to estimate numerically the permeability when macro-crack is formed; a numerical calculation of the crack opening has to be performed. Literature shows that many approaches exist to calculate a crack opening displacement in a continuous framework using damage models. Some authors aim to relate crack opening to damage by means of a simple derivation to avoid extra computations. This derivation is based on equivalence between damage band and the crack. However, with most damage models, damage cannot decrease upon unloading since the second principle of thermodynamics must be verified ̇ . Plus, since damage is limited to the value 1, permeability is also limited consequently. Other studies have shown that crack opening can be directly and easily computed in a continuous framework if the problem is regularized by fracture energy. Damage in this case localizes in one set of elements. Herein, the crack opening is calculated as the strain component in the direction perpendicular to the crack multiplied by a characteristic length of the finite element. The advantage of this technique is that permeability is no longer limited since strain is not limited and can decrease when unloading. Generally, if micro-cracking occurs (diffuse damage) the direct permeability-damage could be adopted. When a macro-crack forms (localized damage), the crack opening displacement has to be assessed and then used for the modified Poiseuille's law. The difficulty lies in finding that one hydromechanical coupling that is able to predict the permeability evolution during diffuse and localized regimes, as well as during the transition between the two regimes. A way to have such a permeability model is to consider a matching law which is a logarithmic combination weighted by damage of both permeabilities in diffuse and localized cracking regimes. Another way is to assume the sum of flows, one due to diffuse damage (Darcy's-like flow), and the other due to localized cracking (Poiseuille's flow).

II. Original approaches for mean permeability assessment

II.1 Introduction

The assessment of concrete structural permeability evolution for large structures, such as the prestressed concrete containment of a nuclear power plant, using numerical models, is essential to predict a high leakage possibility due to external solicitations during its service life or during a severe accident, LOCA for instance [Dal Pont et al. 2007]. Since experimental techniques can be costly when used for large structures, reliable hydro-mechanical models must be established. Interest is given to simplified approaches for engineering purposes that can be directly applied to large structures.

In the literature, many numerical models exist that aim to describe the mechanical behavior of concrete structures under mechanical loading. Among the existing models, some can explicitly describe the cracking in the mechanical model as shown in X-FEM [START_REF] Moes | A finite element method for crack growth without remeshing[END_REF]], G-FEM [START_REF] Strouboulis | The design and analysis of the Generalized Finite Element Method[END_REF]], E-FEM [START_REF] Oliver | A comparative study on finite elements for capturing strong discontinuities: E-FEM vs X-FEM[END_REF][START_REF] Jourdain | Upscaling permeability for fractured concrete: meso-macro numerical approach coupled to strong discontinuities[END_REF] or lattice models [START_REF] Bolander | Fracture analyses using spring networks with random geometry[END_REF], Cusatis et al. 2003] for instance. The advantage of those models is that the location of the crack and the crack opening are directly quantified, and therefore the application of modified Poiseuille's law is straightforward. Nevertheless, the modelling of the crack initiation and crack propagation accounting for the bulk dissipation (fracture process zone) are still open issues or numerically very demanding in 3D, which is not adequate for large structures applications. Besides, another class of numerical models based on continuum damage mechanics is a good candidate for cracking estimation. Herein, the micro-cracking process and the macro-cracking failure are implicitly described and can be modelled using damage parameters [Mazars 1984, La Borderie 1991, Rossi et al. 1994, Fichant et al. 1999, Tailhan et al. 2010, Sellier et al. 2003]. Regularization techniques to avoid mesh dependencies can be used [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF], Pijauder-Cabot and Bazant 1987, Giry et al. 2011]. Those models are able to predict the initiation and the propagation of the cracking and account for size effects (material and structural). Furthermore, if needed, crack properties (path and opening) can be estimated with a good agreement compared to experimental results [START_REF] Dufour | Extraction of a crack opening from a continuous approach using regularized damage models[END_REF], Matallah et al. 2010, Dufour et al. 2012, Giry et al. 2014, Bottoni et al. 2015]. In this framework, in the post-processing phase, each cracked elementary volume is represented through an equivalent porous medium with effective hydro-mechanical properties (damage, strain, crack opening, local permeability coefficient).

To assess concrete permeability with damage models during diffuse and localized cracking, many options are possible as shown in Table I-3 andTable I-4. Some authors chose the damage parameter to drive the permeability evolution while others chose a more sophisticated approach by calculating a crack opening [ ] before applying a Poiseuille's-like model. However, before using a permeability model one must know its range of validity. Many questions could be raised when choosing a permeability model. Is the permeability model valid for diffuse and localized cracking? It is effective when unloading and beyond complete failure? Can it be applicable to large structures? One of the most known damage models for its simplicity and efficiency to describe material failure is the Mazars' model [Mazars 1984]. It will be adopted for the hydro-mechanical coupling. The local version of the Mazars' model is regularized herein using the stress based non local approach (see I.2.2.2). The coupling between the mechanical state of the material and the permeability is first explored using a semi-discrete approach based on a crack tracking method (see II.4.3) to find the crack path. Once the crack path is found, the Crack Opening Displacement (COD) can be computed along the discretized crack surface by equivalence with strong discontinuity approach (see section II.4.4). The final step is to prescribe a modified Poiseuille's law (see sections I. 3.5 and II.3.5) along the crack surface to estimate the leakage rate while imposing a pressure gradient.

A continuous approach is also proposed. This methodology allows to predict a leakage rate without the need to perform a semi-discrete analysis. In this case, the permeability is obtained at each integration point and is used to compute the leakage rate point wise in the volume rather than along a surface as in the first method (see section II.5). Despite existing studies in the literature (see sections I. 3.4 and I.3.5) there are still some needs for more knowledge on gas conductivity of cracked structures since there is no study on a single cracked concrete specimen during loading for which the crack is fully assessed and the percolated fluid does not interact with the cement matrix. To this end and to validate the approaches, an experimental campaign has been performed on mortar specimens subjected to splitting test; the gas permeability of the specimens is measured during the tests at different load levels. Crack opening displacements and effective crack surfaces are estimated by means of digital image correlation. The validation of the proposed hydro-mechanical models against experimental results is performed on the leakage rate perpendicular to the disk for different load stages.

II.2 Organization of the chapter

This chapter is organized as follows:

 At first, the original splitting test, which is considered to validate the proposed hydromechanical models, is presented. Information on the specimen preparation, experimental setup for mechanical and hydraulic tests is provided. Then, the experimental methodology to determine the intrinsic permeability of the material (or the structural permeability of the specimen) is addressed. The hydro-mechanical behaviors of two specimens during the splitting test are analyzed. Thanks to digital image correlation (DIC) crack fields are obtained which provide the crack surfaces. A correlation is found between the crack surface and the average mid-height crack opening. The knowledge of crack surfaces allows determining the crack permeability from the structural permeability. The evolution of the crack permeability versus the average crack opening is plotted and compared to ones obtained with crack permeability models which were retained from literature. This comparison has shown that the Poiseuille's law overestimates the crack permeability by a factor that varies with the average crack opening. The same observation was found in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]]. Thanks to this comparison many possible fittings for a modified Poiseuille's law were found and proposed.  Secondly, the semi-discrete approach to achieve the hydro-mechanical coupling is presented.

A modified crack permeability model based on experimental insights is chosen. Later, it is shown how the mean permeability at the finite element scale, taking into account the crack path (position and orientation) and the element crack opening, is calculated. A brief presentation of the crack tracking and opening assessment methods is provided. Once the 2D homogenized permeability field in the crack surface is obtained, it is shown how the flow rate can be computed. The final step is to calculate the mean structural permeability using the Darcy's law. The algorithm of the semi-discrete approach is finally summarized.  Thirdly, a continuous approach is proposed. This approach does not require a semi-discrete analysis. It means crack tracking and crack opening assessment can be disregarded. Its application is straightforward once the mechanical behavior is well described. Unlike other continuous approaches, this approach takes into account diffuse damage for low damage values and localized damage including the orientation of the crack for high level of damage which provides anisotropic properties to the permeability.  Finally, the validation of the proposed approaches on the splitting test presented at first is addressed. The mechanical behavior is described using the Mazars' model regularized by the stress based non local approach. The original non local approach were also applied and compared to the improved one. Evolutions of damage fields given by both approaches and their influence on the structural permeability were analyzed. The crack opening was assessed thanks to the strong discontinuity (SD) method and compared to other methods as well as to crack opening fields provided in the experimental test via DIC. A comparative study on different permeability models, in diffuse and localized cracking regimes, is performed as well on this splitting test. A discussion on the permeability models is finally presented.

II.3 Splitting test

An original experimental campaign was conducted in Nantes on a splitting test where gas permeability measurements were performed under loading and after partial unloading and where crack opening displacement was assessed thanks to digital image correlation. The original measurements were presented in [Dufour 2007]. Those measurements were reanalyzed in this thesis and used for validation purposes. The objective of this experimental campaign is to provide some insights on the coupling between cracking and leakage rate analyzed as an equivalent structural permeability and as crack permeability by means of crack surface assessment. The splitting test on a disk is chosen. This splitting test is original since it is the only one where gas permeability is measured under loading and after partially unloading. Although this test is rather complex to control in the post-peak regime, it presents a single macro-crack in the specimen which is an advantage for the hydraulic part of the experiment. Furthermore, the crack position is known a priori. Thus, it can be instrumented for the test control and accurately measured by DIC. The second originality of this test is that DIC and the permeability tests, unlike in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF], are performed at the same time.

II.3.1 Experimental set-up

The experiment consists of a Brazilian splitting test applied on dry concrete specimens (see Figure II-1). As usual for splitting test to avoid damage beneath the loading plate, the small wood layer is set between the specimen and the loading device to avoid stress concentration. A concrete with small aggregate (maximum aggregate size of 2 ) is casted in a steel mould of 22 long and 11 in diameter. Out of this cylinder five disks of 4 thick were sliced which only two are used for the permeability tests under loading. Due to geometrical imperfection of the mould, the cylinder has a slight conical shape which is used to control the mechanical test (a difference of approximately 0.1 in diameter). Indeed, by carefully measuring the diameter of each face, it is possible to know a priori on which face (the largest one) the crack initiates. The face (COD-face or ) with the largest diameter is equipped in its central part with a displacement sensor fixed between two glued steel plates located at a distance of 10 mm from the center of the disk (Point ) (see Figure II-1). This relative displacement is close to the Crack Opening Displacement (COD) for large values. The mechanical test is indirectly controlled by means of this COD measure up to 100 microns at a rate of 1.2 microns per minute when loading and unloading. The opposite face (DIC-face or ) is discretized by means of a speckle pattern and is equipped with a camera to make pictures for the correlation process (see Figure II-1). In a nutshell, on the COD-face where crack initiates, the opening is controlled at the centre and on the DIC-face the crack opening field along the crack is measured. On the COD-face, a pressure chamber is fixed and tight to the specimen (see Figure II-2). During the permeability test, the pressure in this chamber is controlled to apply several pressure gradients across the specimen. By measuring the gas flow for different pressure gradients, it is possible to remove the slip part of the flow using Klinkenberg's method and to estimate the intrinsic structural permeability (see section I.3.1.2.1 for more details on the method). It takes approximately 10 minutes for each pressure gradient to reach the permanent flow regime. In order to avoid the failure of the specimen due to coupling between creep and damage in the post-peak regime, the specimen is partially unloaded to perform the permeability test (see unloading branches in Figure II-4). 

II.3.2 Gas permeability determination

The permeability system that is used in Nantes to perform the permeability measurements is composed of:

1) Three mass flowmeters with different measuring range, the highest 25000 , the intermediate 750 and the lowest 20 which measure the inlet flow (n: normal conditions; 0°C, 1 atm). Those flowmeters allow to determine material permeabilities ranging from to for typical concrete slices (50 in length and 110 in diameter). 2) Pressure regulator that controls accurately the gas pressure (0 to 5 bars of relative pressure).

3) Gas reservoir of nitrogen (N2) provided with a pressure reducer. 4) A permeability chamber. 5) A PC for data acquisition.

The structural permeability of the specimens under loading is determined by injecting a gas (nitrogen) under pressure from one side of the specimen. Due to pressure gradients between the transversal faces of the specimen, gas percolates in the longitudinal direction through the specimen and follows Darcy's law when the flow regime is laminar. When flow and pressure become stabilized after achievement of permanent flow, the structural permeability can be calculated using Darcy's law for compressible gases (see Equation (I.31)). At each loading state, three injection pressures at least were considered to determine three apparent permeabilities which will be used to determine the intrinsic permeability following Klinkenberg's approach (see section I. 3.1.2.1). At the beginning of the test, relative pressures of 2, 1.5 and 1 bars were considered. For high CODs, to prevent a risk of specimen breakage due to the gas pressure after the split, the three pressures, considered to determine three apparent permeabilities, were divided by a factor of 2 (see Figure . The average of the initial structural permeability of the concrete disks is found equal to with a very low variability. 

II.3.3 Mechanical and Hydraulic Behavior

II.3.3.1 Mechanical behavior

The mechanical responses, force versus relative displacement (COD), for two disks 4B and 5B are presented in Figure II-4. Classically, the mechanical response starts with an elastic part, reaches a peak at relative displacement of around 0.008 and force of approximately 30 . The latter is followed by the softening behavior which ends up by a complete split of the specimen. For horizontal displacements equal to approximately 0.034 mm and 0.05 mm the specimens 5B and 4B are splitted respectively and the behavior afterwards is described by the two half portions of the disks subjected to compression which explains why the bearing capacity is increasing again. A detailed analysis (see section II.3.4) comparing the COD measures obtained with the sensor and with the DIC has shown that there is a 3D effect on the specimen behavior. In particular, the 3D effect is important between the peak (start of the macrocrack propagation) and the complete splitting of the disks. Indeed, as also reported in [START_REF] Wang | Permeability study of cracked concrete[END_REF], Aldea et al. 1999, Rastiello et al. 2014], the crack initiates on the largest face and then propagates in the longitudinal direction to the other face . The partial unloadings in the global behavior shown in Figure II-4 were done in order to perform the permeability tests. One can notice, after partially unloading, vertical lines when performing the permeability tests. This is actually due to the effect of gas pressure on the surface of the specimen where the displacement sensor is placed. In fact, the gas pressure tends to close the crack opening on the side where the displacement sensor is placed and since the mechanical test is controlled by the crack opening displacement (relative displacement), the system applies an additional force to maintain the crack opening that corresponds to the state before the application of the gas pressure. 

II.3.3.2 Hydraulic behavior

For all loading states and up to COD of 100 microns, the evolution of the flow rate with respect to the gradient of the pressure squared is found linear which verify that the regime is laminar and consequently Klinkenberg's approach is valid. This is in agreement with the finding in [Picandet 2001, Picandet et al. 2009] on concrete specimens of 50 thick where it is shown that up to COD of 100 microns and up to absolute mean pressures of 1.6 bars the regime is laminar (see Figure . Whereas in this study, for the final state where the COD is around 100 microns, the maximum absolute mean pressure used for the permeability test is 1.25 bars which is lower than 1.6 bars and thus inertial flow did not occur. The structural permeability evolution can be described by the three regimes reported in [Choinska 2006, Choinska et al. 2007a]:

 A first phase which corresponds to relative displacements varying from 0 to approximately 0.03 mm for the disk 5B and 0.05 mm for the disk 4B where complete split is not yet occured.

It is characterized by slight permeability evolution or even almost none. Contrary to the results obtained in [Picandet 2001, Choinska 2006] where the permeability, due to diffuse damage in compression, has increased by a factor of 10 in [Picandet 2001] and by a factor of 3 in [Choinska 2006] up to the stress peak, Figure II-6 shows no increase of permeability due to diffuse damage up to the peak. Two reasons could explain this trend. The first one is related to the material itself. Indeed, since the material is mortar one can expect less diffuse damage compared to concrete and consequently less permeability increase. The second reason might be due to the nature of the test itself, i.e. splitting test. Even in [Picandet 2001] where splitting test on concrete disks was performed, videomicroscope examination of the concrete disks after they exceeded their stress peak do not show any micro-cracks even up to relative displacement of 0.05 mm. The permeability in this phase is governed by the Darcy's law in the sense of flow through the material microstructure.  A second phase upon complete split for relative displacements above 0.03 mm for the disk 5B and above 0.05 mm for the disk 4B, the structural permeability begins to rapidly increase since the localized crack is fully developed and crossed the whole disk. One can notice that even after partially unloading where relative displacements are lower than the ones that corresponds to the total split of the disks (0.03 mm for the disk 5B and 0.05 mm for the disk 4B), the permeability increase has occurred. This means that after unloading there is still a crossing crack which is characterized by a residual COD and contributes to the permeability increase. The residual COD when fully unloading the disk is approximately equal to the half of the one under loading as shown in Figure II-6 and as indicated by the displacement sensor. This finding is in agreement with the one obtained in [Picandet 2001, Picandet et al. 2009].

permeability dispersions for the same crack opening (see Figure I-56). This is actually due to a size effect, as in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]] specimens with different diameters were tested and provided different crack permeabilities for the same average crack opening. Due to those dispersions, many fittings of the experimental data are possible. In [Rahal 2015], the author has based his proposition on the existence of a percolation threshold (crack opening threshold) for which the Poiseuille's permeability is activated. Therefore, this proposition is convenient for crack openings close to the percolation threshold but not for high crack openings.  The experimental data is in a good agreement with the modified Poiseuille's law proposed in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]]. 

II.3.5.4 Modified Poiseuille s law

The proposed modified Poiseuille's law is based on the experimental data. As the best agreement is found with the approach proposed in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]], this approach is adopted herein as well. Therefore the reduction factor , calculated as the ratio between the Poiseuille's permeability to measured crack permeability, is plotted versus the average crack opening in Figure II-14. Thanks to the least squares method, four fittings with high coefficients are proposed. The corresponding expressions of with the fitted parameters are presented in Table II-2. Two categories for the reduction factor can be distinguished:

 A first one, is either power, rational or exponential function where the reduction factor becomes equal to 1 (non-modified Poiseuille's law) starting at critical crack openings as indicated in Table II-2.  A second one described by a power function. However, this function tends to an asymptotic value that is lower than 1. It means even if the crack opening became too large, a residual reduction factor remains. Its value is indicated in Table II-2. It should be noted that the four functions are very similar up to crack opening of 100 microns. Nevertheless, they differ significantly once the crack opening becomes higher than 100 microns (see Figure . In order to validate the choice and calibration of the proposed modified Poiseuille's law, more experimental data for which crack openings are in the order of 100 microns are needed. 

II.4 Semi-discrete approach

In this section, each component of the semi-discrete approach will be presented. The semi-discrete approach consists of using a regularized damage model for the mechanical description. In principle any model can be used as long as it provides a precise description of local fields. Herein, the stress based non local damage model (SBNL) [START_REF] Giry | Modified nonlocal damage model based on stress state influence[END_REF], Giry et al. 2014] applied to the Mazars' criterion [Mazars 1984] is chosen. The next step is to assess the crack path either using for instance a topological search [START_REF] Bottoni | Topological search of the crack pattern from a continuum mechanical computation[END_REF] or the global tracking algorithm [START_REF] Dufour | Estimate of crack opening from a 2D continuum-based FE computation[END_REF]]. Once the crack path is found, the Crack Opening Displacement (COD) can be computed along the discretized crack surface using a strong discontinuity method in the post processing phase [START_REF] Dufour | Extraction of a crack opening from a continuous approach using regularized damage models[END_REF]. In this framework, each damaged finite element of the crack path is represented as an equivalent porous medium with effective hydro-mechanical properties. The representation is done by means of the element crack opening. The final step is to prescribe the modified Poiseuille's law along the crack path taking into account the roughness, crack opening variation and tortuosity of the crack to estimate the leakage rate while imposing a pressure gradient in the crack surface.

II.4.1 ThemodifiedPoiseuille'slaw

In order to numerically find the total volumetric flow rate through a cracked concrete structure using a FE computation, a permeability model has to be defined. The simplest model of an incompressible fluid flow through a crack is the parallel plate model [Snow 1969, De Marsily 1986] (Poiseuille's law). Poiseuille's permeability for concrete is identified by solving Navier-Stokes equation for two fracture walls modelled as two smooth parallel plates, distant by a distance [ ] (see I.3.5 for more details). However, the concrete fracture highlights a roughness, a tortuosity, and eventually crack bridging; it means that a reduction factor should be introduced in the Poiseuille's permeability taken into account all the presented phenomena. As a first approximation, this reduction factor is supposed constant for any crack opening. However, based on the experiment presented in this chapter (see section II.3.5) and on other recent experiments, it is shown that this reduction factor is not constant, but it increases with the crack opening [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]. In this way, the evolution of the reduction factor with the crack opening is taken into account by decreasing wall and bridging effects as cracks keeps on opening. In [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]], an empirical equation (Equation ( 9)) identified on the hydraulic crack permeability of a cracked high performance concrete disc in splitting with two parameters (dimensionless) and was introduced and their values were defined as -1.19 and 5.625E-5 respectively. Other empirical relations for the reduction factor can be adopted as well (see section II.3.5). Poiseuille's permeability accounting for the crack roughness, tortuosity and crack bridging, noted as the modified Poiseuille's law , is given by:

[ ] (II.2)
where is a dimensionless factor that is crack opening dependent.

II.4.2 Homogenized permeability tensor

Let us consider a representative volume element (RVE) of a volume and characteristic length . This RVE is crossed by a crack with a normal unit direction and a surface perpendicular to the flow, i.e.

[ ] where [ ] is the crack opening.

Let us assume that in all directions the total flow is the sum of the flow in the bulk of the material (diffuse) and in the localized crack .

+ (II.3)

The flow in the bulk of the material is due to the initial permeability tensor of the material assumed isotropic. The flow in the crack is due to the anisotropic permeability. Since the same pressure gradient applied to both flows, one can directly sum up the two permeability tensors in a local axis attached to the normal of the crack to deduce the homogenized anisotropic permeability tensor:

[ + [ ] + [ ] ] (II.4)
where is the initial permeability. In a FE computation, the permeability tensor is defined for each FE considered as a RVE in its local axis. It should be noted that for total flow computation, should be expressed in the global axis using rotation matrices of coordinate systems (see section II.5.2). In case finite elements with multiple Gauss points are used, the same averaged permeability tensor is applied to each. This formulation requires finding the crack path (location and orientation) as well as the calculation of the crack opening at each integration point [ ] of the crack path. Once the permeability tensor in the global axis is calculated, the leakage rate can be assessed by solving a diffusion problem while imposing a pressure gradient.

II.4.3 Crack tracking

Among the numerical methods that exist in the literature to find the crack path from the continuous calculation, two post-treatment methods are retained, the topological search and the global tracking algorithm. They are briefly presented in this section. More details can be found in [START_REF] Giry | Cracking analysis of reinforced concrete structures[END_REF], Bottoni et al. 2015] for the topological search and in [START_REF] Dufour | Estimate of crack opening from a 2D continuum-based FE computation[END_REF] for the global tracking algorithm.

II.4.3.1 Global tracking algorithm

This method considers an equivalent conduction problem with the direction associated to the maximum principal strain identified as the direction of the heat flux. The compatible crack paths correspond to iso-values (temperatures) perpendicular to the direction of the heat flux, i.e. maximum principal strain. At the end, the iso-line corresponding to the crack path is the one passing through the Gaussian point with the highest nonlocal equivalent strain. More details can be found in [START_REF] Dufour | Estimate of crack opening from a 2D continuum-based FE computation[END_REF]. Compared to the topological search method (section II.4.3.2), this procedure is directly applicable in 3D. However, the hypothesis of pure mode I crack opening without principal direction rotation during loading must be valid.

II.4.3.2 Topological search

This method is based on a topological search approach. It is a step-by-step procedure with a space step to follow the ridge of a scalar field characterizing the degradation of the material. Several variables are possible for a given continuous model, such as damage variable, effective strain or a strain component. The best choice is the one with the sharpest edges on the ridge sides. In the Mazars' model, if regularized using the original non-local integral approach [START_REF] Pijaudier-Cabot | Nonlocal Damage Theory[END_REF]] the history variable of the strain field (see section I.2.1.2.2) could be considered as the representative field of cracking since it is the sharpest compared to the damage field with is diffused even at complete failure. However, if the stress based non-local approach [START_REF] Giry | Modified nonlocal damage model based on stress state influence[END_REF]] is used to regularize the problem, the damage field at complete failure is localized and therefore it can be considered for the topological search. The concept is that from the 2D scalar field, the locus of the maximum values corresponds to the crack path. For 3D domains, the crack path is successively determined in several 2D parallel slices of the domain. Three main steps need to be defined to find the crack path: the initiation step, the current step and the ending step.

 Initiation step

The Gauss point bearing the maximum value of the post-treated field is used to initiate the searching procedure. As no search direction is initially defined, a circle centered on with a radius equal to is used to project the field . The maximum value of the convoluted profile , where is the convolution product and is the curvilinear coordinate along the circle, defines the point of the crack. The first point is re-evaluated to become (since its position depends on the location of Gauss points) by taking the maximum of the convoluted profile along the profile which is perpendicular to ⃗⃗⃗⃗⃗⃗⃗⃗⃗ at . Then, current steps can be performed. As two directions are defined by points and , each is considered in turn.

 Current step

From a point and a search direction ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ , the point + is defined as the locus of the maximum value of the convoluted profile along the line which is perpendicular to the search direction at point defined as

⃗⃗⃗⃗⃗⃗⃗⃗ ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ‖ ⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗⃗ ‖
It is worth noting that the crack path does not depend on the space discretization of the initial simulation since the crack path is found out from the convoluted field.

 Ending step

Different criteria are considered to stop the searching procedure: point + is out of the domain boundaries or, the maximum of the convoluted profile used to identify + is smaller than (strain at first crack in tension).

II.4.4 Crack opening assessment

In order to assess the crack opening with the stress based non local damage model, a post-treatment of the strain field obtained from the FE calculation is performed. After identifying the crack path, the crack opening is calculated by comparing the computed strain field and the analytical strain profile [ ] corresponding to a strong discontinuity (displacement jump) along a line (1D profile) perpendicular to the crack path. As the analytical strain profile is a Dirac-like function, a direct comparison cannot be performed with the numerical strain profile. Thus, a convolution product is applied on both profiles using a Gaussian function . By considering the equality of both convoluted profiles at the crack location [START_REF] Dufour | Extraction of a crack opening from a continuous approach using regularized damage models[END_REF], one can obtain an estimation of the crack opening:

[ ] ∫ (II.5)
This method also gives an error indicator [ ] along the crack path for each perpendicular profile by comparison between the numerical profile and the strong discontinuity one.

[ ] ∫ [ ] ∫ (II.6)
Equation (II.6) gives only a model error and should be seen by the user as an indicator of the quality of the hypothesis made by comparing the finite element strain profile and the strain profile of a strong discontinuity.

II.4.5 Leakage rate / Mean structural permeability

For engineering, the leakage rate through the concrete structure is the key issue. It is directly accessible after solving the diffusion problem. However, in literature, the leakage rate is mostly represented by means of the mean structural permeability at the structure scale. The latter can be calculated according to Darcy's law [START_REF] Darcy | Les Fontaines Publiques de la Ville de Dijon[END_REF]], assuming unidirectional flow, as follows:

(II.7)
where is the mean structural permeability, is the cross section of the specimen/structure that is perpendicular to the flow direction, is the pressure gradient in the flow direction (Pa/m), is the dynamic viscosity of the fluid and Q the total volumetric flow rate through the sample (m 3 /s).

The advantages of a post-treatment procedure for the hydraulic problem are that its implementation is not intrusive in the FE tool and that the mechanical problem can be solved by means of any constitutive models and FE code as long as it is locally representative of a crack. The implementation of this method is successfully achieved in the finite element software Cast3m [START_REF]Cast3m, Finite element software developed by CEA[END_REF]. The algorithm of the post-treatment procedure to determine the total leakage rate can be summarized as follows (see Figure . After solving the mechanical problem, the crack path (crack surface in 3D) is defined first (see section II.4.3). Secondly, the crack opening is estimated using the analytical analogy with a strong discontinuity along the crack (see section II.4.4), then the local permeability of the FE at its integration point in the crack surface is calculated. For the undamaged elements the permeability is supposed to be equal to the initial one. Thirdly, the diffusion problem by imposing a pressure gradient is solved to obtain the total leakage rate through the structure. Finally, by means of

II.5.2 Proposition of a continuous approach

Despite the application of this matching law is straightforward from the damage field and it does not require additional tools, this approach has many limitations:

 Since the damage model used is isotropic, the permeability is also isotropic.  Orientation of the crack is not taken into account in the determination of Poiseuille's permeability.  The permeability can no longer increase once damage reaches the value 1, although cracks keep on opening.  Upon unloading damage remains constant and thus the permeability. Therefore, the crack closure is not accounted for.

In order to overcome these limitations, we propose to replace the damage variable in Poiseuille's permeability by another variable that is able to consider those three points and to describe the mechanical state. The principal strain is a good candidate for that. Assuming that strain localizes on one set of finite elements thanks to the stress based non local approach for high level of damage for which Poiseuille's permeability becomes valid and since Poiseuille's permeability must be directional, one can write the local Poiseuille's permeability tensor as a function of the principal strain as follows:

( (II.12)
where is the identity tensor, is the unit vector which corresponds to the normal to the crack path (first eigen vector), is the maximum positive strain in the principal direction I, is the elastic strain in that direction, is a characteristic length of the finite element and is the reduction factor for the modified Poiseuille's law, any reduction factor from Table II-2 can be chosen. Similarly as shown in section 0, the homogenized permeability tensor can be calculated. One can obtain:

+ ( (II.13)
The homogenized permeability tensor presented in Equation (II.13) is valid in the local basis for each finite element. The global homogenized permeability tensor in which the orientation of the crack is taken into account with respect to the one of the global basis can be written as:

(II.14)
where is the rotation tensor from local basis to global one. As for diffuse damage, it is assumed that the permeability evolves in a isotropic manner with respect to the latter, even if in some cases the anisotropy is slight [START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF], Dandachy et al. 2016b]. Consequently, there is no need to apply any modification on the modified Picandet's permeability. The matching law can be written in the global basis in order to determine the permeability as follows:

(II.15) where is the element-wise power of . By means of the global permeability tensor , the total leakage rates in the global axis can be computed by solving the permeability problem by imposing a pressure gradient in the volume along each axis. Once the leakage rate along a certain global axis is determined, by means of Darcy's law, the mean structural permeability can be calculated as shown in section II.4.5. It should be pointed out, that the modifications performed hereby allow overcoming the limitations mentioned before only for localized cracking regime, i.e. when damage is very close to 1 and the permeability is the one of modified Poiseuille's. Nevertheless, for diffuse cracking, the permeability is still dependent on damage and consequently during unloading the modified Picandet's permeability (during diffuse damage) remains constant. Furthermore, during the transition between diffuse and localized cracking regimes (for damage between 0.2 and 1), when unloading, damage remains constant and consequently the damage weights in the matching law remain constant as well. Therefore, it would be interesting for further work to consider a matching law where damage is completely disregarded in the law and replaced by strain.

II.6 Validation of numerical models

The numerical validation is performed on one of the two specimens (specimen 5B) which undergone splitting test and presented in section II.3. This specimen has been arbitrarily chosen since we are not interested in this work on material variability. Mazars' damage model [Mazars 1984] is used to describe the mechanical behavior of the material. Two regularization techniques will be investigated, the original non local [Pijaudier-Cabot and Bazant 1987] and the stress based non local [START_REF] Giry | Modified nonlocal damage model based on stress state influence[END_REF]]. In addition, some permeability models for diffuse and/or localized cracking regimes are retained from literature and will be applied to this splitting test for a comparative study (see Table II-3).

Model Parameters [START_REF] Gawin | Simulation of damage-permeability coupling in hygro-thermo-mechanical analysis of concrete at high temperature[END_REF], Dal Pont et al. 2005] Gawin [START_REF] Gawin | Simulation of damage-permeability coupling in hygro-thermo-mechanical analysis of concrete at high temperature[END_REF] The steel bearing plates are modelled as elastic plates with high Young's modulus (E = 300 GPa) and the Poisson's ratio of mortar (=0.2) in order to avoid a local confinement effect of mortar. Numerical simulations are performed in the FE code Cast3m [START_REF]Cast3m, Finite element software developed by CEA[END_REF] with 20807 4-nodes tetrahedral elements. Due to the two symmetries of the problem, the computational domain is reduced to a quarter of the specimen. Thus, the relative displacement which controls the test is now reduced to the displacement at point P located on the surface S b . The mesh (see Figure ) is generated with the same conicity than the real specimen 5B in order to reproduce the geometrical 3D effect in the simulations. strain are well localized at failure without spurious diffusion as for the original non local technique (see section II.6.2). Due to spurious damage diffusion with the original regularization technique, the rigidity of the specimen half portion could not be recovered and consequently the simulation could not go further (see Figure . One can see that the Mazars' model presents an exaggerated snap-back (elastic discharge of the face S b ) where the displacement of point P (×2) decreases from about 0.035 to 0.031 mm. Indeed, this model does not account for the permanent strain and consequently the elastic discharge described by the model is more significant. On the face S s , at state (a), the method fails to assess properly the crack opening displacement (See Figure . Indeed, the assumption for this method is to have a strong discontinuity and since the cracking is not fully developed on the face S s (rear face), the assumption is not fulfilled and consequently the method cannot reproduce properly the crack opening displacement on that face. Moreover, the error indicator for the analytical method (see Equation (II.7)) shows a very high relative error (>60%) (see Figure . This error indicator is indeed very useful to decide whether the crack opening estimation based on the FE computation can be used if the experimental results are not known. Nevertheless, on the face S b (front face) where the cracking is developed, the calculated COD given by the method is in the same order as the one provided by DIC and the error indicator shows a relative error of around 20% in the central part (zone of interest where the cracking is dominant). The points (b), (c), (d) and (e) are located after the split at 0.033, 0.06, 0.08 and 0.1 mm respectively (see Figure . It is shown that after the split (point C) the cracking is developed on both faces. Moreover at those states, the numerically assessed CODs are in great agreement with DIC results (See Figure . This shows again that once the crack is fully developed the herein proposed method is well positioned to assess the crack opening. At states (b), (d) and (e) the error indicator shows a maximum error in the central part that is lower than 20 % and a minimum error (13 %) at mid-height where the COD is the largest (see Figure . This shows that the strong discontinuity assumption is adequate and acceptable when the crack is fully developed which is of great interest for this work since we are interested in zones of largest leakage. Once the numerical description of the mechanical response for the splitting test is achieved, the algorithm presented in section II.4.5 is applied to numerically compute the total flow rate through the cracked specimen. The next step, after assessing the crack openings along the crack path, is to compute the mean permeability tensor using Equation (II.4). For the 3D splitting test, the mean permeability tensor is given in Equation (II.16). This tensor is calculated for each FE in its local frame whereas is the unit vector that corresponds to the normal direction to the crack path at the FE. For this particular case of splitting test, the unit vector is along the axis X (see Figure . The permeability tensor is directly expressed in the global axis. The total flow rate is computed by solving a diffusion problem in the volume using the software Cast3m [START_REF]Cast3m, Finite element software developed by CEA[END_REF] (II.16) adequate and consequently the crack opening is underestimated. An improvement can be performed in this case on the crack opening calculation as shown in [START_REF] Dufour | Estimate of crack opening from a 2D continuum-based FE computation[END_REF]] by considering the weak discontinuity form WD. As shown in Figure II-31, the structural permeability prediction using the NL regularization technique with the WD form is improved compared to the use of SD form. However, the permeability is still slightly underestimated. With the SBNL regularization technique, Figure II-32 clearly shows on the one hand that the permeability is underestimated with the use of WD. It means that the WD hypothesis is not adequate with the NLSB. On the other hand, by using the SBNL with the SD approach (proposed semi-discrete approach), it is shown that the permeability model is in a good agreement with experimental data. Indeed, the numerically assessed CODs thanks to the strong discontinuity method SD are in good agreement with DIC results (See Figure . Furthermore, the error indicator shows around 15 % relative error, which is numerically acceptable (see Figure . This error indicator is indeed very useful to decide whether the crack opening estimation based on the FE computation can be used if the experimental results are not known. For an engineer, it provides the uncertainty around the predicted value. The final possibility is the choice of the continuous proposed model called MLStrain hereby. With the original non local regularization technique NL, it is shown that the predicted permeability evolution, using the MLStrain, is underestimated compared to experimental data (see Figure .

In fact, this model formulation supposes that the strain is localized on one set of finite elements. However, with the NL regularization, spurious damage and strain diffusions occur at complete failure. And since crack opening and local permeability fields in the MLStrain model are calculated from the strain field, diffused crack opening and local permeability fields are obtained leading to lowest diffused local permeabilities. Consequently, diffused local permeabilities will lead to an underestimation of the mean structural permeability. The prediction of the structural permeability evolution via the NLSB technic with the MLStrain is in good agreement with experimental data during the whole evolution. This is possible since strain is properly localized herein. The advantages of the MLStrain compared to MLD are that contrary to damage parameter, strain is not limited and can also decrease upon unloading (see Figure . However, it is shown that the permeability-strain method slightly overestimate the structural permeability. This is due to a slight overestimation of the characteristic length since the latter is approximated by assuming the TET4 finite elements are regular tetrahedrons. 

II.6.6 Mesh sensitivity for the proposed approaches

Two meshes are generated in order to study the mesh sensitivity on the hydro-mechanical coupling.

The meshes with their average/effective element sizes and number of nodes and elements are shown in 

II.7 Conclusions

An original splitting test is conducted on mortar specimens in Nantes where gas permeability measurements during the mechanical test are performed. The original measurements are then reanalyzed during this thesis and used for validation purposes. The permeability test is carried out in the longitudinal direction through the crack during its opening so that a relation between the crack permeability and the average crack opening can be found. Due to a 3D effect, the crack crosses the specimen well after the peak force. Until this point, the leakage rate does not change much since the connectivity between the two faces is not yet fully established. Upon the crossing of the crack, the leakage rate increases by much due to the development of cracks and connectivity. Once the splitting is complete, the bearing capacity starts increasing and the leakage rate increase is reduced since it is only due to the opening of the main crack. DIC technique during the mechanical and permeability tests is used to assess local quantities, i.e. the crack opening. A correlation between the average mid-height crack opening and the crack surface is found. The comparison between the calculated crack permeability from the measurements versus Poiseuille's law has validated that the latter overestimates the crack permeability since secondary effects such as crack roughness, tortuosity and bridging are not taken into account. Furthermore, it was found that the reduction factor, ratio of Poiseuille's crack permeability to experimental one, decreases with the increase of the crack opening. This is in agreement with the finding in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]. Four modified crack permeability models are proposed. They can be directly used in a finite element computation at the element scale to compute a flow rate through opened crack in concrete.

Two hydraulic models as post-treatment procedures based on a mechanical model for concrete structures are proposed. The mechanical model to describe the mechanical behavior is the Mazars' model which despite its simplicity is known for its efficiency to describe the concrete behavior. A newly non local approach called the stress based non local is integrated with the mechanical model to ensure firstly the objectivity of the solution toward different meshes. In addition, this regularization technic provides localized strain and damage profiles upon failure.

The first hydro-mechanical coupling consists of a semi-discrete approach. The next step, after solving the mechanical problem with the regularized damage model, is to find the crack path either using a topological search or the global tracking algorithm. Once the crack path is found, the Crack Opening Displacement (COD) can be computed along the discretized crack surface using a strong discontinuity method. In this framework, each damaged finite element of the crack path is represented as an equivalent porous medium with effective hydro-mechanical properties. The representation is done by means of the element crack opening. The final step is to prescribe the modified Poiseuille's law along the crack path taking into account the roughness, crack opening variation and tortuosity of the crack to estimate the leakage rate while imposing a pressure gradient in the crack surface.

The second hydro-mechanical coupling consists of a fully continuous approach. In this case the semidiscrete analysis can be disregarded. It is based on a matching law between permeability of diffuse damage and modified Poiseuille's permeability for localized damage. Herein, each element has effective hydro-mechanical properties based on its damage and strain. Similarly to the semi-discrete approach, the total flow rate can be computed by solving the hydraulic problem by imposing a pressure gradient in the volume.

The validation of the proposed models is performed on the experimental campaign on gas conductivity measurement during the splitting test. After calibration of material model parameters on the global mechanical response, the stress based non local damage model describes accurately the global behavior of the specimen subjected to the splitting test presented here. The model is able to reproduce the global behavior even after the split of the specimen. Damage initiation and propagation are similar to experimental observation. In the crack surface, crack opening displacement is assessed using the analytical method based on the analogy with the strong discontinuity approach. When a macro-crack is formed, results given by the latter method show a good agreement with experimental measurements. Thus, the proposed mechanical model is able not only to reproduce the global response but also provides good estimation of local quantities.

With the semi-discrete approach, it was shown that in the phase where there is an opened crack, the proposed modified Poiseuille's model that includes the parameters found in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF] shows a good agreement with respect to experimental results. Thus, those parameters are also valid for OC when a macro-crack is developed. Moreover, less agreement between the proposed approach and the experimental measurements is seen in the transition phase from micro-cracking to macro-cracking.

In this phase the quality of the crack opening estimation is lower and consequently dispersion in the mean structural permeability estimation is found. A comparison has been made between the calculated mean structural permeability in this study (gas conductivity of mortar) and the one calculated in the study on water permeability of concrete [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]]. The results found in the latter study are in a good agreement with the results of the study presented herein (gas conductivity of mortar) especially at high level of cracking. This means that the mean structural permeability is governed by the crack opening only. Finally, the semi-discrete approach is based on a staggered algorithm which is simple and easy to implement. One can solve first the mechanical problem and then solve the hydraulic one. This model is validated by two different studies that emphasize again that the description of the crack opening field is the key issue for the prediction of the mean structural permeability.

This contribution presents equally a comparative study on permeability models that aim to predict concrete permeability under mechanical loading in a continuous framework. Two non-local regularization technics were retained and investigated herein; the original NL and the stress based non local SBNL regularization technics. It is shown that the original NL regularization technique provides spurious diffused damage and strain profiles at failure. On one hand, due to diffused damage obtained with the original NL, the rigidity of the half portion of the specimen after the split could not be retrieved and consequently less agreement is seen with the experimental global behavior at this phase.

On the other hand, this spurious damage directly affects the result of the predicted permeability. With Poiseuille's permeability models presented here and the original non local, it was shown that the predicted permeability is underestimated due to a crack opening underestimation in the localized cracking regime (after split). Best prediction is obtained with the weak discontinuity (WD) approach in this case. Moreover, since damage is diffused with this regularization technique, the predicted permeability using damage-permeability models is overestimated. In contrary, the SBNL provides localized damage and strain profiles at failure (for damage equal to 1). This is more convenient and accurate to compute a crack opening. On one hand, the global mechanical behavior is better described with the latter technique after the total concrete split. The rigidity of the specimen half portion is retrieved. On the other hand, the permeability prediction thanks to modified Poiseuille's model based on crack opening calculated from strain parameter (MLStrain) is in good agreement with experimental data. However, since strain is localized with the SBNL technique, a hypothesis of weak discontinuity WD is not adequate and consequently permeability is underestimated in the localized cracking regime. In any case, with elasto-damage models, numerical damage parameter is overestimated compared to experimental damage since the former do not include the plastic strain in the material behavior. Consequently, the permeability calculated from the damage parameter is overestimated. Plus, this permeability remains constant upon unloading since damage cannot decrease.

Therefore, for the use of damage-permeability models, cyclic plastic-damageable models that take into account plastic strain and are able to describe the mechanical behavior during cyclic loadings are certainly needed. Finally, it is shown that permeability models based on Poiseuille's permeability are better positioned compared to damage-permeability models after a macro-crack is formed since the latter are limited because of the damage limitation to one. However, during diffuse damage Poiseuille's permeability has no physical meaning since no macro-crack has formed yet. The proposed matching law MLStrain is promising since it is able to describe the whole permeability evolution and at the same time it is not limited without the need for additional numerical tools. Finally, mesh independent results are obtained with the proposed models. Consequently, if the global mechanical problem is well modelled, the hydraulic problem, based on local mechanical quantities, is completely predicted.

III. Numerical applications on case studies

This chapter deals with the application of the proposed continuous approach on two case studies, the tie-beam and the push-in tests, in order to investigate the capability of the proposed approach to model the hydro-mechanical behavior of concrete when undergoing multi-cracking or shear failure. The tiebeam test (see section III.1.1 for more details on the experiment) has been performed in [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF], Desmettre and Charron 2011, Desmettre and Charron 2012]. This test is interesting as mode I multi-cracking occurs unlike the splitting test where only one macro-crack forms. The objective is to investigate whether the hydraulic model is able to estimate correctly the intrinsic conductivity for the tie-beam test.

The experimental hydro-mechanical behavior of the push-in test has been studied during this thesis (see section III.2.1 for more details on the experiment). The hydraulic part of the test is since it has never been done in the literature. In this push in test, both diffuse and localized cracking occur. The specimens' configuration is chosen so that failure takes place due to shearing at the steel rebarconcrete interface. Although the mechanical problem is complicated to solve, a first attempt to describe the hydro-mechanical behavior with the proposed continuous approach is carried out.

The chapter is organized as follows:

 Firstly, the tie-beam test is presented with the experimental set-up, the mechanical behavior, local measurements and transfer properties evolution.

In a second part a comparative analysis of the hydro-mechanical behavior of the tie-specimen is performed using the proposed continuous approach.  Secondly, an original push-in test is presented, where residual gas flow measurements are performed on damaged specimens (after complete unloading). The experiment description, the experimental program and the mechanical behavior are first addressed. Further, the analysis of the flow and the transfer properties evolution are presented. The last part corresponds to the comparative analysis for the push-in test using the proposed continuous approach. The simulation is focused on the pre-peak phase and the beginning of the post-peak phase of the hydro-mechanical behavior which are met in real structures. 

III.1 Tie-beam test

Specimen configuration

The tie-specimen consists of a steel rebar submitted to tensile loading, surrounded by concrete. It may represent parts of beams, slabs and walls (see Figure III-1). The tie-specimen in [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]] is chosen so it has a prismatic cross section of 90 × 90 to provide around 40 of concrete cover when a M10 reinforcement bar ( = 11 mm) is used. In order to accurately reproduce the cracking pattern in reinforced concrete tensile members, the specimen length is chosen equal to around 60 times the rebar diameter, i.e. 610 . 

Properties NSC

Compressive strength 37

Tensile strength 2.82

Modulus of Elasticity 32

Poisson's coefficienti 0.245 A number of 15 tie-specimens are prepared for permeability tests during the tensile loading. It should be noted that, due to practical reasons, the instrumentation of the tie-specimens for the crack opening assessments parallel to the permeability tests was not possible. Therefore, six more tie-specimens were prepared and instrumented for local measurements during the tensile loading.

III.1.1.2 Testing machine

The tensile loading on the ends of the steel rebar is applied using a 2.5 MN universal testing machine (see Figure . Two linear variable differential transducers (LVDTs) fixed on opposite sides of the specimen as shown in Figure III-2 are used to control the tensile loading via the displacement. The configuration for the tensile loading transfer is selected so that rebar yielding occurs only in the tiespecimen. 

III.1.1.3 Permeability measurements

In order to perform the water permeability test without affecting the mechanical behavior of the specimen under the tie-beam test, an extendable elastomer membrane is installed on four of the six faces of the specimen (see Figure . This membrane ensures tightness of those four faces and a unidirectional water flow through the specimen.

The permeability system adopted in [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]] is presented in Figure III-3. It is composed of aluminum boxes, tubing, water tanks, and differential pressure transmitters. The process of the permeability measurement is the following:

 Two aluminum boxes are fixed against the elastomer membrane and held on opposite sides of the specimen with a clamping system. Each box is linked to a tank by tubing for water circulation.  The permeability system on the inlet side is filled with water before each test.  A water pressure gradient is imposed by put water under pressure from the inlet tank whereas the outlet tank remains at the atmospheric pressure.  Due to pressure gradient, water circulates from the inlet tank to the box, percolates through the specimen and reaches the outlet box and tank. During the permeability test, water level gradually decreases in the inlet tank and increases in the outlet tank.  Two pressure transmitters are installed on the clamping system near the water inlet and outlet boxes and used to identify the real water pressure gradient applied to the specimen. A constant pressure gradient of 50 is imposed by the pressure transmitters to initiate water flow.  A continuous measurement of the flow rate is provided thanks to set of differential pressure transducers connected to the base of each tank. Assuming unidirectional laminar flow conditions, negligible inertial forces, saturated flow and steady state equilibrium, the water permeability coefficient is calculated for any loading using Darcy's equation:

(III.1)
where is the flow rate , is the cross-section of the specimen exposed to water flow , is the drop in hydraulic head across the specimen and is the thickness of the specimen . It should be pointed out, that water permeability coefficient is evaluated with the effective crosssection of the specimen which is exposed to the water pressure . The reduction of the surface is due to the presence of the sealing material (elastomer membrane) between the specimen and the aluminum boxes.

III.1.1.4 Cracking characterization

For practical reasons, crack opening displacement could not be measured during the permeability test in [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]]. Therefore, the cracking development is monitored during tensile tests performed on companion specimens without the permeability apparatus. The instrumentation used for test control and cracking characterization during the tensile tests is shown in Figure III-2. The same test control using two LVDTs is adopted as in the permeability test. For the crack opening assessment, twelve PI displacement transducers are glued on opposite sides of the specimen surfaces. Only one localized macro-crack is detected by a transducer since the crack spacing between two cracks in the tie-specimen is greater than the measurement area of each transducer. The displacement measured by a PI transducer increases highly and instantaneously once a macro-crack appears in the measure range of the transducer. This displacement corresponds to the crack opening of the macro-crack.

III.1.1.5 Mechanical behavior and local measurements

According to Figure III-4, the mechanical behaviour and the cracking evolution can be described as follows:

 A first phase in which the mechanical behaviour is elastic (0 to 15 ); cracking did not occur yet.  A second phase where the behaviour becomes non-linear (15 to 28

). Micro-cracking preferentially develops perpendicularly to the loading direction.  The micro-cracking ends up by the first macro-crack formation at 28

. A force drop is observed due to release of elastic energy at crack propagation. Herein the displacement detected by the PI transducer, which cover the crack area, is directly the crack opening displacement.  As the loading keeps on increasing, a second macro-crack forms at 29

. The second PI transducer provides the crack opening displacement for the second crack. It is observed that during the second force drop, the first crack opening displacement decreases.  Further loading leads to the formation of a third macro-crack at 41

. During the third force drop, the crack opening displacements of the two previous cracks decrease.  The mechanical behaviour ends up by the plasticisation of the steel rebar at around 43 .  The number of macro-cracks is not the same in all cases; it is either two or three.  First crack localization occurs for force varying from 22 to 28 depending on the tiespecimen. According to the moment of the first crack localization, the significant water permeability increase occurs. 

III.1.2 Comparative analysis

This section deals with the numerical modelling of the tie-beam test. The final objective is to validate the proposed hydraulic models on the tie-beam test presented in section III.1.1. In a first step, the mechanical problem is solved so that the mechanical result agrees with the experimental one. Consequently, many simplifications were made to achieve the mechanical global response as in the experiment. In fact, due to heterogeneity of the material, three cracks are obtained in the experiment.

In order to reproduce numerically the same number of cracking without the need to consider random fields to characterize the heterogeneity of the material, three weak transversal surfaces with lower tensile strengths are defined in concrete. The objective is not to obtain numerically the same cracks location as in the experiment but rather the same number of cracks and to investigate if the mechanical model provides comparable crack openings and comparable estimation of transfer properties.

III.1.2.1 Mesh and calibration of the constitutive models

The mesh for the tie-specimen is presented in Figure III-6. Taking advantage of the two symmetry perpendicular axes that belongs to the transversal section of the specimen, only the quarter of the tiespecimen is modelled. The total specimen length is modelled since the cracking is not symmetrical. The geometry of the quarter mesh for the tie-specimen is chosen as in the experiment. The tiespecimen has a 610 length and a square cross section of . The mesh consists of three sub-meshes (see Figure , the one in red which correspond to the steel rebar, is built with 102 linear cubic elements and is given an elasto-plastic behavior. The concrete mesh is generated with 1292 linear cubic elements. The Mazars model is adopted to describe the behavior of concrete since the model is well known, despite its simplicity, for its efficiency to describe Mode I failure in concrete. The local version of the model is considered for two reasons: 1) The objective is to conduct a first tentative in order to study the feasibility of the continuous approach use with the focus on the permeability problem and not the mechanical one 2) the time cost with the local version is much lower than using non local approaches which require fine meshes. The mechanical and model parameters are shown in Figure III-6. For the sake of simplicity, three weak points with lower values of tensile strength, 3, 3.2 and 3.25 are chosen in order to reproduce the mechanical behavior of the tiespecimen presented in section III.1.1.5 with the three cracks. The third mesh corresponds to the one of the concrete-steel rebar interface. It is generated with 544 linear cubic elements. Preliminary analysis on the tie-beam test has shown that damage tends to initiate in the interface near the steel rebar of the tie-specimen, then propagates very quickly to the cover of the concrete. Therefore, initiation and degree of cracking is highly dependent on the mechanical behavior of this steel rebar-concrete interface. In case of a weak interface, it tends to be deteriorated quickly and is not able to transfer the load to concrete in its vicinity; therefore the latter tends not to crack. In contrary, an interface with very high strength tends to induce a significant number of localized macro-cracks. The thickness of the interface is chosen arbitrary equal to 10 mm. The interface behavior is described using RicRag model [START_REF] Richard | Isotropic continuum damage mechanics for concrete under cyclic loading : stiffness recovery, inelastic strains and frictional sliding[END_REF] as the model is more consistent than others for shear loadings. Given the interface thickness, a simple analytical calculation provides that in order to exactly obtain three cracks, an average residual stress of around 3 must be transferred by each element belonging to the interface mesh to concrete. Accordingly, the mechanical parameters for the interface are chosen, they are presented in Figure It should be pointed out that the maximum shear resistance in the interface must be lower than in the concrete so shear failure undergoes first in the interface. Unfortunately, with Mazars' model [Mazars 1984], the shear behavior is highly dependent on the tensile strength and cannot be defined independently. In fact, for a given tensile strength the model underestimates the shear resistance with respect to experiments. Therefore, the maximum shear resistance of the interface is set low compared to the one found in experiments. The direct influence on the mechanical response will be discussed in section III.1.2.2. crack with larger crack openings are not uniform on the outer surface since the crack openings are not uniform. In fact, the closest to the steel rebar (due to its high rigidity), the less is the crack opening and similar for the local permeability. The permeability problem in the numerical simulation herein is solved by applying a pressure difference of 50 . This is done by imposing a pressure of 50 on one of the outer faces and since only quarter of the specimen is modelled, a pressure of 25 is imposed on the opposed inner face to the outer face so that the flow is unidirectional along the transversal direction. For illustrative purposes, the pressure field obtained after solving the permeability problem at the final state is presented in Figure It shows a pressure field that is coherent with the imposed boundary conditions and is influenced by the existence of cracks. 

III.1.2.5 Results on transfer properties

The estimation of water permeability evolution during the tie-beam test using the proposed modified Poiseuille's law without any calibration (see section II. For unclear and uncertain reasons so far, the force does not decrease in the experiment (as shown in the figure where the permeability evolution versus the force is presented) upon macro-crack formation when the permeability test is performed in parallel to the mechanical test (with clamping system, etc..), although the global responses of the specimens that undergone only mechanical test (without the clamping system) show force drops. Although it was mentioned in [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]] that the experimental set-up for the permeability test does not affect the global mechanical behaviour, it is possible that due to force exerted to ensure the clamping of the elastomer membrane, the global behaviour is more ductile upon macro-cracking and the local behaviour is affected, which result in lower crack opening displacements compared to the ones measured on specimens without the clamping system. Clearly, in the numerical simulation force drops occur and consequently upon first crack formation the water permeability increases while force decreases following the force drop. The water permeability evolution estimated numerically, compared to experimental data from [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]], can be described as follows:

 During the elastic phase and up to the formation of the first crack, the water permeability remains constant as no diffuse damage in concrete is generated in the numerical simulation. In the experiment, a slight decrease is observed first that can be explained by the compaction of concrete and close of initial voids in concrete close to the steel rebar due to effect of low shear loading. Then, close to the first crack formation, the water permeability increases slightly by a factor that does not exceed the value of two in the experiment. This is due to micro-cracks formation just before their coalescence to form a macro-crack. In the numerical simulation, due to limit in the modelling, damage reaches rapidly the value 1 upon crack formation without providing damage state where Picandet's permeability is activated. The rapid increase is due to activation of modified Poiseuille's permeability.  Once the first crack is formed at force equal to around 25

, the Poiseuille's or modified Poiseuille's permeability is activated. One can observe that all modified Poiseuille's laws match just after the first crack formation since the crack opening is around 100 microns. Moreover, the estimated water permeability at this state is in agreement with the measured one in the experiment if the force decrease is disregarded upon crack formation.  After the first crack formation, one can observe that during the force drop that corresponds to the formation of a new crack, the water permeability decreases slightly. This is due to the decrease of the crack openings of the previously formed cracks (see Figure which is in agreement with the experiment.  For further loading, crack openings become higher than 100 microns (see Figure III-9).

Consequently, the modified Poiseuille's laws begin to diverge from each other specially the one with the reduction factor in form of power with residual value. Nevertheless, in all cases, the water permeability is averagely overestimated by a 1 order of magnitude. Many reasons might explain this discrepancy in water permeability between the numerical models and the experiment:

 Turbulence: In [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]], it is shown that a variation on the pressure gradient from 10 to 35 resulted in a variation on the water permeability from to . It means Darcy's law is no longer valid as the flow rate decreases with the pressure gradient. An analysis with an approach taken into account turbulence, Forchheimer approach [Forchheimer 1901] for instance, might provide better water permeability determination. In any case, this reason is not enough to explain the difference of 1 order of magnitude, there must be more effective reasons.  Although it was mentioned in [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]] that the experimental set-up for the permeability test does not affect the global mechanical behaviour, it is possible that due to force exerted to ensure the clamping of the elastomer membrane, the local behaviour is affected, which result in lower crack opening displacements compared to the ones measured when only the mechanical test was performed (without the clamping system). Even a small difference of crack opening result in a significant difference of flow rate as it is equivalent to the cubic power of the crack opening.  Despite the short time of the permeability test (90'), the crack healing phenomenon is not excluded; it might cause a decrease of the flow with time.  The reason might be simply related to the material. For instance, it is shown in [Akhavan et al. 2012] on a study on water permeability of a fiber-reinforced concrete during a splitting test, that the reduction factor is equal to 15 when the average crack opening is equal to 190 microns, while in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF] on the same study but on ordinary concrete, the reduction factor is equal to 1 above 160 microns.

In the following, it will be assumed that the reason for the discrepancy is related to the material only.

The power form of the reduction factor with residual value seems to be the most convenient (see Figure . The parameters and are calibrated to fit the experimental data, they are found equal respectively to , and 13. The result is presented in Figure III-13. To clarify the discrepancy, a tie-beam test should be conducted where gas permeability is performed so that the healing phenomenon is avoided. At each state, laminar regime should be verified to ensure the applicability of Darcy's law to determine the intrinsic permeability by investigating the evolution of the flow rate versus the gradient of pressure square. Furthermore, the crack opening displacement assessment and the permeability measurement should be done in the same time for the same specimen. 

III.1.3 Conclusions

The numerical simulation of the hydro-mechanical behavior of the tie-beam test is successfully achieved using the proposed continuous approach. The tie-beam test is interesting since mode I multicracking occurs. The objective was to conduct a first tentative in order to study the feasibility of the continuous approach use with the focus on the permeability problem and not the mechanical one. By setting three weak surfaces in the simulated tie-specimen and choosing the convenient behavior for the steel rebar-concrete interface, namely the residual stress, the obtained global and local mechanical responses fit reasonably well with the experimental ones. The crack opening displacements for the three cracks are in the same order of magnitude compared to the experiment. Although agreement is found on the crack opening displacements, the water permeability estimated with the modified Poiseuille's laws, Rastiello's and the ones proposed in this thesis, overestimated the one measured in the experiment by at least one order of magnitude. Nevertheless, the water permeability evolution qualitatively is in agreement with the experiment. The possible reasons for this discrepancy were discussed. However, assuming that the only reason for this discrepancy is the wrong calibration of the parameters of the modified Poiseuille's law, the parameters are recalibrated to obtain the best fit.

the pre-peak phase and a permeability measurement each 5 of steel rebar displacement in average in the post-peak phase. 

III.2.1.2.2 Permeability system

The permeability system, originally designed for concrete specimens of maximum height of 100 , is adapted for the reinforced concrete specimens of the push-in test (see section IV.2 for details on the permeability system). The gas conductivity measurements consist of percolating gas (nitrogen) under pressure gradients through the specimen in the longitudinal direction. Tightness tests for the permeability set-up (specimen is sealed on all its outer surfaces) are conducted after each mechanical loading to ensure that no leakage occurs in between the specimen and its holder and through the lateral sealing (see Figure . As for the gas conductivity tests, only the lateral surface of the specimen is sealed. The specimen is placed on the bottom holder with a rubber joint in between whereas the upper holder with 6 threaded shafts push the specimen toward the rubber joint of the lower holder. In this way, tightness is guaranteed between the lower holder and the specimen. Finally, the lateral surface is slightly confined, thanks to a rubber membrane and clamping collars distributed on the lateral surface along the specimen, to prevent any flow between the aluminum tape and the specimen (see Figure .

equal to the length of the interface (0.07 ) although during the shear test the rebar slides in the concrete by several centimeters up to the end. This choice of the percolation length is made arbitrary as it is unfortunately not possible due to practical reasons to know the exact percolation length for each mechanical state. According to the flow regime, the intrinsic permeability is calculated either by adopting Klinkenberg's approach if the flow regime is laminar, or by considering Forchheimer's approach if the flow regime become turbulent. The latter issue is discussed more in details in section III.2.1.4.

III.2.1.3 Mechanical behavior

The mechanical responses of three reinforced concrete specimens subjected to push-in tests are presented in Figure III-21. Generally, the global mechanical behaviors of the three specimens presented in Figure III-21 show a good repeatability of the push-in test. However, regarding the pre-peak phase (see the zoomed area of the pre-peak phase), slight differences are observed in the pre-peak mechanical behaviors related to the displacement measurements given by the press. Indeed, due to imperfect contact surfaces between the press and the top of the steel rebar, displacements of the top of the steel rebar given by the press might be overestimated at the very first loadings due to local plastification of the steel. From the numerical point of view, this additional displacement in the experiment must be excluded when performing a comparative analysis with the numerical simulation. It should be noted, that the unloading slopes are almost identical, this means that the structural rigidity is reproducible.

The mechanical behavior of the steel rebar-concrete interface during push-in test can be described by different phases as follows:

 A pre-peak phase in which, the efforts are transmitted into concrete near the ribs via compression links. Furthermore, concrete near the steel ribs undergoes compaction and consequently conical shear cracks form. The concrete degradation near the ribs results in a local sliding.  At the peak load, the compression links can no longer withstand the transmitted stresses, consequently a crossing cylindrical crack forms along the steel rebar-concrete interface in the longitudinal direction.  In the post-peak phase, the interface is not able to transmit the imposed additional efforts, the mechanical behavior exhibits softening and the steel rebar undergoes global sliding with significant friction. As the slip increases, the asperities of the crack and the compacted pieces of concrete progressively disappear.

III.2.1.4 Flow analysis and transfer properties evolution

Although the flow regime might differ locally in the specimen, the flow analysis, due to practical reasons, is performed at the macroscopic scale, i.e. the inlet flow rate that is measured by the flowmeters after the stationary regime is reached. It consists of investigating the flow regime using Darcy's law with the Klinkenberg and/or Forchheimer approaches. According to Darcy's law, the evolution of the flow rate with respect to the gradient of pressure squared is linear if the regime is laminar. If this is the case, Klinkenberg's approach can be adopted to calculate the intrinsic permeability. Otherwise, the regime is turbulent and therefore Forchheimer's approach must be considered to determine the intrinsic permeability (see section I.3.1 for more details). Table III-3 presents the states for the three specimens G1, G2 and G3 which correspond to the complete unloadings where the permeability measurements are carried out. S0 represents the initial state before any mechanical loading, whereas the states S1-S4 are the mechanical states up to the peak force on the global mechanical response (S1: 15 kN, S2: 30 kN, S3: 45 kN and S4: peak force). The other mechanical states are located in the post peak phase (see Figure . The flow analysis is conducted for all states. Consequently, it was possible to distinguish the laminar and turbulent phases based on the injection pressure of the gas and the mechanical state of the specimen. It should be noted, that only the analysis for the specimen G3 will be presented in the following. The details of the flow analyses for the specimens G1 and G2 are shown in Appendix A as they found identical all together. Only the permeability results are shown and analysed hereafter. 

State

III.2.1.4.1 Phase I: loading up to peak force

In this section, the flow analyses for the states S0-S4 are addressed. Figure III-22 shows the evolution of the flow rate versus the gradient of pressure squared. It shows that up to the peak force, the regime remains laminar since the evolution is almost perfectly linear. Therefore, the Klinkenberg's approach in a second stage is applied to calculate the intrinsic permeability for those states (see Figure . It is observed in Figure III-23 that the Klinkenberg's method is verified to be applicable as linear fittings are found between the apparent permeabilities and the inverse of mean pressures. The initial intrinsic permeabilities and Klinkenberg's coefficients of the specimens G1, G2 and G3 (intrinsic conductivity) are found equal respectively to , and for the intrinsic permeabilities and to , and for the Klinkenberg's coefficients (see Figure III-23 and Appendix A). Besides, in order to determine the intrinsic permeability of concrete without the reinforcement, radial permeability tests (see Figure are carried out on the upper slice of 50 of height of the specimen G1 (with the assumption that the upper slice of 50 of height do not undergo damage due to the shear loading and present an isotropic permeability). The intrinsic permeability of concrete in G1 is found equal to . In this section, the flow analysis for the post-peak states up to a state that corresponds to a flow threshold is presented. The flow rate measurements for the first post-peak states show a decrease with respect to the peak state (see Figure . This decrease in the first post-peak states might be attributed to cracks closure due to dilatancy of concrete while shearing. This tendency is followed by an erratic hydraulic behavior during strength decrease in the post-peak phase; a competition between micro-cracking in the compression struts and phenomenon of dilatancy in mode II cracking. This hydraulic behavior ends up by a flow threshold where flow rate highly increase for large steel rebar displacements. This flow threshold corresponds to the state where path connectivity for the gas is ensured. In other terms, the gas flows in an interconnected damaged zone for the first time at this state.

The interconnected zone present a preferential path for the fluid to leak and consequently the flow rate becomes significant. Figure III-27, Figure III-28 and Appendix A show that for the post-peak phases and before the flow threshold, the flow regime is laminar and Klinkenberg method is applicable to determine the intrinsic conductivity. In contrary, when the flow threshold takes place, the regime becomes turbulent for the pressure gradient used in this experimental program. Although the application of Klinkenberg's method to determine the intrinsic conductivity provides a linear evolution at this state, the provided intrinsic permeability is found negative (see Figure III-28 and Appendix A). This founding is in agreement with the one of [START_REF] Picandet | Crack effects on gas and water permeability of concretes[END_REF] where turbulence occurred during permeability measurements in a splitting set-up. In this case, another approach such as the one of Forchheimer must be adopted to determine the intrinsic conductivity. This latter issue is discussed in the following section. is no longer valid and the regime became turbulent. In fact, beyond the flow threshold, flow rates become significantly high and therefore inertial effects become important which led to the non-linear evolution of the flow rate with respect to the gradient of pressure squared. An attempt to apply the Klinkenberg's method fails as it provides negative values for the intrinsic permeability. In this case, the Forchheimer's approach can be adopted to determine the intrinsic permeability. The application of the latter method is shown in Figure III-30. It shows that the method is applicable since linear evolutions are found. 

Inverse of permeability

Flow rate (ml/min)

G2

Forchheimer s15

 A first phase, where the residual transfer properties increase up to a maximum factor of 3 at force peak with respect to the initial one. This permeability increase could be associated to the formation of inclined conical cracks in the pre-peak phase and a cylindrical mode II crack at peak force.  A second phase, characterized at first by a decrease of the transfer properties with respect to the peak state. This decrease might be attributed to cracks closure due to dilatancy of concrete while shearing.  This tendency is followed by an erratic hydraulic behavior during strength decrease in the post-peak phase; a competition between micro-cracking and phenomenon of dilatancy.  For displacement of around 45 , the transfer properties significantly increase due to concrete crushing in the shearing zone yielding a continuous porous path for leakage. Moreover, as the sliding of the steel rebar increases, the length of the porous path diminishes yielding to continuous increasing of the permeability. The flow regime herein became turbulent.  The hydraulic behavior ends up by a residual permeability of around ( where the residual strength tends to zero as the sliding of the steel rebar on concrete became frictionless and therefore the porous path do not change anymore. 

III.2.2 Comparative analysis

This section deals with the numerical modelling of the push-in test presented in section III.2.1. The difficulty lies in describing correctly the mechanical response, where the failure is in Mode I and II and large displacements, mainly due to global slip of the steel rebar with respect to concrete, occur in the post-peak phase of the behavior as shown in section 0. Moreover, it was shown in section III.2.1.4 that the significant increase of intrinsic conductivity in the post-peak phase is caused by the crushing of concrete at the interface for large displacements. In other terms, there is a mode II macro-crack formation for significant displacement of the steel rebar. Therefore, it seems to be impossible with the classical finite elements and damage models to model this complex hydro-mechanical behavior and to reproduce the mode II macro-crack for large displacements. Nevertheless, an attempt to describe the mechanical behaviour, mainly in the pre-peak phase and the beginning of the post-peak phase, using damage models is carried out as large displacements are not taken into account in the modelling. The objective is to obtain numerically damage fields that represents the cracking obtained in the experiment, and to test the capacity and versatility of the proposed continuous approach to provide comparable results on a new problem. This test is interesting as it presents diffuse and localized cracking. In addition, macro-cracking in mode II occurs. This is a challenge for the existing permeability models and the proposed one here in this thesis. To aim at representing the permeability evolution during this test, the modified Picandet's permeability for diffuse damage, Poiseuille's permeability for localized damage and the logarithmic combination of the two for the transition between the two regimes are adopted. Many simplifications were made to achieve the mechanical global response as in the experiment. This will be discussed in the following sections.

III.2.2.1 Mesh and calibration of the models

The mesh of the reinforced specimen and the boundary conditions for the push-in test are presented in Figure . Mesh density ranges between 0.5 (in the vicinity of the interface) and 10 (in the faraway of the interface). Taking advantage of the symmetry axis, the problem is solved in 2D axisymmetric conditions. The geometry of the mesh for the reinforced specimen is chosen as in the experiment and taking into consideration the ribs of the steel rebar at the interface. The concrete cylinder of the specimen has 290 of length and 160 of diameter. The interface length is equal to 70

. The mesh consists of two sub-meshes, the one in red that corresponds to the steel rebar, is built with 4490 linear triangular elements (TRI3) and is given an elastic behavior. The concrete mesh is generated with 3579 linear triangular elements (TRI3). The RicRag model [START_REF] Richard | Isotropic continuum damage mechanics for concrete under cyclic loading : stiffness recovery, inelastic strains and frictional sliding[END_REF]] is adopted to describe the behavior of concrete since the model is well known for its efficiency and consistency to describe Mode II failure in concrete. The model is regularized with the stress based non local approach. However, it is worth noting, that this regularization technique is developed based on the assumption of Mode I failure. Therefore, due to this limitation, it is not guaranteed that it functions when Mode II failure occurs. The mechanical and model parameters are shown in Figure III-34. The mechanical parameters (Young's modulus and compressive strength) for concrete were determined from classic compression test. The tensile strength is calibrated so that the peak force in the numerical simulation is similar to the on in the experiment. The RicRag model parameters are chosen to get similar tendencies with the global behavior in the experiment. It should be pointed out that at the steel rebar-concrete interface perfect bond is assumed. The influence of this assumption will be discussed in the following section. 

III.2.2.3 Solving the permeability problem

The boundary conditions for solving the permeability problem are chosen as in the experiment, they are shown in Figure III-37. Initially, the permeability of concrete is isotropic. Its value was determined thanks to radial permeability measurement as shown in section III.2.1.4.1 and was found equal to . The parameters for the modified Picandet's permeability model are adopted without any fitting for the isotropic permeability increase due to damage. The equation describing the modified Picandet's permeability model as well the parameters are reminded in the following:

[ + + + ] (III.3)
predicted permeability and the measured one in the pre-peak phase. It must be pointed out that no fitting for the hydraulic problem is performed. As for the permeability increase caused by diffuse damage, the same Picandet's parameters were used. The evolution of the intrinsic permeability in the numerical simulation can be described as follows:

 Before damage initiation at force of 12 , the intrinsic permeability remains constant.  When damage is initiated, it is still low and diffused; the local permeability in this case is governed by Picandet's permeability and begins to increase due to damage. Moreover, since the cracks are not interconnected, they slightly increase the permeability.  At peak, the structural permeability increases up to a maximum factor of around 3. This permeability increase is mainly due to the global damage increase around the inclined microcracks while damage mostly remains low. However, for the inclined cracks, the regime has become the one of Poiseuille's as damage reached the value 1. Nevertheless, the influence of Picandet's permeability is still dominant as there is not an interconnected macro-crack.  After the peak, the structural permeability slightly decreases at first. In fact, between the inclined cracks, damage reaches values around 0.6 related to the change of failure from mode I to mode II (see Figure . Consequently, the effect of Poiseuille's permeability for those elements becomes more dominant as the weight value is higher for Poiseuille's permeability. However, at this state, there is a change in regime from mode I to mode II. The direct consequence is a decrease in the crack openings of the inclined micro-cracks and so Poiseuille's permeability is still lower than Picandet's permeability. Therefore, the structural permeability after the peak is slightly lower than at peak for the very first after peak states. As loading increase, damage band of value equal to 1 forms and consequently Poiseuille's permeability governs the flow. As strains increase locally, Poiseuille's permeability overcomes Picandet's permeability and therefore the structural permeability increases again. 

III.3 Conclusions

The mechanical behavior of the steel rebar-concrete interface under shear loading has been already studied in the literature. However, the hydraulic behavior of the interface is still an open issue. To this end, an experimental program is conducted to study the influence of the steel rebar-concrete interface degradation due to shearing on the intrinsic conductivity of concrete. Three reinforced concrete specimens were prepared for the hydro-mechanical tests. Their configurations were chosen so that shear failure at the interface is ensured (the interface was reduced to only 70 while the total specimen length is equal to

). The push-in tests are carried out up to complete crushing of concrete at the interface (displacement of ). Good repeatability of the mechanical behavior is obtained with the three specimens. The permeability tests are conducted using gas (nitrogen). Due to practical reasons, the tests are limited to residual measurements. Eighteen to twenty one permeability measurements, which correspond to the number of unloadings, are performed for each specimen in order to study the flow (intrinsic conductivity) evolution after unloading from the push-in loading. For each hydro-mechanical state, a flow analysis is carried out to determine the flow regime. When the flow is laminar, Klinkenberg's approach is adopted to determine the intrinsic permeability. When turbulence occurs, Forchheimer's approach is then applied. In any case, four injection pressures are used at least to get 4 apparent permeabilities at least. The average of the initial intrinsic permeabilities for the three reinforced specimens is found equal to around with low dispersion. The intrinsic permeability of the concrete without the reinforcement was evaluated thanks to radial permeability test. Its value was found equal to . This value is useful for the numerical simulation since it is needed for the local permeability of concrete. As push-in loading increase, the residual transfer properties increase up to a maximum factor of 3 at peak force with respect to the initial one. Regarding the Klinkenberg coefficient , which can be an indicator of the porous network fineness, it tends to decrease generally with the loading increase. This tendency might be attributed to the formation of conical cracks in the pre-peak phase which leads to global enlargement of the porous network.

In the post-peak phase of the mechanical behavior, the hydraulic behavior is characterized at first by a decrease of the transfer properties with respect to the peak state. This decrease might be attributed to crack closure due to dilatancy of concrete and load decrease while shearing. This tendency is followed by an erratic hydraulic behavior during strength decrease in the post-peak phase; there is a competition between micro-cracking in the compression struts and phenomenon of dilatancy in mode II cracking.

For displacement of around 45 , the transfer properties significantly increase due to concrete crushing in the shearing zone yielding a continuous porous path for leakage. Moreover, as the sliding of the steel rebar increases, the length of the porous path diminishes yielding to continuous increasing of the permeability. The flow regime in this case becomes turbulent. For displacement of around 45

, the transfer properties significantly increase due to concrete crushing in the shearing zone yielding a continuous porous path for leakage. Moreover, as the sliding of the steel rebar increases, the length of the porous path diminishes yielding to continuous increasing of the permeability. The flow regime in this case becomes turbulent. The hydraulic behavior ends up by a residual permeability of around ( where the residual strength tends to zero as the sliding of the steel rebar on concrete became frictionless and therefore the porous path do not change anymore.

An attempt to numerically model the hydro-mechanical behavior of reinforced concrete undergoing shearing at the interface during a push-in test was carried out. The difficulty lays in correctly describing the mechanical response, where the failure is in Mode II and large displacements, mainly due to global slip of the steel rebar with respect to concrete, occur in the post-peak phase of the behavior. Moreover, it was shown that the significant increase of intrinsic conductivity in the postpeak phase is caused by the concrete crushing in the shearing zone yielding a continuous porous path for leakage. In other terms, there is a formation of mode II macro-crack with no clear crack opening. Therefore, it seems to be impossible with the classical finite elements, damage models and classical permeability models as Poiseuille's permeability to model this complex hydro-mechanical behavior. Nevertheless, an attempt to describe the mechanical behavior, mainly in the pre-peak phase and the beginning of the post-peak phase, using damage models is carried out. The objective is to obtain numerically damage fields which represent the cracking pattern obtained in the experiment, and to test the capacity and versatility of the proposed continuous approach to provide comparable results in terms of intrinsic conductivity. The hydro-mechanical behavior in the pre-peak phase is the interesting part from an engineering point of view as it is more commonly to takes place in the nuclear containment. Regarding the simulation, concrete was modelled using the RicRag damage model regularized by the stress based non local approach. The steel rebar is given a linear behavior. It is worth noting that at the steel rebar-concrete interface, perfect bond is assumed. This strong assumption has a significant influence on the mechanical behavior of the interface. Results on the global response had shown that the top displacement of the steel rebar in the numerical simulation must be multiplied by a factor of 25 so that the pre-peak phase coincides with the ones of the experiments. It is possible that the assumption of perfect bond between concrete and the steel rebar at the interface is not convenient. A joint element could be included at the interface, which models the local slip in the pre-peak phase and the global one in the post-peak phase. Nonetheless, the peak force was fairly represented. Locally, damage initiates at the top edge of the interface at force of 12

. As loading increases up to peak force, damage fields show propagation of 30 ° clockwise inclined cracks with respect to the steel rebar axis; their initiation takes place in the tensile zones in the vicinity of the ribs. Their number corresponds to the one of the ribs. Concerning the permeability estimation, the initial structural permeability of the whole specimen, determined numerically by considering the permeability of concrete equal to as found in the experiment, is found equal to which is almost the same as in the experiment ( , and for the three specimens). This means that the existence of the steel rebar did not significantly affect the permeability of concrete in the experiment. Finally, the evolutions of the normalized intrinsic permeability, obtained in the numerical simulation, compared to experimental results shows good agreement between the predicted permeability and the measured one in the pre-peak phase and the beginning of the post-peak phase. It must be pointed out that no fitting for the hydraulic problem is performed. As for the permeability increase caused by diffuse damage, same Picandet's parameters were used. This means that Picandet's model (parameters) is valid even if diffuse damage is caused due to shear stresses.

The chapter is organized as follows:

 The first part concerns the experimental program in which the formulation of the VeRCoRs concrete, the specimens and loading protocols are presented.  The second part deals with the permeability assessment. The permeability system, which has been developed and constructed for the experimental program as well as the approach to calculate the intrinsic permeability of concrete are set out within.  The third part discusses the effect of concrete specimen length on its intrinsic permeability to seek for any size effect. The methodology to carry out the study is first set out. Later on, results regarding the permeability measurements for slices of different lengths are presented and analyzed.  The fourth part focuses on the influence of drying shrinkage, thermo-mechanical loadings and creep on concrete intrinsic permeability. The analysis of the influence of the drying shrinkage on the initial intrinsic permeability in longitudinal and radial directions is carried out first.

Secondly, the effect of traction creep at 30 % of tensile strength and at room temperature on longitudinal/radial intrinsic permeability is discussed. Later on, the influence of thermal loading (temperature up to 250 °C), applied alone on concrete specimens/slices, on longitudinal/radial intrinsic permeability is presented. Finally, the coupled effect of temperature (temperature up to 180 °C) and traction creep at 30 % of tensile strength on longitudinal/radial intrinsic permeability is discussed.

IV.1 Experimental program

IV.1.1 Concrete Formulation

The concrete studied in this part of the thesis is the reference concrete for the national project MaCEnA. According to EDF and collaborators in MaCEnA, the compressive strength, the tensile strength and the Young's Modulus of VeRCoRs concrete are around 45 MPa, 3.85 MPa and 35 GPa at 28 days respectively. The different constituents and their quantities are presented in Table IV 

IV.1.2 Specimens and loadings

The concrete specimens are all provided by the collaborators (EDF, CERIB and LMDC). After casting, all samples were conserved and cured following Rilem Tc 129 recommendations [Rilem Tc 129]. 

IV.2 Permeability assessment

IV.2.1 Permeability system

An original permeability system was developed and constructed during this PhD thesis. The experimental program required specimens of different diameters (see section IV.1.2), heights (see section IV.3) and some of them are reinforced (see section III.2). In addition, this permeability system, unlike commercial systems such as Cembureau, allows to study the intrinsic permeability in longitudinal direction and radial one as well. Classically, the permeability test with this system is carried out by imposing a pressure gradient and measuring the flow rate.

The system is composed of (see Figure IV-4):

1) Three flowmeters each have a different measuring range, the highest 25000 , the intermediate 750 and the lowest 20 which allow to test sound and damaged concrete with a wide range of pressure gradients.

2) Pressure regulator which controls the gas pressure before it crosses the flowmeter. The range of imposed relative pressure is from 0 to 5 bars. 3) Nitrogen (N 2 ) tank provided with a pressure reducer. 4) The impervious permeability chamber (see Figure , is composed of three parts, the main body, the lid and the specimen holder in form of thin hollow cylinders which can be replaced to fit the diameter of the specimen. To ensure the tightness between the specimen and its holder, a mechanical system with flat seals is installed (see Figure . Based on the direction of the permeability measurement (longitudinal/radial), the mechanical system is 

IV.2.2 Permeability calculation

The permeability test is performed by injecting gas in the permeability chamber under a given pressure. As shown on Where and are the inlet flow rates in the longitudinal and radial direction respectively. They are measured using the mass flowmeters and expressed in . It should be noted, that since the flowmeters are mass ones, the measured flowrates are already given under normal conditions and therefore (1.013 bar) must be used in Equations IV.1 and IV.2. Moreover, is the dynamic viscosity of at 20°C, is the gas pressure at the inlet, is the radius of the hole for radial permeability test, is the radius of the specimen, is the specimen length and is the surface exposed to the flow.

IV.3 Effect of concrete specimen length on its intrinsic permeability

In the literature, longitudinal permeability tests are generally conducted on slices of around 50 of length for practical reasons [START_REF] Aldea | Permeability of Cracked Concrete[END_REF], Picandet et al. 2001, Loosveldt et al. 2002, Gawin et al. 2005]. The question here, is this enough to be representative when considering a massive structure. In samples is found equal to with low dispersion (see Figure . This intrinsic permeability value is in the same order of magnitude of intrinsic permeabilities found for concrete in literature [START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF], Gawin et al. 2005]. It should be noted however, that this intrinsic permeability could higher than the one measured for massive structures for many reasons: The first reason is related to the drying process. In fact, experiments show that drying affects the mechanical state [Benboudjema 2002, Burlion et al. 2005], causes major varying strains (shrinkage for instance) and can lead to micro-cracking by hydric gradient since tensile stresses develop due to internally restrained shrinkage [Pons andTorrenti 2008, Wu et al. 2015] (see section I. 1.1.2), which directly affects the concrete permeability. Consequently, the permeability measured in this study will be probably higher compared to the one of concrete in massive structures where hydric exchange is less significant. Secondly, since concrete is completely dried in this study, its gas permeability will be more significant compared to concrete in massive structures where water exist and diminish the gas permeability (the more the saturation level is important the less is the gas permeability [START_REF] Kameche | Assessment of liquid water and gas permeabilities of partially saturated ordinary concrete[END_REF]). Nevertheless, in this study what actually matters is the intrinsic permeability evolution as function of the length of the concrete specimen. Therefore, in the following, the normalized intrinsic permeability which is the actual intrinsic permeability divided by the reference intrinsic permeability will be addressed. Regarding the Klinkenberg coefficient, it was found equal to for specimen P1, for specimen P2 and for specimen P3, which is in the same Klinkenberg coefficients range found in [Picandet 2001]. 

IV.3.2.2 Evolution of the permeability according to the position of the slice

The intrinsic permeabilities of all slices and their Klinkenberg coefficient according to their lengths are presented respectively in Figure . One can notice that, the lower the slice height, the larger the dispersions of both the intrinsic permeability and the Klinkenberg's coefficients (dispersion between and is found for slices of 25 of length for instance). An analysis of the slices has shown that the slices that were located in the bottom part of the specimen have the lowest intrinsic permeabilities and highest The thermal loading is applied to the dog-bone specimen (1°C/min) at ambiant R.H. Slicing is done after the thermal loading application. Slices are then dried.

CERIB

Traction creep (30 % ) for 14 days at 20°C

2 dog-bone samples . Each dog-bone sample (in its effective part) is cut into 3 slices of length.

The traction creep is applied to the dog-bone specimen at ambiant R.H. Slicing is done after the loading application. Slices are then dried.

CERIB

Traction creep (30 % ) for 14 days at 100 and 180 °C 2 dog-bone samples per temperature. Each dog-bone sample (in its effective part) is cut into 3 slices of length.

The traction creep is applied first to the dog-bone specimen Heating to the desired temperature is then applied (1°C/min) at ambiant R.H. Slicing is done after the loading application. Slices are then dried. 

IV.4.3 Induced anisotropic permeability due to drying shrinkage

This subsection deals with the effect of drying shrinkage on the initial intrinsic permeability of VeRCoRs concrete. Nine cylindrical slices (from samples) have undergone drying shrinkage while drying at 80 °C up to hydric equilibrium. After cooling down to room temperature, their initial intrinsic permeabilities in the longitudinal direction were assessed first. Subsequently, the slices were drilled for radial intrinsic permeability evaluation. The intrinsic permeability values for the slices at the initial state (80 °C) in longitudinal and radial directions are presented in Table C-1. The average intrinsic permeability (for longitudinal and radial permeability values) for the 9 slices is found equal to which is nearly the same as the one found with the three cylindrical samples (see section IV.3.2). Moreover, permeabilities in both directions, longitudinal and radial, are found exactly equal. It means that the effect of drying shrinkage on the intrinsic permeability for those concrete slices (50 mm height, 110 mm diameter) is isotropic. However, the permeability tests performed on slices (40 mm height, 80 mm diameter) from the dog-bone samples have given an average intrinsic permeability of in the longitudinal direction and in the radial direction (see Table C-2 for intrinsic permeability values of the slices from dog-bone samples). Longitudinal permeability is found higher than the radial one, thus a slight anisotropy is found. It should be reminded that dying shrinkage has occurred on the whole dog-bone samples when they were subjected to the loadings during 14 days. As found in [START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF]], micro-cracks occur first preferentially along the direction that corresponds to the highest drying gradient (radial/transverse direction) induced by the sample/structure geometry (long dog-bone samples). In a second time, the opening, the length and the connectivity of the cracks become more important in the longitudinal direction and lead to an increase in the longitudinal intrinsic permeability. As for the radial permeability, micro-cracks do not completely cross the sample, which provides lower permeability in the radial direction compared to the longitudinal one. Nevertheless, this induced anisotropy remains relatively slight.

IV.4.4 Effect of traction creep on concrete intrinsic permeability

To study the effect of traction creep subjected alone on concrete gas permeability (with no thermal loading), two dog-bone samples (6 slices in total for permeability tests) are conducted for traction test at 30% of the tensile strength of the material and room temperature (20°C). The tensile loading is maintained for two weeks for possible creep generation. Permeability measurements (see Table C-3 andTable C- 4) show an average intrinsic permeability of 7.12×10 -17 m² (6.02×10 -17 m² to 8.23×10 -17 m²) and 4.34×10 -17 m² (3.05×10 -17 m² to 6.35×10 -17 m²) in both longitudinal and radial directions respectively. The values are found very similar to the initial permeabilities in both directions for slices from dog-bone samples ( the anisotropy already seen for the unloaded dog-bone samples, it is caused by the drying due to structural hydric effect, see section IV. 4.3). This shows that there is no significant effect of traction creep at 30% the tensile strength on the intrinsic permeability of concrete. Indeed, many authors have already shown for quasi-static load that at 30% of the tensile strength and below, the intrinsic permeability of the material is almost unaltered [Hoseini et al. 2009]. In addition, this study has shown that the creep in traction at 30% of the tensile strength and 20° C for 14 days did not affect the initial intrinsic permeability in both directions. Therefore, one can conclude that traction creep at 30% the tensile strength for 14 days did not induce a permeability increase at 20°C for VeRCoRs concrete with respect to unloaded material.

IV.4.5 Effect of thermal loading on concrete longitudinal/radial intrinsic permeability

Effect of temperature on concrete residual intrinsic permeability in both directions, longitudinal and radial, is addressed in this subsection. Interest is given particularly to temperatures up to 180 °C, however temperature tests are carried up to 250 °C in order to get more data and finally find a correlation for the intrinsic permeability evolution with respect to temperature. This study is carried out on slices from cylindrical and dog-bone samples (see section IV.1.2, section IV.4.3 and section IV.4.2 for more details on the slices). For the slices from cylindrical samples, the average of the initial intrinsic permeability is found isotropic and equal to 2.93×10 -17 m². The evolutions of the normalized intrinsic permeability in both directions versus temperature are presented in Figure It shows that the concrete residual permeability increases exponentially with the increase of temperature. This result is in agreement with studies in [Bazant and Thonghutai 1978, Gawin et al. 2005, Choinska et al. 2007]. Furthermore, the results in Figure shows that normalized intrinsic permeabilities of those slices remain isotropic after temperature tests. It means that the thermal degradation in those slices is isotropic. It should be noted that at 180 °C the concrete longitudinal/radial intrinsic permeability has increased by a factor of around 5 and at 250 °C, it has increased of one order of magnitude with respect to the initial intrinsic permeability. One can notice that the intrinsic permeability dispersion in the longitudinal direction is more important than in the radial direction. This is actually due to the concrete compaction in slices that belong to the lower part of the samples, caused by gravitational forces, which leads to dispersion mainly in the intrinsic permeability in the longitudinal direction. An exponential fitting, valid in longitudinal and radial directions, is proposed:

(IV.4)
Where (m²) is the residual intrinsic permeability after cooling from temperature (°C) and is the intrinsic permeability at (80°C). The concrete parameter is found equal to 0.0158 . The parameter found in this study is very comparable to the ones found in the study of temperature effect on intrinsic permeability of high performance concretes (HPCs) at elevated temperatures (200 °C to 700°C) [START_REF] Gawin | Effect of damage on permeability and hygro-thermel behaviour of HPCs at elevated temperatures: Part 1. Experimental results[END_REF]]. The parameters found in [START_REF] Gawin | Effect of damage on permeability and hygro-thermel behaviour of HPCs at elevated temperatures: Part 1. Experimental results[END_REF] for C60, C60 SF, C70 and C90 are equal to 0.0144 , 0.012 , 0.011 and 0.02 respectively. As for the Klinkenberg's coefficient, the average of the initial coefficient is found equal to (see Table C-6 for values for the Klinkenberg's coefficients). Initially, although the intrinsic permeability is isotropic, the Klinkenberg's coefficient in the longitudinal direction is higher than the one in the radial direction by a factor nearly equal to 1.5 for unclear reasons (see Figure . Nevertheless, with the temperature increase, Figure shows that the Klinkenberg's coefficient becomes similar in both directions. Moreover, it shows that the concrete Klinkenberg's coefficient decreases exponentially with the increase of temperature which is in agreement with the study in [Choinska 2007]. Similar to the intrinsic permeability evolution, an exponential fitting is proposed to relate the evolution of the Klinkenberg's coefficient with respect to temperature:

(IV.5)
Where (Pa) is the residual Klinkenberg's coefficient after cooling from temperature (°C) and is the Klinkenberg coefficient at (80°C). The VeRCoRs concrete parameter is found equal to . 

IV.4.6 Induced anisotropic permeability due to coupled effect of temperature and traction creep

The coupled effect of traction creep (30% of the tensile strength) and temperature (100 °C and 180 °C), applied for two weeks, on longitudinal/radial intrinsic permeability of concrete is presented in this section. This study is performed on four dog-bone samples (two samples per temperature). After the creep and temperature tests were applied on the dog-bone samples, the effective parts of the samples were sliced into three slices (40 mm height, 80 mm diameter) each for permeability measurements (see section IV.1.2 for more details on specimens and loadings). It should be reminded that the initial intrinsic permeability of the material in this case is not isotropic (see section IV.4.3). Thus, to better compare the permeability evolutions in both directions, the normalized intrinsic permeability with respect to intrinsic permeability at 80 °C is considered. Unfortunately, for practical reasons within the MaCEnA project, the initial intrinsic permeabilities for the samples that had undergone creep and temperature of 100°C or 180°C were not assessed before the application of loadings. However, three other sound dog-bone samples were used to determine the initial intrinsic permeability in both directions (see section IV.4.1). This procedure of normalization is certainly not perfect but allows us to better compare the intrinsic permeability evolutions in both directions. The evolution of the normalized intrinsic permeability (see Table C-4 and Table C-5 for intrinsic permeability values) in the longitudinal/radial direction versus temperature for concrete subjected to traction creep at 30 % of the tensile strength for 14 days is presented in Figure IV-19. As discussed in section 0, the traction creep at 30% of the tensile strength and 20°C has no significant effect on intrinsic permeability of concrete. The ratios in both directions with respect to the initial permeabilities are very close to 1. However, when the traction load and temperature are both applied, one can notice that the normalized radial permeability becomes significantly higher than the longitudinal one, especially at 180°C. It should be pointed out as well that for the same dog-bone sample (see Table IV -5) the permeabilities in the longitudinal direction are not much scattered. Whilst in the radial direction significant dispersion is noticed. This could be explained by the occurrence of one or more micro-cracks crossing a slice in the radial direction due to micro-cracks coalescence induced by the coupled effect of temperature and traction creep. Micro-cracks are generated by temperature and then propagated more importantly in the radial direction due to traction creep. For those particular slices, the normalized radial permeability could be higher than the normalized longitudinal one up to factor of 3.4 (see Table IV -5). It must be highlighted, that the maximum radial permeability that corresponds to one slice of one of the dog-bone specimens that were subjected to the coupled effect of temperature (180 °C) and traction creep (30 % the tensile strength, 14 days) is equal to . Whereas, the maximum radial permeability recorded for the slices from dog-bone samples that undergone only temperature (180 °C) is equal to with mentioning that the traction creep (30 % the tensile strength, 14 days) alone did not affect the concrete permeability. This clearly shows that there is a thermally activated creep that is developed which led to higher permeability in the radial direction. Further work could be dedicated to use experimental technics in order to observe the cracking pattern in the slices such as X-ray or neutrons tomography for instance. 

IV.5 Conclusions

This chapter aims at dealing with the effect of thermo-mechanical loadings and creep on VeRCoRs concrete radial/longitudinal intrinsic permeabilities. First, a study of the influence of the specimen length on its initial intrinsic permeability is successfully performed. It has shown that the average of the initial intrinsic permeability of cylindrical samples was found equal to whereas the one of the Klinkenberg's coefficient was found equal to . Moreover, the permeability measurements performed on slices down to a length of 25 slices from the same samples have shown that, from an engineering point of view, there is no significant influence of the concrete specimen length on its intrinsic permeability. In addition, an analysis performed on the slices of of length has shown that the slices which belong to the lower parts of the sample highlight higher longitudinal intrinsic permeabilities probably due to concrete compaction, segregation phenomenon and vibration of concrete when casting. Secondly, temperature up to 250 °C and/or traction creep at 30 % of the tensile strength effects on intrinsic permeability of concrete in both directions, longitudinal and radial, are analyzed. In this study, the samples are sliced to slices of 40-50 of length for the permeability tests. Initial intrinsic permeability of VeRCoRs concrete is found isotropic and equal to with the slices. In some cases, based on sample geometry, drying shrinkage may induce micro-cracks preferentially in a certain direction which induce permeability anisotropy. Nevertheless, this anisotropy of drying origin is relatively slight. Furthermore, traction creep at 30% of the tensile strength for 14 days did not induce a further permeability increase at 20°C compared to initial permeability. It was shown that the concrete intrinsic permeability (measured after cooling) increases exponentially with the increase of temperature and in an isotropic manner while the Klinkenberg's coefficient decreases exponentially. The parameters and for VeRCoRs concrete were determined after fitting exponential functions with experimental data. Finally, intrinsic permeability of sample under coupled effect of traction creep and temperature is found more significant in the radial direction. This could be explained by a localization of micro-cracks crossing a slice in the radial direction. Micro-cracks are generated by temperature and then propagated more importantly in the radial direction due to thermally activated traction creep. For those particular slices, the normalized radial permeability could be higher than the normalized longitudinal one up to a factor of 3.4. The intrinsic permeability in the radial direction in this case could reach a value of . Whereas for the slices from dog-bone samples that undergone only thermal loading, the maximum recorded radial permeability was found equal to . This clearly shows that there is a thermally activated creep that is developed which led to higher permeability only in the radial direction.

General conclusions

Two hydraulic models as post-treatment procedures based on a mechanical model for concrete structures are proposed. The mechanical model to describe the mechanical behavior is the Mazars' model which despite its simplicity is known for its efficiency to describe the concrete behavior. A newly non local approach called the stress based non local is integrated within the mechanical model to ensure firstly the objectivity of the solution toward different meshes and to provide secondly, localized strain and damage profiles upon failure. The first hydro-mechanical coupling consists of a semi-discrete approach. The following step, after solving the mechanical problem with the regularized damage model, is to find the crack path either using a topological search or the global tracking algorithm. Once the crack path is found, the Crack Opening Displacement (COD) can be computed along the discretized crack surface using a strong discontinuity method. In this framework, each damaged finite element of the crack path is represented as an equivalent porous medium with effective hydro-mechanical properties. The representation is done by means of the element crack opening. The final step is to prescribe the modified Poiseuille's law along the crack path taking into account the roughness, crack opening variation and tortuosity of the crack to estimate the leakage rate while imposing a pressure gradient in the crack surface. The second hydro-mechanical coupling consists of a fully continuous approach. In this case the semidiscrete analysis can be disregarded. It is based on a matching law between permeability of diffuse damage and modified Poiseuille's permeability for localized damage. Hereby, each element has effective hydro-mechanical properties based on its damage and strain. Similarly to the semi-discrete approach, the total flow rate can be computed by solving the hydraulic problem by imposing a pressure gradient in the volume.

The validation of the proposed models is performed on the experimental campaign that was performed in Nantes on gas conductivity measurement during the splitting test. After calibration of material model parameters on the global mechanical response, the stress based non local damage model describes accurately the global behavior of the specimen subjected to the splitting test. Furthermore, using the strong discontinuity method, crack opening displacement is calculated and found in agreement with experimental measurements. Thus, the proposed mechanical model is able not only to reproduce the global response but also provides good estimation of local quantities. Finally, the semidiscrete approach is based on a staggered algorithm which is simple and easy to implement. One can solve first the mechanical problem and then solve the hydraulic one. This model is validated by two different studies ( [Dufour 2007] and [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]) that emphasize again that the description of the crack opening field is the key issue for the prediction of the mean structural permeability. This thesis has presented equally a comparative study on permeability models that aim to predict concrete permeability under mechanical loading in a continuous framework. Two non-local regularization technics were retained and investigated hereby; the original NL and the stress based non local SBNL regularization technics. It is shown that the original NL regularization technique provides spurious diffused damage and strain profiles at failure. Consequently, less agreement is seen with the experimental global behavior at this phase. On the other hand, this spurious damage directly affects the result of the predicted permeability. With Poiseuille's permeability models presented here and the original non local, it was shown that the predicted permeability is underestimated due to a crack opening underestimation in the localized cracking regime (after split). Moreover, since damage is diffused with this regularization technique, the predicted permeability using damage based permeability models is overestimated. In contrary, the SBNL provides localized damage and strain profiles at failure (for damage equal to 1). This is more convenient and accurate to compute a crack opening. On one hand, the global mechanical behavior is better described with the latter technique after the total concrete split. On the other hand, the permeability prediction thanks to a modified Poiseuille's model based on crack opening calculated from strain parameter (MLStrain) is in good agreement with experimental data. However, it should be pointed out, that with elasto-damage models, numerical damage parameter is overestimated compared to macroscopic experimental damage since the former do not include the plastic strain in the material behavior. Consequently, the permeability calculated from the damage parameter could be overestimated. In addition, this permeability remains constant upon unloading since damage cannot decrease. Therefore, for the use of damage-permeability models, cyclic plastic-damageable models that take into account plastic strain and are able to describe the mechanical behavior during cyclic loadings are certainly needed. Moreover, it is shown that permeability models based on Poiseuille's permeability are better positioned compared to damagepermeability models after a macro-crack is formed since the latter are limited because of the damage limitation to one. Finally, mesh independent results are obtained with the proposed models. Consequently, if the global mechanical problem is well modelled, the hydraulic problem, based on local mechanical quantities, is completely predicted.

The numerical simulation of the hydro-mechanical behavior of the tie-beam test is successfully achieved using the proposed continuous approach. The tie-beam test is interesting since mode I multicracking occurs. The objective was to conduct a first tentative in order to study the feasibility of the continuous approach use with the focus on the permeability problem and not the mechanical one. The obtained global and local mechanical responses fit reasonably well with the experimental ones if the convenient behavior for the steel rebar-interface is chosen. The crack opening displacements for the three cracks are in the same order of magnitude compared to the experiment. Although agreement is found on the crack opening displacements, the water permeability estimated with the modified Poiseuille's laws, Rastiello's and the ones proposed in this thesis, overestimated the one measured in the experiment by at least one order of magnitude. Nevertheless, the water permeability evolution qualitatively is in agreement with the experiment. The possible reasons for this discrepancy were discussed. However, assuming that the only reason for this discrepancy is the wrong calibration of the parameters of the modified Poiseuille's law, the parameters are recalibrated to obtain the best fit.

Push-in tests are carried out up to complete crushing of concrete at the interface (displacement of ). Good repeatability of the mechanical behavior is obtained with three specimens. Original permeability tests are conducted using gas (nitrogen). The average of the initial intrinsic permeabilities for the three reinforced specimens is found equal to around with low dispersion (considering the percolation length equal to the effective interface length). The intrinsic permeability of the concrete without the reinforcement was evaluated thanks to radial permeability test. Its value was found equal to . This value is useful for the numerical simulation since it is needed for the initial local permeability of concrete. As push-in loading increase, the residual transfer properties increase up to a maximum factor of 3 at peak force with respect to the initial one in the prepeak phase. Regarding the Klinkenberg coefficient , which can be an indicator of the porous network fineness, it tends to decrease generally with the loading increase. Those tendencies might be attributed to the formation of conical cracks in the pre-peak phase which leads to global enlargement of the porous network. However, as those conical cracks are not interconnected, the permeability increase is not relatively significant. In the post-peak phase of the mechanical behavior, the hydraulic behavior is characterized at first by a decrease of the transfer properties with respect to the peak state. This decrease might be attributed to crack closure due to dilatancy of concrete and load decrease while shearing. This tendency is followed by an erratic hydraulic behavior during strength decrease in the post-peak phase; there is a competition between micro-cracking in the compression struts and phenomenon of dilatancy in mode II cracking. For displacement of around 45 , the transfer properties significantly increase due to concrete crushing in the shearing zone yielding a continuous porous path for leakage. Moreover, as the sliding of the steel rebar increases, the length of the porous path diminishes, i.e. the pressure gradient increases, yielding a continuous increase of the permeability. The flow regime in this case becomes turbulent. The hydraulic behavior ends up by a residual permeability of around ( where the residual strength tends to zero as the sliding of the steel rebar on concrete becomes frictionless and the porous path does not change anymore.

An attempt to numerically model the hydro-mechanical behavior of reinforced concrete undergoing shearing at the interface during a push-in test was carried out. The difficulty lays in correctly describing the mechanical response, where the failure is in Mode II and large displacements, mainly due to global slip of the steel rebar with respect to concrete, occur in the post-peak phase of the behavior. Moreover, it was shown that the significant increase of intrinsic conductivity in the postpeak phase is caused by the concrete crushing in the shearing zone yielding a continuous porous path for leakage. In other terms, there is a formation of mode II macro-crack with no clear crack opening. Therefore, it seems to be impossible with the classical finite elements, damage models and classical permeability models as Poiseuille's permeability to model this complex hydro-mechanical behavior. Nevertheless, an attempt to describe the mechanical behavior, mainly in the pre-peak phase and the beginning of the post-peak phase, using damage models is carried out. The objective is to numerically obtain damage fields which represent the cracking pattern obtained in the experiment, and to test the capacity and versatility of the proposed continuous approach to provide comparable results in terms of intrinsic permeability. The numerical simulation was able to represent the peak force on the global behavior but not the correct displacement of the rebar, namely the sliding. Locally, damage initiates at the top edge of the interface at force of 12

. As loading increases up to peak force, damage fields show propagation of 30 ° clockwise inclined cracks with respect to the steel rebar axis; their initiation takes place in the tensile zones in the vicinity of the ribs. Their number corresponds to the one of the ribs. Concerning the permeability estimation in the numerical simulation, the initial structural permeability of the whole specimen, determined numerically by considering the permeability of concrete equal to as found in the experiment, is found equal to which is almost the same as in the experiment ( , and for the three specimens). This means that the existence of the steel rebar did not significantly affect the permeability of concrete in the experiment. Finally, the evolutions of the normalized intrinsic permeability, obtained in the numerical simulation, compared to experimental results shows good agreement between the predicted permeability and the measured one in the pre-peak phase and the beginning of the post-peak phase. It must be pointed out that no fitting for the hydraulic problem is performed. As for the permeability increase that is caused by diffuse damage, same Picandet's parameters were used. This means that Picandet's model (parameters) is valid when diffuse damage occurs during push-in test. Finally, the matching law was able to provide comparable results in the beginning of the post-peak phase.

The last chapter dealt with the effect of thermo-mechanical loadings and creep on VeRCoRs concrete radial/longitudinal intrinsic permeabilities. First, a study of the influence of the specimen length on its initial intrinsic permeability is successfully performed. It was found that the average of the initial intrinsic permeability of cylindrical samples was found equal to whereas the one of the Klinkenberg's coefficient was found equal to . Moreover, the permeability measurements performed on slices down to a length of 25 slices from the same samples have shown that, from an engineering point of view, there is no significant influence of the concrete specimen length on its intrinsic permeability. In addition, an analysis performed on the slices of of length has shown that the slices which belong to the lower parts of the sample highlight higher longitudinal intrinsic permeabilities probably due to concrete compaction, segregation phenomenon and vibration of concrete when casting. Secondly, temperature up to 250 °C and/or traction creep at 30 % of the tensile strength effects on intrinsic permeability of concrete in both directions, longitudinal and radial, are analyzed. In this study, the samples are cut into slices of 40-50 of length for the permeability tests. Initial intrinsic permeability of VeRCoRs concrete is found isotropic and equal to with the slices. In some cases, based on sample geometry, drying shrinkage may induce micro-cracks preferentially in a certain direction which induce permeability anisotropy. Nevertheless, this anisotropy of drying origin is relatively slight. Furthermore, traction creep at 30% of the tensile strength for 14 days did not induce a further permeability increase at 20°C compared to initial permeability. It was shown that the concrete intrinsic permeability (measured after cooling) increases exponentially with the increase of temperature and in an isotropic manner while the Klinkenberg's coefficient decreases exponentially. The parameters and for VeRCoRs concrete were determined after fitting exponential functions with experimental data. Finally, intrinsic permeability of sample under coupled effect of traction creep and temperature is found more significant in the radial direction. This could be explained by a localization of micro-cracks crossing a slice in the radial direction. Micro-cracks are generated by temperature and then propagated more importantly in the radial direction due to thermally activated traction creep. For those particular slices, the normalized radial permeability could be higher than the normalized longitudinal one up to a factor of 3.4. The intrinsic permeability in the radial direction in this case could reach a value of . Whereas for the slices from dog-bone samples that undergone only thermal loading, the maximum recorded radial permeability was found equal to . This clearly shows that there is a thermally activated creep that is developed which led to higher permeability only in the radial direction. dedicated to use experimental technics in order to observe the cracking pattern in the slices such as X-ray or neutrons tomography for instance.  Characterization of concrete permeability due to coupled effect of temperature and compressive creep (the rest of the specimens in the project MACENA).

This thesis has dealt with the hydro-mechanical couplings for leakage estimation in concrete structures. Many perspectives can be drawn hereby:

 Regarding the proposed continuous approach, it would be interesting to disregard the damage parameter in the approach since in most damage models, damage cannot decrease upon unloading and is limited to the value 1. For localized cracking regime, this was achieved in this thesis. Nevertheless, for diffuse cracking regime and transition between diffuse and localized regime (weights in the matching law), future work must be dedicated to replace the damage variable by the convenient strain parameter.  The two permeability approaches are developed for mode I cracking. However, it would be significant to develop permeability models for mode II failure where sliding is important.  The proposed models provide the intrinsic permeability and not the apparent one that is pressure dependent. In real concrete structures, the permeability is rather apparent and pressure dependent. Therefore, an additional ingredient must be included in the models so that the apparent permeability can be estimated. One simplistic solution, if the regime laminar, is to collect from experiments data on the Klinkenberg's cofficient for different type of loadings and to use the approach of Klinkenberg to determine the apparent permeability from the intrinsic one. When the regime is turbulent, similar methodology can be adopted using Forchheimer's coefficient.  Since the nuclear containment is made of pre-stressed concrete, it seems necessary to include in the numerical analysis, not only the passive reinforcement (steel reinforcement), but the presence of active reinforcements (tendons) as well. A possibility is to simulate the PACE-1450 test campaign, in which leakage behavior of a pre-stressed concrete containment wall segment is studied. Hereby, leakage measurements using dry cold air, dry hot air and hot airsteam mixture are undergoing. This will provide more insights on the influence of the fluid conditions (temperature, type) on leakage rate. Especially that condensation phenomenon might occur, leading to decrease in leakage rate. Based on the results of this campaign, it is necessary to take into account such phenomenon in the numerical models.

Finally, the pre-stressed concrete containment vessel of a nuclear power plant during a severe accident is a very complex problem. Many points were not dealt with during this PhD but seem to be essential, one can mention:

 Numerical modelling of coupling between temperature (damage of thermal degradation origin for instance) and leakage rate.  Numerical modelling of coupling between mechanical creep and leakage rate.  Numerical modelling of coupling between mechanical creep, temperature effect and leakage rate.

Re sume en Français

Contexte industriel

L'enceinte de confinement en béton précontrainte d'une centrale nucléaire est la troisième et dernière barrière d'étanchéité à l'égard de l'environnement. Elle joue donc un rôle crucial pour limiter la dispersion des radionucléides dans l'environnement en cas de rupture des deux premières barrières (la gaine de combustible et le système de refroidissement primaire). L'accident de la centrale nucléaire de Fukushima-Daïchi a rappelé l'importance de l'enceinte de confinement. [START_REF] Granger | Mechanical and leakrate predictions for nuclear power plant containments in accidental conditions[END_REF]]. Complémentairement au programme d'EDF, le projet MACENA vise à faire des progrès significatifs dans la compréhension et la modélisation du comportement de l'enceinte en béton précontraint en cas d'accident grave. Le projet est proposé dans le cadre de l'appel à propositions sur la sûreté nucléaire et la radioprotection, qui vise à renforcer la recherche dans ces domaines pour les centrales nucléaires existantes ou planifiées. Elle correspond plus spécifiquement à la modélisation du comportement des installations en cas d'accident grave.

Projet Macena

Cette thèse est financée par l'ANR (Association Nationale de Recherche) et fait partie du projet MACENA. Le projet MACENA (MAitrise du Confinement d'une Enceinte en Accident -Evaluation du confinement d'un navire lors d'un accident) traite principalement de la modélisation du comportement des installations lors de l'Accident -Sévère/grave (SA). MACENA se focalise en particulier sur le comportement de l'enceinte en béton précontraint qui constitue la troisième et dernière barrière pour certaines centrales nucléaires. Dans ce projet, l'accident grave (SA) est défini par une pression interne de 5 bars, une température de mélange vapeur-gaz de 180 ° C maintenue pendant 2 semaines. L'intégrité de la structure est garantie puisque la pression est inférieure à la pression de conception. Cependant, certaines questions se posent concernant l'étanchéité de l'enceinte en béton, principalement pour le type de centrale nucléaire de 1300 MW et N4, où le confinement est assuré par le récipient intérieur en béton précontraint. Cette thèse porte sur les propriétés de transfert du béton lors d'un accident grave. Il fait partie du WP3 du projet MACENA. Deux tâches principales sont traitées ici. La première tâche de la tâche 1 concerne la mesure expérimentale du transfert de fluide pendant le chargement de SA. La seconde tâche 2 concerne la prévision du transfert de fluide pendant le chargement de l'accident. Une forte interaction existe entre WP2 et WP3. Les spécimens qui ont subi des charges hygro-thermomécaniques dans WP2 seront dans une deuxième étape fournie à WP3 pour l'évaluation des propriétés de transfert. Les deux WP2 et WP3 sont consacrés à l'amélioration des modèles constitutifs à partir des résultats matériels expérimentaux obtenus dans MACENA et suivis de leur mise en oeuvre en codes d'éléments finis (par exemple Cast3M et Code_Aster développés par CEA et EDF respectivement) Contre les structures à échelle de laboratoire.

Challenges

Bien que de nombreuses études aient été menées pour étudier l'influence des chargements hygrothermo-mécaniques et du fluage sur le béton, jusqu'à ce jour, l'effet de la température jusqu'à 180 ° C et / ou du fluage sur la perméabilité du béton n'est pas encore très bien compris. Des études ont montré qu'il y a un effet couplé de la température et du fluage mécanique (fluage thermiquement activé) sur le béton. Mais la question est, est-il un effet couplé sur la perméabilité du béton? En outre, des modèles numériques pour prédire le taux de fuite pour les grandes structures sont encore nécessaires. À ce jour, il n'existe pas une modèle unique de perméabilité qui soit capable d'estimer correctement la perméabilité pour différents types d'endommagements, diffus, localisés et pendant la transition entre les deux types. De plus, certains modèles de perméabilité ont été validés pour des cas spécifiques où se produit de la micro-fissuration isotrope ou d'une seule macro-fissure localisé dans le béton, et sans prendre en compte la présence de l'acier. Cependant, l'enceinte nucléaire pendant un accident grave est un problème beaucoup plus complexe où des fissures multiples pourraient se produire et où le renforcement de l'acier pourrait jouer un rôle important. Par conséquent, il est essentiel d'étendre la validation de ces modèles à des cas plus complexes où des fissures multiples se produisent et où il s'agit de l'acier.

Objectives et méthodologie

Les objectifs de cette thèse peuvent se résumer en deux tâches:  Influence des chargements thermomécaniques retardés sur la perméabilité du béton par des mesures expérimentales.  Développement d'outils numériques pour prédire les fuites à travers le béton (matériau microfissuré et macro-fissuré)

Pour la première tâche, un dispositif de perméabilité a été développé, construit et validé au laboratoire 3SR pendant cette thèse. Il convient de noter que cette étude est limitée aux échantillons de béton sec et aux mesures de perméabilité résiduelle. Tous les échantillons sont séchés à 80 ° C jusqu'à leur stabilisation en masse avant les tests de perméabilité. En outre, tous les tests de perméabilité sont effectués en utilisant de l'azote, étant donné sa propriété inerte vis-à-vis du béton. Nous notons que notre intervention réside dans la réalisation de l'analyse de perméabilité sur les éprouvettes de béton endommagés qui ont subis des chargements thermo-mécaniques/fluage et réalisé dans WP2 du projet MACENA. L'étape suivante consistait à développer des outils numériques pour prédire la perméabilité du béton sur la base de ces derniers tests. Malheureusement, il y a eu un retard significatif dans le WP2 du projet MACENA sur la réalisation des essais thermo-mécaniques/fluage et par conséquent nous avons décidé de développer les outils numériques basés sur d'autres tests expérimentaux réalisés dans notre laboratoire et d'autres qui existent dans la littérature. L'une des études expérimentales qui ont été menées dans notre laboratoire 3SR, concerne l'évolution de la conductivité des gaz de l'interface acier-béton armé au cours de sa dégradation due aux contraintes de cisaillement (test pushin). Une première tentative de prédiction de la conductivité à gaz de l'interface est réalisée. De plus, en raison du retard, certains spécimens n'ont pas été envoyés pendant cette thèse, à savoir ceux qui ont subi de fluage en compression à différentes températures. Cela peut expliquer de temps à autre que les résultats de la campagne expérimentale ne sont pas optimaux puisque certains d'entre eux sont manquants mais seront abordés dans les prochains mois. En ce qui concerne le couplage hydro-mécanique, des modèles principalement dans un cadre continu seront considérés. Les couplages hydro-mécanique proposés sont validés par des tests de fendage 3D et leurs applications sont ensuite étendues à deux études de cas: l'essai 'push in' et l'essai tirant. Ce dernier est une étape intermédiaire pour valider / étendre leurs applications à de grandes structures en béton armé.

Résultats et conclusions générales

Deux modèles hydrauliques sont proposés en tant que procédures de post-traitement basées sur un modèle mécanique d'endommagement pour les structures en béton. Le modèle mécanique pour décrire le comportement mécanique est le modèle de Mazars qui, malgré sa simplicité, est connu pour son efficacité pour décrire le comportement mécanique du béton. Une approche non locale améliorée appelée non locale basée à l'état de contrainte est intégrée dans le modèle mécanique pour assurer d'abord l'objectivité de la solution vis-à-vis de différentes maillages et pour fournir en second lieu des profils de déformation et d'endommagement localisés lors de rupture complet.

Le premier couplage hydro-mécanique consiste d'une approche semi-discrète. L'étape suivante, après avoir résolu le problème mécanique avec le modèle d'endommagement régularisé, consiste à trouver le chemin de fissure soit en utilisant une recherche topologique ou l'algorithme de suivi global. Une fois le chemin de fissure trouvé, l'ouverture de fissure peut être calculé le long de la surface de fissuration discrétisée en utilisant une méthode de discontinuité forte. Dans ce cadre, chaque élément fini endommagé appartenant au chemin de la fissure est représenté par un milieu poreux équivalent ayant des propriétés hydro-mécaniques efficaces. La représentation est basée principalement sur l'ouverture de fissure de l'élément. L'étape finale consiste à prescrire la loi de Poiseuille modifiée le long du chemin de la fissure en tenant compte de la rugosité, de la bifurcation et de la tortuosité de la fissure pour estimer le taux de fuite tout en imposant un gradient de pression dans la surface de fissure. La simulation numérique du comportement hydro-mécanique de l'essai tirant est réalisée en utilisant l'approche continue proposée. Cet essai est intéressant puisque des fissures multiples en mode I se produisent. L'objectif était d'effectuer une première tentative afin d'étudier la versatilité de l'approche continu en mettant l'accent sur le problème de perméabilité et non pas sur le problème mécanique. Les réponses mécaniques globales et locales obtenues s'accordent assez bien avec celles expérimentales si l'on choisit le comportement convenable pour l'interface acier-béton. Les ouvertures des fissures pour les trois fissures sont dans le même ordre de grandeur par rapport à l'expérience. Bien que l'on trouve une concordance sur les ouvertures des fissures, la perméabilité à l'eau estimée avec les lois de Poiseuille modifiées, celles de Rastiello et celles proposées dans cette thèse, a surestimé celle mesurée dans l'expérience par au moins d'un ordre de grandeur. Néanmoins, l'évolution de la perméabilité à l'eau qualitativement est en accord avec l'expérience. Les raisons possibles de ce désaccord ont été discutées. Cependant, en supposant que la seule raison de ce désaccord est le mauvais calibrage des paramètres de la loi de Poiseuille modifiée, les paramètres sont recalibrés pour obtenir le meilleur ajustement.

Des essais mécaniques de type 'push-in' avec des mesures des propriétés de transfert résiduelles (perméabilité résiduelle) sont effectués jusqu'à l'écrasement complet du béton au niveau de l'interface acier-béton (jusqu'au des déplacements de 70 mm). Une bonne répétabilité du comportement hydromécanique est obtenue avec trois échantillons. Les essais de mesure du débit de fuite/perméabilité sont réalisés à l'aide de gaz (azote). La moyenne des perméabilités intrinsèques initiales pour les trois échantillons (avec l'armature d'acier) est égale à environ avec une faible dispersion (en considérant la longueur de percolation égale à la longueur effective de l'interface, qui est égale à 7

). La perméabilité intrinsèque du béton sans l'armature d'acier a été évaluée grâce à un test de perméabilité radiale. Sa valeur a été trouvée égale à . Cette valeur doit être attribuée à la perméabilité initiale du béton dans la simulation numérique. Au fur et à mesure que le chargement par poussée de l'armature augmente, les propriétés de transfert résiduelles augmentent jusqu'à un facteur maximum de 3 au pic de force par rapport à la valeur initiale dans la phase de pré-pic. En ce qui concerne le coefficient de Klinkenberg , qui peut être un indicateur de la finesse du réseau poreux, il tend à diminuer généralement avec l'augmentation du chargement. Ces tendances pourraient être attribuées à la formation de fissures coniques dans la phase pré-pic qui conduit à l'élargissement global du réseau poreux. Cependant, comme ces fissures coniques ne sont pas interconnectées, l'augmentation de perméabilité n'est pas relativement importante.

Dans la phase post-pic du comportement mécanique, le comportement hydraulique est caractérisé d'abord par une diminution des propriétés de transfert par rapport à l'état de pic. Cette diminution pourrait être attribuée à la ré-fermeture des fissures due à la dilatance du béton et à la diminution de la force pendant le cisaillement. Cette tendance est suivie d'un comportement hydraulique erratique lors de la diminution de la force dans la phase post-pic; Il existe d'une compétition entre la microfissuration dans les bielles de compression et le phénomène de dilatance lors de la fissuration en mode II. Pour un déplacement d'environ 45 mm, les propriétés de transfert augmentent de façon significative en raison de l'écrasement du béton dans la zone de cisaillement, donnant un chemin poreux continu pour la fuite. De plus, lorsque le glissement de l'armature d'acier augmente, la longueur du trajet poreux diminue, c'est-à-dire que le gradient de pression augmente, ce qui augmente encore la perméabilité. Dans ce cas-là, le régime d'écoulement devient turbulent. Le comportement hydraulique se termine par une perméabilité résiduelle d'environ ( ) où la résistance résiduelle tend à zéro lorsque le glissement de l'armature d'acier sur le béton devient sans frottement et le chemin poreux ne change plus.

Une tentative de simulation numérique du comportement hydro-mécanique d'un échantillon en béton armé soumis à des contraintes de cisaillement au niveau de l'interface au cours d'un essai type 'Pushin' a été effectuée. La difficulté réside dans la description correcte de la réponse mécanique, où la rupture est en mode I et II et des grands déplacements, principalement dû au glissement global de l'armature d'acier par rapport au béton, se produisent dans la phase post-pic du comportement. De plus, il a été montré que l'augmentation significative des propriétés de transfert dans la phase post-pic est provoquée par l'écrasement du béton dans la zone de cisaillement donnant un chemin poreux continu pour la fuite. En d'autres termes, il existe d'une macro-fissure en mode II sans ouverture de fissure claire. Par conséquent, il semble impossible avec la méthode d'éléments finis classiques, les modèles d'endommagements et les modèles classiques de perméabilité comme la perméabilité de Poiseuille, de modéliser ce comportement hydro-mécanique complexe. Néanmoins, une tentative de décrire le comportement mécanique, principalement dans la phase pré-pic et le début de la phase post-pic, en utilisant des modèles d'endommagement est effectuée. L'objectif est d'obtenir numériquement des champs d'endommagement qui représentent le profil de fissuration obtenu dans l'expérience et de tester la capacité et la versatilité de l'approche continue proposée pour fournir des résultats comparables en termes de propriétés de transfert. La simulation numérique a été capable de représenter la force au pic sur le comportement global, mais pas le déplacement correct de l'armature, à savoir le glissement. Localement, les endommagements commencent au bord supérieur de l'interface à la force de 12

. Au fur et à mesure que le chargement augmente et jusqu'à la force maximale, les champs d'endommagements montrent une propagation de fissures inclinées de 30 ° dans le sens des aiguilles d'une montre par rapport à l'axe d'armature d'acier; Leur initiation s'effectue dans les zones de traction au voisinage des nervures. Leur nombre correspond à celui des nervures. En ce qui concerne l'estimation de la perméabilité dans la simulation numérique, la perméabilité structurelle initiale de l'ensemble de l'échantillon, déterminée numériquement en considérant la perméabilité du béton égale à telle que trouvée dans l'expérience, est égale à ce qui est presque le même que dans l'expérience ( , et pour les trois échantillons). Cela signifie que l'existence de l'armature d'acier n'a pas affecté de manière significative la perméabilité du béton dans l'expérience. Enfin, les évolutions de la perméabilité intrinsèque normalisée, obtenues dans la simulation numérique par rapport aux résultats expérimentaux, montrent un bon accord entre la perméabilité prédite et la perméabilité mesurée dans la phase pré-pic et le début de la phase post-pic. Il est à noter qu'aucune calibration des paramètres des modèles de perméabilités n'est réalisée. Quant à l'augmentation de la perméabilité causée par des endommagements diffus, les mêmes paramètres de Picandet ont été utilisés. Cela signifie que le modèle de Picandet (paramètres) est valable lorsque des endommagements diffus surviennent lors du test push-in. Enfin, la loi de raccordement a été en mesure de fournir des résultats comparables au début de la phase post-pic.

Le dernier chapitre a traité l'effet des chargements thermo-mécaniques et du fluage sur les perméabilités intrinsèques radiales / longitudinales du béton de VeRCoRs. Premièrement, une étude de l'influence de la longueur de l'échantillon sur sa perméabilité intrinsèque initiale est réalisée. On a trouvé que la moyenne de la perméabilité intrinsèque initiale des échantillons cylindriques de a été trouvée égale à alors que celle du coefficient de Klinkenberg a été trouvée égale à . De plus, les mesures de perméabilité effectuées sur des tranches jusqu'à une longueur de tranches de 25 mm provenant des mêmes échantillons ont montré que, d'un point de vue d'ingénieur, il n'y a pas d'influence significative de la longueur de l'échantillon de béton sur sa perméabilité intrinsèque. De plus, une analyse effectuée sur les tranches de 25 mm de longueur a montré que les tranches qui appartiennent aux parties inférieures de l'échantillon mettent en évidence des perméabilités intrinsèques longitudinales supérieures probablement dues au compactage du béton, au phénomène de ségrégation et à la vibration du béton lors de la coulée. Deuxièmement, on analyse l'effet de la température jusqu'à 250 ° C et/ou le fluage en traction à 30% la résistance à la traction sur la perméabilité intrinsèque du béton dans les deux directions, longitudinale et radiale. Dans cette étude, les échantillons sont coupés en tranches de 40-50 mm de longueur pour les tests de perméabilité. La perméabilité intrinsèque initiale du béton de VeRCoRs est isotrope et égale à avec les tranches de 50 . Dans certains cas, sur la base de la géométrie de l'échantillon, le retrait par séchage peut induire des microfissures préférentiellement dans une certaine direction qui induisent une anisotropie de perméabilité. Néanmoins, cette anisotropie d'origine de séchage est relativement faible. En outre, le fluage de traction à 30% de la résistance à la traction pendant 14 jours n'a pas induit une augmentation supplémentaire de la perméabilité à 20 ° C par rapport à la perméabilité initiale. Il a été montré que la perméabilité intrinsèque du béton (mesurée après refroidissement) augmente exponentiellement avec l'augmentation de la température et d'une manière isotrope, tandis que le coefficient de Klinkenberg diminue exponentiellement. Les paramètres et pour le béton VeRCoRs ont été déterminés après ajustement de fonctions exponentielles avec des données expérimentales. Enfin, la perméabilité intrinsèque de l'échantillon sous l'effet couplé du fluage de traction et de la température se trouve plus significative dans la direction radiale. Cela pourrait s'expliquer par une orientation préférentielle des micro-fissures traversant une ou plusieurs tranches dans la direction radiale. Les micro-fissures sont générées par la température et se propagent ensuite plus important dans la direction radiale en raison du fluage par traction. Pour ces tranches particulières, la perméabilité radiale normalisée pourrait être supérieure à celle longitudinale jusqu'à un facteur de . La perméabilité intrinsèque dans la direction radiale dans ce cas pourrait atteindre une valeur de . Alors que pour les tranches provenant d'échantillons en forme de diabolo qui ont subi seulement un chargement thermique, la perméabilité radiale maximale enregistrée a été trouvée égale à . Ceci montre clairement qu'il existe un effet couplé de la température et du fluage en traction qui est développé ce qui conduit à une perméabilité plus importante uniquement dans la direction radiale.

Perspectives

Cette thèse a donné lieu à des résultats intéressants et originaux. Néanmoins, de nombreuses perspectives se posent sur les études menées dans cette thèse. Sur le plan expérimental, de nombreuses recherches doivent être menées pour éclaircir certains points encore inconnus et de nombreuses expériences sont encore nécessaires pour fournir des informations sur certains aspects physiques:  Il existe encore une ambiguïté quant à la loi de Poiseuille modifiée. D'une part, pour une seule fissure dans un essai de fendage par exemple, il reste un manque de données sur les mesures de perméabilité et l'évaluation de l'ouverture des fissures lorsque les dernières sont supérieures à 100 microns. Donc, le facteur de réduction de la loi de Poiseuille modifiée dans cette plage n'est pas encore clairement défini. Par conséquent, les mesures de perméabilité sont nécessaires pour définir le facteur de réduction dans la loi de Poiseuille modifiée dans cette plage. D'autre part, il a été montré avec l'essai tirant, où la multi-fissuration en mode I se produit, que même si les ouvertures de fissure estimées étaient en accord avec celles de l'expérience, la perméabilité en utilisant la loi modifiée de Poiseuille existant a été surestimée par un au moins un ordre de grandeur. Afin d'éclaircir l'origine de cet écart, il serait utile de réaliser des essais type tirant où des mesures de perméabilité aux gaz et de l'évaluation des ouvertures de fissures sont effectuées en même temps et sur le même échantillon.  Toutes les mesures de perméabilité réalisées au cours de cette thèse et principalement dans la littérature sont réalisées avec du gaz sec (azote sec par exemple). Cependant, dans un scénario d'accident grave, le fluide est de l'air plutôt chaud ou même du mélange air-vapeur. Il serait donc important de réaliser des tests de perméabilité avec d'air chaud ou de mélange air-vapeur, lors d'un montage de fendage par exemple, pour étudier les influences sur le débit et l'effet d'éventuels phénomènes de condensation lors de l'utilisation du mélange air-vapeur.  Pour des raisons pratiques, les mesures de perméabilité résiduelle sont généralement effectuées (à l'état déchargé après avoir être chargé). Il est déjà montré dans la littérature que, lorsque le matériau est en compression, au voisinage du pic de force, la perméabilité sous charge est plus élevée d'un facteur d'environ 2 par rapport à la perméabilité résiduelle. Par conséquent, il serait préférable de réaliser les mesures de perméabilité sous charge. Surtout lorsque le déchargement a tendance à refermer les fissures ouvertes, ce qui est le cas par exemple de l'essai push-in.  Il existe peu de données sur l'évolution du coefficient de Klinkenberg sous différents types de chargements dans la littérature. La connaissance de ce coefficient est essentielle pour calculer numériquement la perméabilité apparente si la perméabilité intrinsèque est connue. Par exemple, il a été montré que le coefficient de Klinkenberg diminue exponentiellement par rapport à la température grâce aux expériences. Néanmoins, son évolution due aux effets des chargements thermomécaniques et du fluage est encore une question ouverte et doit être abordée.  Pour des ouvertures de fissures importantes dans le béton (au-dessus de 100 microns), le régime d'écoulement du gaz pourra devenir turbulent comme le montre le test de fendage dans la littérature. Par conséquent, il est nécessaire de prendre en compte dans les modèles de perméabilité existants les effets inertiels; Sinon, le débit de fuite numériquement prédit sera surestimé.  En ce qui concerne les tranches soumises à de micro-fissuration possiblement interconnecté dues à l'effet couplé de la température et du fluage de traction, des travaux ultérieurs pourraient être consacrés à l'utilisation de techniques expérimentales pour observer les champs de fissuration dans les tranches, par exemple avec la technique de tomographie par rayons X ou par neutrons.

 Caractérisation de la perméabilité du béton due à l'effet couplé de la température et du fluage en compression (le reste des spécimens dans le projet MACENA).

Cette thèse a porté sur les couplages hydro-mécaniques pour l'estimation des débits de fuite dans les structures en béton/béton armé. De nombreuses perspectives peuvent être tirées par les présentes:

 En ce qui concerne l'approche continue proposée, il serait intéressant de remplacer le paramètre d'endommagement dans l'approche puisque dans la plupart des modèles d'endommagements, l'endommagement ne peut pas diminuer lors du déchargement et est limité à la valeur 1. Pour le régime localisé de craquage, Ceci a été réalisé dans cette thèse pour le régime de localisation de la fissure. Néanmoins, pour le régime de fissuration diffuse et la transition entre le régime diffus et le régime localisé (les fonctions poids dans la loi de raccordement), les travaux futurs doivent être consacrés à remplacer la variable d'endommagement par un paramètre convenable de déformation.  Les deux approches de perméabilité sont développées pour la fissuration du mode I.

Cependant, il serait important de développer des modèles de perméabilité pour des ruptures en mode II où le glissement pourra être important.  Les modèles proposés fournissent la perméabilité intrinsèque et non pas l'apparente qui est dépendante de la pression du gaz. Dans les vraies structures en béton armée, la perméabilité est plutôt apparente et dépendante de la pression. Par conséquent, un ingrédient supplémentaire doit être inclus dans les modèles de sorte que la perméabilité apparente peut être estimée. Une solution simpliste, si le régime laminaire, est de recueillir des données d'expériences sur le coefficient de Klinkenberg pour différents types de chargements et d'utiliser l'approche de Klinkenberg pour déterminer la perméabilité apparente à partir de l'intrinsèque. Lorsque le régime est turbulent, une méthodologie similaire peut être adoptée en s'appuyant sur l'approche de Forchheimer.  Étant donné que l'enceinte de confinement nucléaire est constituée de béton précontraint, il semble nécessaire d'inclure dans l'analyse numérique non seulement le renforcement passif (armature d'acier) mais aussi la présence de renforts actifs (tendons). Une possibilité est de simuler la campagne d'essai PACE-1450, dans laquelle le comportement hydro-mécanique d'un segment de paroi d'une enceinte de confinement en béton précontraint est étudié. De ce fait, des mesures de fuite utilisant de l'air froid sec, de l'air chaud sec et du mélange air-vapeur chaud sont en cours. Cela permettra de mieux comprendre l'influence des conditions de fluide (température, type) sur le taux de fuite. Surtout, que le phénomène de condensation peut se produire, entraînant une diminution du taux de fuite. Sur la base des résultats de cette campagne, il est nécessaire de prendre en compte ce phénomène dans les modèles numériques.

Enfin, l'enceinte de confinement en béton précontraint d'une centrale nucléaire lors d'un accident grave est un problème très complexe. De nombreux points n'ont pas été abordés au cours de cette thèse mais semblent essentiels, on peut citer: 
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  Figure I-2 (a) shows the observed crack pattern on the exposed surface of the sample after drying. The pattern is characterized by triple branching morphology and is shrinkage-induced microcracking type [Bishop and Wittel 2011]. Nevertheless, the morphology of micro-cracks is very different in the cross section (see Figure I-2 (b)). Unlike on the exposed surface, micro-cracks show low tendency for branching. They actually extend to significant depths below the exposed surface and their morphology is influenced by the aggregates. Their average orientation is almost perpendicular to the exposed surface unaffected by the drying regime or the ratio (see Figure I-3 (a)).

Figure I- 2 :

 2 Figure I-2 : Crack pattern observed on the (a) exposed surface of epoxy impregnated samples after drying (b) cross-section, micro-cracks propagate to the interior and their propagation is influenced by the aggregates [Wu et al. 2015].

  (see Figure I-4).

Figure I- 3 :

 3 Figure I-3 : (a) Average micro-crack orientation (b) Average micro-crack density increases with temperature [Wu et al. 2015].

Figure I- 4 :

 4 Figure I-4 : Effect of inclusion size on the crack pattern under drying and orientation of micro-cracks induced by 10% (White), 20% (Grey), 30% (Black) drying [Bisschop and van Mier 2002b]
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 1132 Figure I-5 : Evolution of thermal strain of (a) cement paste (b) aggregates versus temperature[Diederichs et al. 1989, Bazant andKaplan 1996].

Figure I- 7 :

 7 Figure I-7 : Pore size distribution in ordinary mortar depending on the temperature (a) according to[START_REF] Diederichs | Analysis of thermal, hydrothermal and mechanical stresses of concrete by mercury porosimetry and nitrogen-sorption[END_REF]] (b) according to[START_REF] Vodak | The effect of temperature on strength-porosity relationship for concrete[END_REF]].

Figure I- 8 :

 8 Figure I-8 : Typical concrete behavior in compression when controlled by strain [Choinska 2006].

Figure I- 11 :

 11 Figure I-11 : Typical concrete behavior in direct tension when controlled by strain [Terrien 1980].

Figure I- 12 :

 12 Figure I-12 : Classical method to the mechanical control of the splitting test and to the crack opening assessment at specimen mid-height [Djerbi 2007, Picandet et al. 2009].

Figure I- 13 :

 13 Figure I-13 : Concrete global behavior under splitting test [Picandet 2001].

Figure I- 14 :

 14 Figure I-14 : Crack opening evolution cartography during a splitting test controlled by the lateral displacement [Picandet 2001].

Figure I- 15

 15 Figure I-15 : (a) Three points bending test (b) the corresponding global behavior [Tran 2009].

Figure I- 16 :

 16 Figure I-16 : Risk of leakage due to concrete-steel rebar interface degradation.

Figure I- 17 :

 17 Figure I-17 : Tests to characterize concrete-rebar interface (a) Pull out test (b) Push in test (c) Tie beam test [Tixier 2013].

Figure I- 18 :

 18 Figure I-18 : First phase of the steel rebar-concrete interface behavior in the pre-peak phase [Dominguez 2005].

Figure I- 19 :

 19 Figure I-19 : Representation of non-linear phenomena preceding the peak [Tixier 2013].

Figure I- 20 :

 20 Figure I-20 : Second phase of the steel rebar-concrete interface behavior in the pre-peak phase [Dominguez 2005].

Figure I- 21 :

 21 Figure I-21 : Crack along the steel rebar-concrete interface [Tixier 2013].

  significant friction(Point D,. Gradually, as the slip increases, the asperities of the crack and the compacted pieces of concrete progressively disappear and only a residual friction between the steel rebar and the surrounding concrete (Point E, see FigureI-22) remains which leads finally to a residual stress.

Figure I- 22 :

 22 Figure I-22 : Post-peak phase of the steel rebar-concrete interface [Dominguez 2005].

  Figure I-24 represents a finite element with two oriented localized cracks. The representative elementary volume (REV) of this element is damaged by oriented micro-cracking (oriented diffuse damage) as well.

Figure I- 24 :

 24 Figure I-24 : Idealized representation of a damaged REV by diffuse micro-cracking [Sellier et al 2013a].

  equivalent Drucker-Prager stress. and are model parameters, they are chosen so that the behavior law passes through the point ( . represents the compressive strength of the material. Once the peak in compression is exceeded, the localization begins in the principal direction of compression. Figure I-25 represents the stress-strain curve given by the model [Sellier et al., 2013a] under cyclic loading. The pre-peak diffuse compressive damage and the asymmetry of tensile and compression strengths are shown.

Figure

  Figure I-25 : Behavior of the model [Sellier et al, 2013] under uniaxial cyclic loading: stress-strain curve.

  Figure I-26 : Influence of the parameters (a) or and (b) or on the material behavior of the model [Mazars 1984] under uniaxial loading: stress-strain curves.

Figure I- 27 :

 27 Figure I-27 : Evolution of damage , the internal variables and and their combination during cycling loading [Mazars et al. 2015].

  Figure I-28) [Giry 2011].

Figure I- 30 :

 30 Figure I-30 : Isotropic non local interactions leading to wrong damage initiation during a crack tip problem [Giry et al. 2011].

  19) where is equal to the radial coordinate of the ellipsoid associated with the stress state of the point located at in the direction (see Figure I-31): strength of concrete.  is the stress state of the point located at , expressed in its principal frame formed by the of the non-local model is thus modified following Equation (I.21) [Girt et al. 2011, Giry et al. 2014]: ( ( (I.21) In this manner, it is important to compute what each point located at can distribute to . According to this approach, the intensity of influence of a point located at on its vicinity depends on the direction and the magnitude of the principal stresses at (see Figure I-32 (a)). It allows describing the progressive decrease of non-local interactions across the FPZ during failure. In this manner, at failure, damage and strain are well localized (see Figure I-33). For purpose of illustration, a plate with a central notch under isotropic biaxial traction is studied in [Giry et al. 2011] where three points A, B and C were chosen. In Figure I-32 (b), at point C the iso-values are close to circular; the point is not influenced by the notch. For the point B, close to the crack tip, the stress state is modified and oriented, leading to iso-values in ellipses form. The point A is shielded by the crack and consequently undergone only a very low stress level, a situation that exerts no influence on the surrounding points, as would be expected from a micromechanical point of view.

Figure I- 31 :

 31 Figure I-31 : Definition of the coefficient indicating the influence of on [Giry et al. 2011].

Figure

  Figure I-32 : (a) Influence of a distributing point (b) Isovalues of the influence of various points in the specimen [Giry et al. 2011].

Figure

  Figure I-34 : Specimen configurations for permeability determination in the (a) longitudinal direction (b) radial direction [Choinska 2006].

Figure I- 35 :

 35 Figure I-35 : Overestimation of material intrinsic permeability due to additional slip flow [Picandet 2001].

Figure

  Figure I-36 : Method of determination of the intrinsic permeability in the (a) longitudinal direction[Picandet 2001] (b) radial direction[Chatzigeorgiou 2004].

Figure

  Figure I-37 : Preparation of longitudinal and transversal specimens, extracted from a prismatic concrete bloc[START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF]].

Figure I- 38 :

 38 Figure I-38 : Permeability evolution versus time during compression test at 0.4fc and 1 day of maturation [Banthia et al. 2005].

Figure I- 39 :

 39 Figure I-39 : Diagram showing the phenomena that cause the decrease in the rate of flow into the crack [Desmettre 2011].

Figure

  Figure I-40 : Influence of t/MSA ratio on gas permeability of concrete [Wu et al. 2015].

Figure I- 41 :

 41 Figure I-41 : Effect of compressive stress on the intrinsic permeability of concrete [Choinska et al. 2007a].

  Figure I-42).

Figure

  Figure I-42 : Loading to unloading intrinsic permeability ratio versus relative applied strain[Choinska et al. 2007a].

  Figure I-43.

Figure

  Figure I-43 : Compression test and disk extraction after unloading for permeability test[START_REF] Picandet | Effect of axial compressive damage on gas permeability of ordinary and high-performance concrete[END_REF] 

Figure

  Figure I-44 : Correlation between permeability and damage during compression test [Picandet et al. 2001].

  . The plot of the permeability evolutions given by some of those models is shown in FigureI-45. 

Figure

  Figure I-45 : Evolution of the normalized permeability of damaged material as function as mechanical damage undergoing diffuse damage (pre-peak behavior) [Rahal 2015].

  ] (see Figure I-47), The parameter herein was found equal to 0.001.

Figure I- 46 :

 46 Figure I-46 : Correlations between intrinsic permeability and temperature for four types of concrete (a) (b) (c) (d) [Gawin et al. 2005].

Figure

   Correlations between intrinsic permeability and temperature for ordinary concrete[Choinska et al. 2007a] 

  (I.48)The previous equation was also validated by comparison with experimental data, the value for was found equal to1 [Dal Pont et al. 2005].

Figure

  Figure I-48 : Correlations between intrinsic permeability and damage parameter for four types of concrete (a) (b) (c) (d) [Gawin et al. 2005].

Figure

  Figure I-49 : Splitting test set-up and crack opening estimation using two LVDTs placed on specimen mid-height [Akhavan et al. 2012].

  Figure I-50 : Crack opening recovery for (a) Ordinary concrete (b) High performance concrete and High performance fibred reinforced concrete [Picandet et al. 2009].

  [Akhavan et al. 2012, Rastiello et al. 2014]. A finer characterization of the crack geometry is proposed in[Akhavan et al. 2012]. Based on series of digitized profiles, they propose to map the crack as a series of parallel plates. The "effective" crack opening is calculated as the average of openings reported on a series of parallel plates: √ ∑ with √ ∑ (I.49) where represents the number of in-line plates and is the number of in-column plates, as shown in Figure I-51.

Figure I- 51 :

 51 Figure I-51 : Geometric mapping of a crack according to [Akhavan et al. 2012].

Figure I- 52 :

 52 Figure I-52 : Crack opening displacement obtained with DIC on sample faces (f=front face, r=rear face)[START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF] 

Figure

  Figure I-54 : Residual permeability versus residual lateral displacement during splitting test for three types of concrete [Picandet et al. 2001].

Figure I- 55 :

 55 Figure I-55 : Schematic representation of the crack according to the parallel plate model [Zimmerman and Bodvarsson 1996].

  . The equation for the reduction factor reads:

Figure I- 56 :

 56 Figure I-56 : Fitting an evolution of the reductive coefficient in Poiseuille's law as function as the mean crack aperture based on experimental data [Rastiello 2013, Rastiello et al. 2014].

  Figure I-57. A percolation threshold is introduced in Poiseuille's law as follows:

  as shown in Figure I-58.

Figure

  Figure I-57 : Schematic of a crack with consideration of a threshold effect [Rahal 2015]

Figure II- 1 :

 1 Figure II-1 : Experimental set-up and instrumentation for the splitting test.

Figure II- 2 :

 2 Figure II-2 : Conductivity analysis while performing a Brazilian test on a concrete sample.

Figure II- 3 :

 3 Figure II-3 : Methodology of the permeability test: choice of the injection gas pressures during the test.

Figure II- 4 :

 4 Figure II-4 : Global mechanical response of two disks during the splitting test.

Figure II- 5 :

 5 Figure Transition between laminar and turbulent flow according to the mean absolute pressure at COD of 100 microns during splitting test[START_REF] Picandet | Crack effects on gas and water permeability of concretes[END_REF]].

Figure II- 14 :

 14 Figure II-14 : Proposition of four fittings for the reduction factor based on experimental data in [Dufour 2007].

Figure

  Figure II-19 : Mechanical response (force versus total horizontal displacement of point P) described by regularized Mazars models compared to experimental response.

Figure

  Figure II-25 : Crack opening profile along the crack path at (a) 0.0247 mm.

Figure II- 27 :

 27 Figure II-27 : Relative error on crack opening profiles for four loading states corresponding to total horizontal displacement of P equal to (a) 0.0247 mm (b) 0.033 mm (d) 0.08 mm (e) 0.1 mm.

  by applying a pressure gradient between the two faces S b and S s (see Figure II-28). The pressure field is presented in Figure II-29. Eventually, the mean structural permeability (hydraulic conductivity) is calculated by applying Darcy's law (see Equation (II.7)).

Figure

  Figure II-31 : Predicted mean permeability evolution versus total displacement of point P (×2) using the original NL regularization technique.

Figure II- 32 :

 32 Figure II-32 : Predicted mean permeability evolution versus total displacement of point P (×2) using the SBNL regularization technique.

   

Figure

  Figure II-34 : Mesh sensitivity on mechanical global results.

Figure II- 35 :

 35 Figure II-35 : Mesh sensitivity on mean structural permeability results.

Figure III- 1 :

 1 Figure III-1 : Graphical display of the tie-beam specimen [Desmettre 2011].

Figure III- 2 :

 2 Figure III-2 : Testing machine and instrumentation for test control and crack characterization [Desmettre 2011].

Figure III- 3 :

 3 Figure III-3 : Permeability measurement during tensile loading [Desmettre 2011].

Figure III- 4 :

 4 Figure III-4 : Mechanical behaviour and local measurements for tie-specimen [Desmettre 2011].

Figure III- 5 :

 5 Figure III-5 : Hydro-mechanical behavior of the tie-specimen [Desmettre 2011].

Figure III- 7 :

 7 Figure III-7 : Global response of the tie-beam test: comparison between numerical and experimental behaviors.

Figure

  Figure III-8 : Location and formation of the three strain localization zones.

Figure III- 10 :

 10 Figure III-10 : Local water permeabilities calculated at the final state.

Figure III- 11 :

 11 Figure III-11 : Pressure field obtained while solving the permeability problem to compute the flow rate at the final state.

  3.5.4) is presented in Figure III-12. The comparison to experimental data in Figure III-12 clearly shows a discrepancy regarding the force drops.

Figure III- 12 :

 12 Figure III-12 : Estimation of water permeability evolution using different modified Poiseuille's laws.

Figure

  Figure III-13 : Calibration of the modified Poiseuille's law to fit the experimental data.

Figure

  Figure III-18 : Experimental set-up for the push-in test.

Figure

  Figure III-21: Mechanical response of the steel rebar-concrete interface during push-in test.

Figure III- 22 :Figure

 22 Figure Evolution of the flow rate versus the gradient of pressure squared for the states S0-S4 for specimen G3: to check the Darcy's regime.

  Figure III-27 : Evolution of the flow rate versus the pressure gradient squared for post-peak states up to flow threshold for specimen G3: to check the Darcy's regime.

Figure III- 28 :

 28 Figure Applying the Klinkenberg approach to determine the intrinsic permeability for the post-peak states up to a flow threshold for specimen G3.

Figure III- 29 :Figure

 29 Figure III-29 : Evolution of the flow rate versus the gradient of pressure squared for post-peak states beyond the flow threshold for specimen G3: Invalidity of Darcy's regime.

Figure III- 32 :

 32 Figure Applying the Forchheimer's method to determine the intrinsic permeability for high gradient of pressures for the specimen G2 at state S15.

Figure

  Figure III-33 : Transfer properties evolution during push-in test for specimens G1, G2 and G3.

  Figure : Damage fields at four states obtained with the RicRag model regularized using the SBNL approach for the push-in test.

Figure III- 38 :

 38 Figure III-38 : Normalized intrinsic permeability evolution during push-in test: Numerical versus experimental.

  Figure IV-2 presents the diagram that summarizes the specimens that are dealt with during this PhD thesis. Many specimen geometries exist based on the loading type and the collaborator.

  Figure IV-3 : Picture of the samples received from collaborators in project MACENA.

Figure IV- 6 :

 6 Figure IV-6 : Specimen configurations for tightness test, longitudinal and radial permeability tests.

   two ways for the gas injection are possible. Depending on the pressure gradient and the sealing of the specimen lateral surfaces, the gas injection is performed from the upper part or the bottom part of the permeability chamber. Due to practical reasons, the gas injection is carried out from bottom without the need fill to the whole permeability chamber. In this way, time to reach the permanent regime is lower (15 to 40 minutes depending on the gas pressure and specimen length). Due to pressure gradient, gas percolates through concrete. No flux boundary conditions using aluminum foils are imposed on the samples to impose the percolation path, e.g. aluminum foil is placed on the lateral surface of the sample for the longitudinal configuration (see Figure IV-6 (b)) whilst it is placed on the flat surfaces for the radial configuration (see Figure IV-6 (c)). After verifying that the regime is laminar (linear evolution of the flow rate versus the gradient of pressure squared), the longitudinal apparent permeabilities are calculated using Darcy's law [Darcy 1856] for compressible fluids (Nitrogen) (Equation IV.1) and similarly for the radial apparent permeabilities

Figure IV- 10 :

 10 Figure IV-10 : Reference intrinsic permeability of the three samples (11×22 cm).

  dog-bone sample (in its effective part) is cut into 3 slices of length.

Figure

  Figure IV-15 : Evolution of the normalized intrinsic permeability versus temperature (slices from 11×22 concrete samples).

Figure

  Figure IV-18 : Evolution of the Klinkenberg coefficient versus temperature (slices from dog-bone concrete samples).

  Pour évaluer ces questions, il faut mieux comprendre le comportement hygro-thermo-mécanique et ses conséquences sur les propriétés de transfert du béton précontraint pendant et entre les tests d'intégrité (tous les 10 ans) tout en prenant compte le vieillissement des matériaux (fluage, relaxation, séchage) et également pendant un accident-SA. Pour atteindre ces objectifs, le projet MACENA est organisé en quatre 'work package (WP)' tels que présentés dans la Figure 0-2. WP1: Evaluation de l'état structurel avant un accident. WP2: Comportement mécanique instantané et retardé du béton en cas d'accident. WP3: Propriétés de transfert du béton en cas d'accident. WP4: Analyse structurelle en cas d'accident.



  Modélisation numérique du couplage entre température (d'endommagement thermique) et taux de fuite.  Modélisation numérique du couplage entre fluage mécanique et taux de fuite.  Modélisation numérique du couplage entre le fluage, l'effet de température et le taux de fuite.

  

  

  

  

  

  FIGURE I-50 : CRACK OPENING RECOVERY FOR (A) ORDINARY CONCRETE (B) HIGH PERFORMANCE CONCRETE AND HIGH PERFORMANCE FIBRED REINFORCED CONCRETE [PICANDET ET AL. 2009]. ........................................... FIGURE I-51 : GEOMETRIC MAPPING OF A CRACK ACCORDING TO [AKHAVAN ET AL. 2012]. ................................. FIGURE I-52 : CRACK OPENING DISPLACEMENT OBTAINED WITH DIC ON SAMPLE FACES (F=FRONT FACE, R=REAR FACE) [RASTIELLO ET AL. 2014] .................................................................................................................... FIGURE I-53 : SCHEMATIC REPRESENTATION OF THE CRACK DURING A SPLITTING TEST [RASTIELLO ET AL. 2014]
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Table I -

 I 

	Sample number				
	S4	1.0x10-14	0.20 x10-14	0.14x10-14	0.17
	S5	2.6x10-14	0.10 x10-14	0.16x10-14	0.05
	S6	2.5x10-14	0.19 x10-14	0.14x10-14	0.066
	Average	2.03 x 10-14 0.16 x 10-14 0.15 x 10-14 0.076

1 : Results on permeability measurements after 10 months of drying

[START_REF] Burlion | Induced anisotropic permeability due to drying of concrete[END_REF]

]. Table I-2 : Permeability results at the end of 2 years of drying

Table I -

 I 

4 : Set of some permeability models for localized cracking regime.

bar/2) Time (h:min:s)

  

	Relative Pressure (
	10:39:17 10:51:05 11:03:38 11:16:25 11:26:34 11:37:54 11:48:31 12:03:11 12:10:55 12:22:34 12:28:23 12:34:38 12:50:44 13:00:23 13:09:34 13:15:23 13:29:16 13:36:46 13:46:49 13:52:38 14:01:33 14:18:35 14:27:37 14:36:46 14:56:31 15:07:09 15:12:58 15:18:47 15:25:28 15:39:37 15:50:16 15:55:20 16:09:14 16:18:24 16:28:26 16:44:12 16:49:23 17:00:04 17:09:37 17:22:28 17:34:44 17:41:21 17:54:16

Table II -

 II 

		Permeability model		Parameters		References
			[ ]	Without any reduction factor (Smooth parallel plate)		[De Marsily 1986] [Zimmerman and Bodvarsson 1996]
			[ ]		and are material parameters and	[Rastiello et al. 2014]
		[	]		is a permeability threshold		[Rahal 2015]
				Average crack opening (m)	
		1.E-5	2.E-5	3.E-5	4.E-5	5.E-5	6.E-5	7.E-5	8.E-5
		1E-09						
	Crack permeability (m²)	1E-12 1E-11 1E-10					Poiseuille crack permeability Experimental data [Dufour 2007] Modified Poiseuille
							[Rahal 2015]
							Modified Poiseuille
							[Rastiello et al. 2014]
		1E-13						

1 : Set of crack permeability models retained from literature.

Figure

 

Comparison between crack permeability evolutions obtained with existing models in the literature and the one obtained in this splitting test.

Table II -

 II 3 : Set of permeability models for diffuse and/or localized cracking regimes applied to the splitting test.

							]
					[Dal Pont et al. 2005]
	[Picandet et al. 2001,					
	Choinska 2006]	[ +	+	+	]	and
	Picandet					
	[Pijaudier-Cabot et al. 2009]		(	+	,	, for OC,	,
	MLD					
					cte reduction factor

Table III -

 III 

1 : Mechanical properties of normal strength concrete used in

[START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]

].

Table III -

 III 3 : States which correspond to the unloadings with the residual displacements for the specimens G1, G2 and G3.

		Displacement (mm)	Displacement (mm)	Displacement (mm)
		G1	G2	G3
	S1	0.11	0.12	0.3
	S2	0.22	0.24	0.59
	S3	0.4	0.65	1
	S4	2	2	2.3
	S5	4.7	4.4	5.1
	S6	8.8	7.7	7.2
	S7	12.9	11.8	9.2
	S8	17.3	15.9	11.2
	S9	21.3	20.0	15.4
	S10	26.5	25.1	19.4
	S11	32.5	30.4	25.2
	S12	38.4	35.5	29.1
	S13	44.5	40.6	34.5
	S14	48.5	44.7	37.9
	S15	53.5	48.8	40.7
	S16	59.8	53.0	43.9
	S17	64.8	56.0	47.3
	S18	69.9	58.8	49.9
	S19	-	60.8	52.5
	S20	-	-	55.6
	S21	-	-	58.5

Table IV -

 IV 1 : Formulation of VeRCoRs concrete.

Table IV -

 IV 4 : Table summarizes the dog-bone specimens that are used for the study of temperature effect, traction creep and coupled effect of both on concrete permeability.

  Dans leur analyse par des évaluations complémentaires de sécurité en 2011, l'Institut de Recherche sur la Sûreté Nucléaire (IRSN) a ainsi souligné l'importance de maîtriser l'étanchéité de l'enceinte de confinement pendant toute la durée d'un accident grave. Toutefois, la question de l'étanchéité des enceintes de confinement a déjà été discutée par EDF (Electricité De France) et le groupe d'experts permanent pour les réacteurs avant l'accident de Fukushima-Daïchi. En effet, c'est un défi majeur pour EDF-France puisque la production actuelle d'électricité en France est largement basée sur le nucléaire (plus de 70% en 2010, voir Figure0-1). Dans la perspective de la prolongation de la durée de vie des centrales nucléaires, il a été décidé en 2010 de modifier le chargement pris en compte dans l'analyse de sûreté, de 'Loss Of Coolant Accident' (LOCA) à Accident grave/Sévère (SA). La pression interne (0,5 MPa) et la température (180 °C) sont tout à fait les mêmes dans les deux cas, mais le chargement est maintenu constant pendant deux semaines pour le SA au lieu de quelques heures dans LOCA.La question du confinement est particulièrement complexe pour les centrales nucléaires de 1300 MW et N4. En effet, contrairement au enceinte nucléaire de type 900 MW et EPR pour lequel le rôle de confinement est pris par un revêtement en acier, le confinement d'une telle enceinte n'est assuré que par l'enceinte interne en béton précontraint. Un critère de régulation est imposé sur le taux de fuite de la paroi interne d'épaisseur 1,2 m. Le respect de la règle est évalué en mesurant la quantité de fuite d'air lors d'un test de pression tous les dix ans (0,5 MPa, température ambiante). EDF exploite 24 réacteurs de ce type. Confronté à cet enjeu industriel, EDF a décidé en 2011 de lancer un programme ambitieux. Ce programme repose notamment sur la construction d'une maquette d'un bâtiment de confinement à l'échelle 1:3. La construction de la maquette VeRCoRs (Vérification Réaliste du Confinement des Réacteurs) a été planifiée par EDF en 2013. Elle complètera les expériences, à l'échelle d'une structure, précédemment menées par EDF, telles que la paroi fissurée PACE[Herrmann et al. 

			2009] ou
	la maquette MAEVA (cylindre de 20	de diamètre et 1,2	d'épaisseur testé au cours des 15
	dernières années		

  Le deuxième couplage hydro-mécanique consiste en une approche entièrement continue. Dans ce cas, l'analyse semi-discrète peut être ignorée. Elle est basée sur une loi de raccordement entre la perméabilité des endommagements diffus et la perméabilité modifiée de Poiseuille pour les endommagements localisés. De ce fait, chaque élément possède des propriétés hydro-mécaniques efficaces sur la base de son endommagement et de sa déformation. De façon analogue à l'approche semi-discrète, le débit total peut être calculé en résolvant le problème hydraulique en imposant un gradient de pression dans le volume de la structure. La validation des modèles proposés était réalisée sur une campagne expérimentale réalisée à Nantes, sur la mesure de la conductivité à gaz lors du test de fendage. Après calibration des paramètres du modèle sur la réponse mécanique globale, le modèle d'endommagement non local basé sur l'état de contrainte décrit bien le comportement global de l'échantillon soumis au test de fendage. En outre, en utilisant la méthode de discontinuité forte, l'ouverture de fissure est calculée et trouvée en accord avec les mesures expérimentales. Ainsi, le modèle mécanique proposé est capable non seulement de reproduire la réponse globale mais fournit également une bonne estimation des quantités locales. Enfin, l'approche semi-discrète repose sur un algorithme échelonné simple et facile à mettre en oeuvre. On peut résoudre d'abord le problème mécanique et ensuite résoudre le problème hydraulique. Ce modèle est validé par deux études différentes ([Dufour 2007] et[START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]) qui soulignent à nouveau que la description du champ d'ouverture des fissures est la question clé pour la prédiction de taux de fuite.Cette thèse a présenté également une étude comparative sur les modèles de perméabilité qui visent à prédire la perméabilité du béton sous charge mécanique dans un cadre continu. Deux techniques de régularisation non locales ont été retenues et étudiées par les présentes; La technique non locale (NL) originale et la technique de régularisation non locale basée sur l'état de contrainte (SBNL). Sur l'essai de fendage, il est montré que la technique de régularisation NL originale fournit des profils d'endommagements et de déformations diffusés lors de rupture complet dans la phase de fendage. Par conséquent, on constate moins d'accord avec le comportement global expérimental à cette phase. D'autre part, ces champs d'endommagements fallacieux affectent directement le résultat de la perméabilité prédite. Avec les modèles de perméabilité de Poiseuille présentés ici et la technique de régularisation non locale originale, il a été démontré que la perméabilité prédite est sous-estimée en raison d'une sous-estimation de l'ouverture de fissure dans la phase de localisation de la fissure (après fendage). En outre, étant donné que les champs d'endommagements sont diffusés avec cette technique de régularisation, la perméabilité prédite utilisant des modèles de perméabilité basés sur des endommagements est surestimée. En revanche, le SBNL fournit des profils d'endommagements et de déformation localisés à la rupture complète. Ceci est plus convenable pour calculer une ouverture de fissure. D'une part, le comportement mécanique global est mieux décrit avec cette dernière technique surtout après le fendage. D'autre part, la prédiction de perméabilité grâce à un modèle de Poiseuille modifié basé sur l'ouverture de fissure calculée à partir de la déformation principale positive (MLStrain) est en bon accord avec les données expérimentales. Cependant, il convient de souligner que, dans le cas des modèles élastiques endommageables, le paramètre d'endommagement numérique est surestimé par rapport aux endommagements expérimentaux macroscopiques comme les premiers n'incluant pas la déformation plastique dans le comportement matériel. Par conséquent, la perméabilité calculée à partir du paramètre d'endommagement pourrait être surestimée. De plus, cette perméabilité reste constante lors du déchargement car les endommagements ne peuvent pas diminuer. Par conséquent, pour l'utilisation de modèles de perméabilité basée sur l'endommagement, il est certainement nécessaire d'utiliser des modèles plastiques cycliques endommageables qui tiennent en compte la déformation plastique et qui sont capables de décrire le comportement mécanique pendant les charges cycliques. De plus, il est montré que les modèles de perméabilité basés sur la perméabilité de Poiseuille sont mieux positionnés par rapport aux modèles de perméabilité-endommagement lorsqu'il s'agit d'une macro-fissure formé, puisque ces derniers sont limités en raison de la limitation des endommagements à la valeur 1. Enfin, des résultats indépendants du maillage sont obtenus avec les modèles proposés. Par conséquent, si le problème mécanique global est bien modélisé, le problème hydraulique, basé sur des quantités mécaniques locales, est complètement prédit.

Table C -

 C 1 : Intrinsic permeability values in the longitudinal/radial direction for the 9 slices (from cylindrical samples) and for different temperatures.

		80	100	180	220
	46c	1,27E-16	1,51E-16	3,02E-16	4,50E-16
	46ed1	7,50E-17	-	-	
	46ed2	1,89E-16	-	-	
	101c	-	-	2,51E-16	
	101ed1	-	-	1,40E-16	
	101ed2	-	-	2,13E-16	
	31c	8,23E-17	-	-	
	31ed1	8,08E-17	-	-	
	31ed2	6,12E-17	-	-	
	28ed1	8,08E-17	-	-	
	28ed2	6,18E-17	-	-	
	28c	6,02E-17	-	-	
	Moyl	7,17E-17	1,51E-16	2,26E-16	4,50E-16
	Maxl	1,06E-17	0,00E+00	7,56E-17	0,00E+00
	Minl	1,16E-17	0,00E+00	8,64E-17	0,00E+00
	k/k0	1,00	1,19	3,16	6,27
	NMAXL	1,47E-01	0,00E+00	1,05E+00	0,00E+00
	NMINL	1,61E-01	0,00E+00	1,20E+00	0,00E+00

Table C -

 C 2 : Intrinsic permeability values in the longitudinal direction for the slices (from diabolo samples) and for different temperatures.

Table C -

 C 3 : Intrinsic permeability values in the radial direction for the slices (from diabolo samples) and for different temperatures.

		80	100	180
	31c	8,23E-17	-	-
	31ed1	8,08E-17	-	-
	31ed2	6,12E-17	-	-
	28ed1	8,08E-17	-	-
	28ed2	6,18E-17	-	-
	28c	6,02E-17	-	-
	19ed1	-	1,75E-16	-
	19ed2	-	1,23E-16	-
	19c	-	1,58E-16	-
	100c	-	-	2,13E-16
	100ed1	-	-	1,94E-16
	100ed2	-	-	1,75E-16
	29ed1	-	-	1,14E-16
	29ed2	-	-	1,54E-16
	29c	-	-	1,56E-16
	Moyl	7,12E-17	1,52E-16	1,94E-16
	Maxl	1,11E-17	2,30E-17	1,88E-17
	Minl	1,10E-17	2,90E-17	8,02E-17
	k/k0	0,99	2,11	2,70
	NMAXL	1,55E-01	3,21E-01	2,63E-01
	NMINL	1,54E-01	4,04E-01	1,12E+00

Table C -

 C 4 : Intrinsic permeability values in the longitudinal direction for the slices from diabolo samples that have undergone traction creep at 30% tensile strength for 14 days at different temperatures.

		80	100	180
	31c	3,12E-17	-	-
	31ed1	6,35E-17	-	-
	31ed2	5,13E-17	-	-
	28ed1	4,01E-17	-	-
	28ed2	4,39E-17	-	-
	28c	3,05E-17	-	-
	19ed1	-	1,61E-16	-
	19ed2	-	9,50E-17	-
	19c	-	1,04E-16	-
	100c	-	-	9,18E-17
	100ed1	-	-	3,85E-16
	100ed2	-	-	2,32E-16
	29ed1	-	-	9,36E-17
	29ed2	-	-	1,98E-16
	29c	-	-	8,85E-17
	Moyr	4,34E-17	1,20E-16	1,81E-16
	Maxr	2,00E-17	4,10E-17	2,04E-16
	Minr	1,29E-17	2,50E-17	9,30E-17
	k/k0	1,03	2,84	4,29
	NMAXR	4,74E-01	9,70E-01	4,82E+00
	NMINR	3,05E-01	5,92E-01	2,20E+00

Table C -

 C 5 : Intrinsic permeability values in the radial direction for the slices from diabolo samples that have undergone traction creep at 30% tensile strength for 14 days at different temperatures.

		80	100	120	150	180	220	250
	1,1r	1,92	2,53	1,71	1,30	0,98	0,78	0,66
	1,4	3,23	-	1,17	0,98	0,91	0,71	0,53
	2,1	2,57	1,17	1,63	1,34	1,12	0,80	0,75
	2,2	2,91	1,71	1,41	1,54	0,98	0,74	0,72
	2,3r	2,24	1,97	2,59	1,41	1,05	0,79	0,66
	2,4r	1,64	1,76	1,27	1,13	1,18	0,74	0,42
	5,2	1,82	-	2,73	1,15	1,05	0,88	0,76
	5,1r	0,97	1,98	1,39	0,83	1,11	0,68	0,49
	EB1C2	3,04	1,73	1,20	1,21	0,86	0,49	0,44
	Moyr	1,69	2,06	1,74	1,17	1,08	0,75	0,56
	Maxr	0,55	0,47	0,85	0,24	0,10	0,04	0,10
	Minr	0,73	0,30	0,47	0,34	0,10	0,07	0,14
	Moyl	2,71	1,54	1,63	1,24	0,98	0,72	0,64
	Maxl	0,52	0,19	1,10	0,30	0,14	0,16	0,12
	Minl	0,89	0,37	0,46	0,26	0,12	0,23	0,20
	Moy	2,26	1,84	1,68	1,21	1,03	0,74	0,60
	Maxg	0,97	0,69	1,05	0,33	0,15	0,14	0,15
	Ming	1,29	0,67	0,51	0,38	0,17	0,24	0,18

Table C -

 C 6 : Klinkenberg coefficient values in the longitudinal/radial direction for the 9 slices (from cylindrical samples) and for different temperatures.

(a) Pull out test (b) Push in test (c) Tie beam test

Acknowledgments

Crack Permeability Fitting

Parameters Remarks and Power1 Fitting starting at In agreement with [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF]] Figure Evolutions of the reduction factor given by four fittings for higher crack openings.

III.1.2.3 Local assessment by means of the continuous approach

The crack opening evolutions for the three cracks obtained in the numerical simulation, compared to the experiment, are presented in Figure . It shows a good agreement with the experiment as the crack openings assessed in the numerical simulation are in the same order of magnitude as in the experiment. It should be pointed out that similarly to the experiment, when the next crack forms the previous ones slightly decreases as shown in Figure III-9. 

III.1.2.4 Solving the permeability problem

In order to compare the hydraulic conductivity obtained in the numerical simulation with the one of the experiment, the local permeabilities in the transversal direction must be calculated before solving the permeability problem. The latter can be directly calculated according to the proposed continuous approach (see section II.5.2 for details). Since the mechanical problem rapidly localizes, diffuse damage is almost negligible and consequently the local permeability is the one of modified Poiseuille's. The reduction factors proposed in [Rastiello et al. 2011] and in this thesis (see section II.3.5.4) are considered for the modified Poiseuille's permeability, the discussion on the reduction factors will be done in the following section. Although in the experiment [START_REF] Desmettre | Contribution à l'étude de la perméabilité du béton armé sous sollicitations statiques et cycliques[END_REF]] while performing the hydraulic test, the face from which the water is injected, is reduced to because of the set of the elastomer membrane, it has no major influence on the flow rate once a crack is formed and crossed the sample. For practical reasons in the numerical simulation, the whole outer surface is considered for the solving of the permeability problem to assess the flow rate. In addition, the reduced outer surface is considered in the calculation of the structural hydraulic permeability in Darcy's law as performed in the experiment. Nevertheless, in order to compare with the experiment the structural hydraulic permeability, the initial local permeability (which was assumed isotropic) is calibrated to to obtain a structural hydraulic permeability of as in the experiment for the undamaged specimen. Figure III-10 presents the local permeability field in the transversal direction at the final state after using the reduction factor proposed in [Rastiello et al. 2011]. It shows that the local permeabilities for the Table III-4 summarizes the ratios of and for states up to peak force for specimens G1, G2 and G3. Globally, with the loading increase, the intrinsic permeability increases up to a maximum factor of 3 at peak force. Slight permeability decrease occurred with the specimen G1 at state S1. Herein, the Klinkenberg's coefficient , which is an indicator of the small dimension of the porous network, has increased by a factor of 3.4 with respect to the initial one. This tendency might be attributed to the compaction of concrete near the interface. Moreover, with the loading increase, the Klinkenberg's coefficient tends to decrease globally. This tendency might be attributed to the formation of conical cracks (see Figure in the pre-peak phase and consequently global enlargement of the porous network. In addition to conical cracks, a localized cylindrical crack is formed at peak state according to [Dominguez 2005, Tixier 2013] which led to a permeability increase by a maximum factor of 3 with respect to the initial permeability of undamaged specimen. It should be reminded; that the permeability studied in this experimental program is the residual one, the permeability under loading might be higher in the vicinity of the peak as found in the permeability tests in [Choinska et al. 2007]. In fact, it is possible that the 45° micro-cracks which were opened under loading are partially reclosed upon unloading. 

G3

Apparent permeability s5

Apparent permeability s6

Apparent permeability s14

Apparent permeability s15

Apparent permeability s16 ×10 -5

IV.4 Influence of thermo-mechanical loadings and creep on concrete permeability

In this section, the influence of thermo-mechanical loadings and creep on concrete permeability in longitudinal and radial directions is addressed.

IV.4.1 Cylindrical samples for the study of temperature effect on concrete permeability

Details on the specimens/slices are presented in Table IV-3. Cylindrical samples were casted by EDF and LMDC for initial permeability and temperature tests up to 250 °C in lab 3SR. Three samples from LMDC and one from EDF are sliced into slices of 50 mm height. The EDF sample can be used to show that the VeRCoRs concrete casted in laboratories by collaborators (LMDC, CERIB) is the same as the one of EDF when assessing their permeabilities. After slicing, the slices are all dried at 80 °C until their masses stabilize (the mass is measured, when the specimen mass variation do not exceed the 0.5 % the initial mass, the specimen is supposed dry). Eight slices from LMDC samples and three slices from EDF sample were arbitrary chosen to determine the initial intrinsic permeabilities in the longitudinal direction. Four of the eight LMDC slices were then drilled in the center using a drilling machine for initial intrinsic permeability measurements in the radial direction. Nine slices (5 plain slices, 4 from LMDC and 1 from EDF, for longitudinal permeability measurements and 4 drilled slices from LMDC for radial permeability measurements) were then conducted to temperature tests. Concerning the application of the thermal loading, the slices are heated under the desired temperature (80°C to 250°C). The temperature rate is 1 °C/min which corresponds to the estimated one during a severe accident in a nuclear power plant. The permeability measurements are performed in the unloaded state at room temperature after cooling down.

Specimen provider

Type of loading

Specimens and slices

Application of loading(s)

LMDC-CERIB-EDF

No loading (sound)

Cylindrical sound specimens (LMDC-EDF) cut each into slices of length and 1 dog-bone sample is cut (in its effective part) into 3 slices of length.

After slicing, slices are dried at 80 °C for intial pemeability measurements.

The slices are then used for temperature tests as well.

LMDC-3SR

Thermal 80 to 250 °C Cylindrical specimens are cut into slices of length. 9 slices are used.

After slicing, slices are dried at 80 °C then heated to the desired temperature (1°C/min) 

IV.4.2 Dog-bone samples for the study of temperature and/or traction creep effects on concrete permeability

Details on the specimens/slices are presented in Table IV- 

Perspectives

This PhD thesis has led to interesting and original results. Nevertheless, many perspectives arise upon the studies carried out in this thesis.

On the experimental side, many investigations must be carried out to clear up some still unknown points and many experiments are still needed to be done to provide insights on some physical aspects:

 There is still ambiguity regarding the modified Poiseuille's law. On one hand, for single crack in a splitting set-up for instance, with average crack opening higher than 100 microns there is still lack of data on permeability measurements and crack opening assessment and therefore the reduction factor for the modified Poiseuille's law in this range of crack openings is not yet clearly defined. Therefore, the permeability measurements are needed to clear up the discrepancy on the reduction factor in modified Poiseuille's law. On the other hand, it was shown on the tie-beam test where multi-cracking in mode I occurs, that even though the estimated crack openings were in agreement with the ones of the experiment, the permeability using modified Poiseuille's law was overestimated by one order of magnitude. In order to clear up this discrepancy, it would be useful to conduct a tie-beam experiment where gas permeability measurements and crack openings assessment are performed at the same time on the same tie-specimen.  All permeability measurements that were performed during this thesis and mostly in the literature are done with dry gas (nitrogen for instance). However in a severe accident scenario, the fluid is rather hot air or even air-steam mixtures. It would be significant therefore to conduct permeability tests using hot air or air-steam mixture, during a splitting set-up for instance, to study the influences on the flow rate and the effect of possible condensation phenomenon when using air-steam mixture.  Due to practical reasons, residual permeability measurements are usually performed (at the unloading state). It is already shown in the literature that when the material is in compression, in the vicinity of the peak state, the permeability under load is higher by a factor around 2 with respect to the residual permeability. Consequently, it would be better to conduct the permeability measurements under load. Especially when the unloading has a tendency to reclose opened cracks, which is the case of the push-in test for instance.  Few data on the Klinkenberg's coefficient evolution under different type of loadings is provided in literature. The knowledge of this coefficient is essential to calculate numerically the apparent permeability if the intrinsic permeability is known. For instance, it was shown that Klinkenberg's coefficient decreases exponentially with respect to temperature thanks to experiments. Nevertheless, its evolution due to effects of thermo-mechanical loadings and creep is still an open issue and must be addressed.  For large crack openings in concrete (above 100 microns), gas flow regime might become turbulent as shown with the splitting test in the literature. Therefore, it is necessary to take into account in the existing permeability models the inertial effects; otherwise, the flow rate will be overestimated.  Regarding the slices that undergone possible interconnected micro-cracking (or even macrocracking) due to the coupled effect of temperature and traction creep, further work could be A. Appendix A  Up to peak (Darcy+Klinkenberg) Figure A-4 : Applying the Klinkenberg approach to determine the intrinsic permeability for the states S0-S4 for specimen G2. 

 Up to flow threshold

G1

Apparent permeability s5

Apparent permeability s6

Apparent permeability s11

Apparent permeability s12

Apparent permeability s13

×10 -5

Figure A-8 : Applying the Klinkenberg approach to determine the intrinsic permeability for the post-peak states up to a flow threshold for specimen G2. 

 Beyond flow threshold
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