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The article presents a numerical finite element study of fluid leakage in concrete. Concrete cracking is numerically modelled in the framework of a macroscopic probabilistic approach. Material heterogeneity and the related mechanical e↵ects are taken into account by defining the elementary mechanical properties according to spatially uncorrelated random fields. Each finite element is considered as representative of a volume of heterogeneous material, whose mechanical behaviour depends on its own volume. The parameters of the statistical distributions defining the elementary mechanical properties thus vary over the computational mesh element-by-element. A weak hydromechanical coupling assumption is introduced to represent the influence of cracking on the variation of transfer properties: it is assumed that the mechanical cracking of a finite element induces a loss of isotropy of its own permeability tensor. At the elementary level, an experimentally enhanced parallel plates model is used to relate the local crack permeability to the elementary crack aperture. A Monte Carlo-like approach allows to statistically validate the numerical method. The self-consistency of the proposed modelling strategy is fi-

Introduction

Fluids (gas, water, aggressive agents, . . . ) may penetrate through concrete due to its porous structure and to micro/macro cracks. Strictly related to the concrete heterogeneous nature, their presence is inevitable even in the presence of small loading levels or at early-age [START_REF] Ulm | Couplings in early-age concrete: from material modeling to structural design[END_REF][START_REF] Sellier | The french national project ceos. fr: Assessment of cracking risks for special concrete structures under tchm stresses[END_REF]Bri↵aut et al 2011). This aspect is of crucial importance, because cracks represent preferential flow paths for the transport of fluid species, and strongly contributes to the deterioration of structural durability [START_REF] Montemor | Chloride-induced corrosion on reinforcing steel: from the fundamentals to the monitoring techniques[END_REF][START_REF] Andrade | Quantitative measurements of corrosion rate of reinforcing steels embedded in concrete using polarization resistance measurements[END_REF][START_REF] Millard | Modelling the e↵ects of steel corrosion in concrete, induced by carbon dioxide penetration[END_REF] and safety [START_REF] Granger | Containment evaluation under severe accidents (cesa): synthesis of the predictive calculations and analysis of the first experimental results obtained on the civaux mock-up[END_REF][START_REF] Simon | Numerical determination of representative volumes for granular materials[END_REF]Dal Pont et al 2007).

Many numerical models aiming to model strain localisation and cracking in porous solids (e.g. concrete) have been proposed in the literature. Mainly developed in the framework of the Finite Element Method (FEM), from a conceptual point of view these formulations can be classified in relation to their modelling scale. In multiscale models [START_REF] Segura | On zero-thickness interface elements for di↵usion problems[END_REF][START_REF] Barani | Modeling of cohesive crack growth in partially saturated porous media; a study on the permeability of cohesive fracture[END_REF]Carrier and Granet 2011;[START_REF] Secchi | A method for 3-d hydraulic fracturing simulation[END_REF][START_REF] Larsson | Finite-element analysis of localization of deformation and fluid pressure in an elastoplastic porous medium[END_REF]Callari and Armero 2002;[START_REF] Réthoré | A two-scale approach for fluid flow in fractured porous media[END_REF][START_REF] Jourdain | Upscaling permeability for fractured concrete: mesomacro numerical approach coupled to strong discontinuities[END_REF], transport processes in porous material, the localised flow through the discontinuity and their mutual exchanges are explicitly modelled. In macroscopic formulations [START_REF] Bary | Etude du couplage hydraulique-mécanique dans le béton endommagé[END_REF][START_REF] Gawin | Numerical analysis of hygro-thermal behaviour and damage of concrete at high temperature[END_REF][START_REF] Picandet | Influence d'un endommagement mécanique sur la perméabilité et la di↵usivité hydrique des bétons[END_REF][START_REF] Gawin | Simulation of damage-permeability coupling in hygro-thermomechanical analysis of concrete at high temperature[END_REF]Dal Pont et al 2005;[START_REF] Pijaudier-Cabot | Permeability due to the increase of damage in concrete: From di↵use to localized damage distributions[END_REF] these phenomena are treated as a whole in the framework of the Theory of Porous Media [START_REF] Lewis | The finite element method in the deformation and consolidation of porous media[END_REF]Coussy 2004). Each cracked volume element is then represented through an equivalent porous medium, with e↵ective hydro-mechanical (HM) properties (i.e. Biot's coe cients, permeabilities, di↵usivities, etc.) depending on the local mechanical fields (i.e. stress, strain, damage, crack opening, etc.).

Although multi-scale approaches allow for a more physical description of transport process in cracked domains [START_REF] Bodin | Solute transport in a single fracture with negligible matrix permeability: 1. fundamental mechanisms[END_REF], in particular when dealing with localised cracking, macroscopic formulations have been often preferred for engineering oriented applications. This is due to di↵erent reasons, and among others: they generally require lower computational ressources, their numerical implementation is quite simple, well established and validated thermodynamic frameworks are available, di↵erent physics can be coupled into a unified formulation in a natural way.

Whatever the finalities of the coupled modelling (e.g. prediction of fluid leakage through fluid containment structures, durability analysis of concrete structures) the model capabilities in predicting concrete cracking represent a key aspect.

Among the di↵erent mechanical models available in the literature, probabilistic formulations have proven to deal to a proper description of concrete. In these formulations, concrete heterogeneity and the related scale e↵ects are taken into account by defining the material properties through random fields [START_REF] Rossi | Probabilistic model for material behavior analysis and appraisement of concrete structures[END_REF]Colliat et al 2007;[START_REF] Su | Monte carlo simulation of complex cohesive fracture in random heterogeneous quasibrittle materials: A 3d study[END_REF][START_REF] Ibrahimbegovic | Probability based size e↵ect representation for failure in civil engineering structures built of heterogeneous materials[END_REF][START_REF] Meftah | A three-dimensional staggered finite element approach for random parametric modeling of thermo-hygral coupled phenomena in porous media[END_REF][START_REF] Syroka-Korol | Fe calculations of a deterministic and statistical size e↵ect in concrete under bending within stochastic elasto-plasticity and non-local softening[END_REF].

In particular, if the equivalence between a FE and a volume of heterogeneous material is postulated [START_REF] Rossi | Probabilistic model for material behavior analysis and appraisement of concrete structures[END_REF], the use of spatially uncorrelated random fields allows for a relevant modelling of scale effects and cracking. Based on this original idea di↵erent numerical formulations have been developed in recent years [START_REF] Rossi | Compressive behavior of concrete: physical mechanisms and modeling[END_REF][START_REF] Tailhan | From local to global probabilistic modeling of concrete cracking[END_REF][START_REF] Tailhan | Probabilistic modelling of crack creation and propagation in concrete structures: some numerical and mechanical considerations[END_REF][START_REF] Tailhan | Multiscale probabilistic approaches and strategies for the modelling of concrete[END_REF].

Drawing from these theoretical and numerical frameworks, a three-dimensional (3D) macroscopic modelling approach of fluid transfers in cracking concrete and concrete structures is presented in the paper.

The article is structured in three parts as follows:

1. a probabilistic mechanical model, developed in the FEM context, is first presented. In the present formulation, it is assumed that the cracking process (i.e. the creation and propagation of a crack within the element itself) induces some local energy dissi-pation. This dissipative process is mathematically represented through a probabilistic isotropic damage model. According to the aforementioned modelling assumption, material properties (strength and fracture energy) are defined element-by-element according to spatially uncorrelated random fields. Their statistical parameters are defined for each element depending on its own elementary volume according to experimentally validated laws; 2. the second part of the paper presents the coupled HM cracking-transfer modelling procedure. In this simplified formulation, the sole considered source of HM coupling is the influence of elementary cracking on the local variation of the transfer properties of the cracked volume. At the FE scale, this leads to consider that the localised flow through the crack induces a loss of isotropy in the elementary permeability tensor. The "apparent" elementary permeability is then computed through the experimentally adapted parallel plates model (Zimmerman and Bodvarsson 1996; Rastiello et al 2014); 3. in the final part of the article the self-consistency of the proposed approach is explored. For this purpose, the experimental HM test proposed by [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF] to monitor the real-time evolution of the water permeability of a concrete sample under Brazilian loading is numerically modelled. Purely mechanical experimental results are used as reference data to calibrate the mechanical model parameters first.

Then the HM response of cylindrical sample under mechanical and hydraulic loading is simulated.

2 Probabilistic cracking model

Problem setting

A macroscopic formulation for modelling pure tension (mode I) concrete cracking is presented. The probabilistic aspects of the model are based on the following fundamental modelling and physical assumptions [START_REF] Rossi | Scale e↵ect on concrete in tension[END_REF][START_REF] Tailhan | From local to global probabilistic modeling of concrete cracking[END_REF]:

1. each FE is assumed to be representative of a volume of heterogeneous material, whose degree of heterogeneity ⇠ e is defined as the ratio of its volume V e to the volume of the coarsest aggregate V g :

⇠ e = V e V g ; (1) 
2. the physical mechanisms controlling the cracking process are independent on the scale of modelling. Consequently, it is assumed that it is possible to define macroscopic quantities regardless of the size of the FE, whether a Representative Elementary Volume (REV) or not; 3. the mechanical behaviour of each FE depends on its own volume and is prone to random variations. This aspect is represented by considering the elementary mechanical properties as randomly distributed over the computational mesh according to spatially uncorrelated random fields. Their statistical parameters thus vary element-by-element depending on the local heterogeneity ratio ⇠ e ; 4. crack propagation is not explicitly addressed, at least in the sense of the Fracture Mechanics. A propagation criterion is not introduced, but cracking is modelled element-by-element. The occurrence of a macro-crack (i.e. strain localisation) then results from the coalescence of some randomly created elementary cracks. In other words, at a macroscopic level, the progressive cracking of consecutive FEs is considered as representative of a macro-crack propagation.

According to these aspects, the presented approach is denoted in the following as "semi-explicit" instead of macroscopic. This term is here used to specify that, a discrete vision of cracking is preserved (the material's properties are discretely distributed in the mesh, the crack is treated element-by-element) but elementary cracking is taken into account through its local energetic e↵ect.

Model formulation

Standard FEM procedures are used to solve quasi-static equilibrium equations. At the FE scale, the energetic e↵ect associated to the elementary cracking process is represented through a simple isotropic damage law with a single scalar parameter [START_REF] Lemaitre | Mechanics of solid materials[END_REF]. A probabilistic energetic regularisation is also retained.

Without going into details of numerical implementation of the model, its main features can be summarised as follows:

1. a bilinear stress-strain ( , ") relationship is used to represent elementary cracking (Fig. 1). The elementary dissipative process (i.e. crack propagation inside the FE itself) starts when the major principal stress prin max at a given Gauss point equals the material tensile strength f t . Dissipation is then driven by the positive part, denoted by h•i + , of the projection of " along the direction n of the major principal stress: " = "(") = hn • "i + . When the total energy available for the FE is dissipated (i.e. D = 1, D being the damage variable), it is declared cracked and its elementary sti↵ness matrix is set to zero [START_REF] Tailhan | From local to global probabilistic modeling of concrete cracking[END_REF]. This allows to avoid stress-locking phenomena; 2. The model is numerically implemented using a rotating crack approach [START_REF] Rots | Smeared crack approach and fracture localization in concrete[END_REF][START_REF] Jirásek | Rotating crack model with transition to scalar damage[END_REF]. During the dissipative phase (i.e. D < 1), the normal n is allowed to evolve according to any changes in the stress state in the material. Only when the element is declared as cracked, the normal to the crack plane fixed: n c = n ; 3. Di↵erently from smeared-cracking approaches [START_REF] Darcy | Non-orthogonal cracks in a smeared finite element model[END_REF][START_REF] Jirsek | Damage and smeared crack models[END_REF][START_REF] Meschke | Numerical Modeling of Concrete Cracking, Springer, chap Smeared Crack and X-FEM Models in the Context of Poromechanics[END_REF], no additive decomposition is introduced in the constitutive law to distinguish between elastic deformation and crack contributions. A elementary crack is supposed to exist only after the condition D = 1 is achieved [START_REF] Rossi | Fissuration du béton: du matériau à la structure à l'application de la mécanique linéaire de la rupture[END_REF]. The elementary crack opening a e is then computed from the projection of the elementary displacements along the direction of n c ; 4. For sake of simplicity, crack re-closure is not explicitly treated. The model assumes that the dissipative process does not influence the elementary sti↵ness in compression. So, for reclosed cracks, the elementary sti↵ness matrix in compression is completely recovered while the elementary tensile strength f t is set to zero.

Statistical model parameters

The constitutive law ( , ") is completely defined by two parameters: the tensile strength f t and the volumetric density of dissipated energy g

c . An energetic regularisation technique allows to compute g c from the surface cracking energy G c : [START_REF] Bazant | Crack band theory for fracture of concrete[END_REF]. The quantity l e denotes the elementary characteristic length and is here computed from elementary volume as l e = V 1/3 e . More complex definitions are possible, depending on the FE shape and the order of interpolation of the displacement field. This choice can influence the predicted crack paths, however due to the probabilistic aspects of the model this e↵ect is strongly reduced.

g c = G c /l e (
Mechanical properties f t and G c are defined elementby-element according to spatially uncorrelated Weibull and lognormal statistical laws respectively [START_REF] Feller | An introduction to probability theory and its applications[END_REF].

Due to the aforementioned modelling assumptions (Sec. 2.1), their statistical parameters depend on the elementary volume through the local heterogeneity ratio ⇠ e . The only exception is the mean value of the energy distribution, which is assumed independent of ⇠ e . Its value is estimated as µ G = G c , where G c is the 1. the Gri th's theory for brittle fracture is assumed valid at the FE level. According to this theory, G c is proportional to the specific fracture energy per unit area , which is an intrinsic material parameter (e.g. in plane strain conditions: G c = 2 ). Therefore G c can also be considered as such, at least in average value. This assumption is reasonable, in light of the experimental results obtained by [START_REF] Rossi | Fissuration du béton: du matériau à la structure à l'application de la mécanique linéaire de la rupture[END_REF] and [START_REF] Rossi | Fracture properties of concrete as determined by means of wedge splitting tests and tapered double cantilever beam tests[END_REF]; 2. due to the material heterogeneity the dissipated energy can undergo variations (dispersion in statistical terms) around the average value. This dispersion is considered as directly influenced by the size of the stressed volume (i.e. of the finite element), as this volume may (or may not) be concerned by the propagation of a crack. In particular, as qualitatively il- 

G = ⌘ G (⇠ e )
of the cracking energy distribution, have to be identified through an inverse analysis approach.

This calibration phase generally requires a large number of computations and is rather computationally expensive. However, once the statistical laws have been obtained for a given material, they can be directly used in other computations without any ajustements.

Fluid transfer in cracking concrete

To study the feasibility of the coupling between probabilistic cracking and fluid transfers in concrete, a simplified transfer model is considered. Concrete is treated as a saturated and initially isotropic porous medium, and the flow is assumed to be incompressible. Furthermore, the sole considered source of HM coupling is the influence of cracking on the local transfer properties.

Under these assumptions, transport problem is governed by the sole continuity equation of the fluid phase, and can be separately solved from the mechanical one. The numerical solution is obtained through a standard FEM formulation [START_REF] Lewis | The finite element method in the deformation and consolidation of porous media[END_REF]Dal Pont et al 2007;[START_REF] Meftah | A three-dimensional staggered finite element approach for random parametric modeling of thermo-hygral coupled phenomena in porous media[END_REF], using the same computational grid adopted in mechanical computations. The treatment of more complex thermo-hydraulic problems can be easily integrated using fully coupled staggered solution procedures [START_REF] Meftah | A three-dimensional staggered finite element approach for random parametric modeling of thermo-hygral coupled phenomena in porous media[END_REF].

Apparent permeability of the cracked element

Darcy-like fluid flows are assumed both in cracked and undamaged volume elements. In the absence of body forces and assuming a steady-stated, single-phase and laminar flow, the fluid specific mass flow rate q depends on the local pressure gradient rp according to the linear relation [START_REF] Darcy | Non-orthogonal cracks in a smeared finite element model[END_REF]):

q = ⇢ v = ⇢ µ 1 krp (2)
where v is the mean fluid velocity, ⇢ is the fluid density, µ is its cinematic viscosity and k denotes the elementary permeability tensor.

For undamaged FEs, k coincides with the so-called intrinsic permeability tensor of the porous medium:

k = k 0 = k 0 I (3)
where k 0 is the intrinsic permeability of the porous medium and I denotes the second order identity tensor.

Once a FE is cracked, the macro-crack represents a preferential pathway for the penetration of fluids. At the FE scale, this can be taken into account [START_REF] Dormieux | Approche micromcanique du couplage permabilit-endommagement[END_REF][START_REF] Shao | Coupling between anisotropic damage and permeability variation in brittle rocks[END_REF][START_REF] Meschke | Numerical Modeling of Concrete Cracking, Springer, chap Smeared Crack and X-FEM Models in the Context of Poromechanics[END_REF] by introducing the non-isotropic "apparent" elementary permeability tensor:

k = k 0 + T t k c T (4)
where k c is the cracking induced anisotropic contribution to the apparent permeability (written in the local reference system of the crack), and T is the rotation tensor. The term "apparent" is here used to remark that in presence of a localised/discrete cracks the rigorous definition of homogenised quantities (e.g. permeabilities) is not possible, as the assumption of statistical homogeneity (Freudenthal 1950;[START_REF] Hashin | Analysis of composite materials[END_REF][START_REF] Drugan | A micromechanics-based nonlocal constitutive equation and estimates of representative volume element size for elastic composites[END_REF][START_REF] Ostoja-Starzewski | Microstructural randomness versus representative volume element in thermomechanics[END_REF]Stroeven et al 2004) underlying the existence of a REV is not verified [START_REF] Bodin | Solute transport in a single fracture with negligible matrix permeability: 1. fundamental mechanisms[END_REF][START_REF] Meftah | A three-dimensional staggered finite element approach for random parametric modeling of thermo-hygral coupled phenomena in porous media[END_REF].

The crack contribution k c figuring in Eq. ( 4) have to be properly defined, to take into account the loss of isotropy of the flow within a cracked area and to ensure the mesh objectivity of the simulated response. If one assumes that the crack does not modify the flow along the direction of n c (Dormieux and Kondo 2004; Pouya and Ghabezloo 2010), the apparent permeability tensor k c can be written as follows:

k c (a e , n c ) = k c (a e ) a e l e (I n c ⌦ n c ) ( 5 
)
where k c = k c (a e ) is the intrinsic crack permeability and l e denotes the the elementary characteristic length for the hydraulic problem (estimated as in mechanical computations). From Eqs. ( 5) and (4) stems directly that when a e = 0, the crack contribution vanishes. Therefore, no irreversible e↵ects on local fluid flow due to residual cracks can be taken into account.

Crack permeability: experimental constitutive law

The intrinsic permeability of the crack k c is conventionally estimated according to the so-called parallel plates model (Snow 1969). This conductivity model stems directly from the resolution of Navier-Stokes equations [START_REF] Temam | Navier-Stokes equations: theory and numerical analysis[END_REF]) assuming that the fracture walls are two smooth and parallel plates, separated by an aperture a e [START_REF] Zimmerman | Hydraulic conductivity of rock fractures[END_REF]. Real cracks in concrete, however, have rough walls and variable apertures. In numerical modelling, some authors [START_REF] Segura | On zero-thickness interface elements for di↵usion problems[END_REF][START_REF] Secchi | A method for 3-d hydraulic fracturing simulation[END_REF] suggest to correct the standard cubic law by introducing a phenomenological factor ↵ > 1 such that:

k c = k c (a e ) = a 2 e 12 ↵ (6) 
The factor ↵ is typically assumed constant, with values ranging between 10 and 1000 [START_REF] Wang | Permeability study of cracked concrete[END_REF][START_REF] Picandet | Crack e↵ects on gas and water permeability of concretes[END_REF][START_REF] Akhavan | Quantifying the e↵ects of crack width, tortuosity, and roughness on water permeability of cracked mortars[END_REF] depending on concrete formulations and adopted experimental procedures. However, as experimentally shown by [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF], the parameter ↵ could not be considered as a constant as it should decrease during the crack opening process. In particular, the following power-law relation can be used:

↵ = ↵(a) = a (7)
where > 0 and < 0 are two parameters depending on the crack geometry and, indirectly, on the concrete formulation. For the ordinary concrete formulation herein used (Tab. 1), the following values hold: = 5.625 ⇥ 10 5 and = 1.19 (if a e is expressed in metres).

Finally, combining Eqs. ( 7) and ( 6), the following constitutive law can be used in numerical computations: where a e,t is the the crack opening such that the parallel plates model is recovered (↵ = 1).

k c =

Coupling procedure

A Monte-Carlo like procedure is used to obtain a statistical description of the HM response of the analysed system. Under the aforementioned weak HM coupling assumption, the mechanical and hydraulic problems are sequentially solved (using two specialised and ad-hoc developed FE codes) as follows:

1. a series of mechanical simulations is performed to induce cracking and to estimate the structural mechanical response; 2. the local cracking informations (elementary openings a e , cracks orientations n c ) obtained in mechanical computations are used, in hydraulic computations, to define elementary apparent permeability tensors k; 3. the transfer properties of the cracking structure are then statistically analysed and put into relation with mechanical fields.

In the following sections, the feasibility of the proposed modelling strategy is explored by simulating the HM splitting tests by [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF], for estimating the real-time evolution of the transfer properties of a concrete sample under Brazilian loading. This study in performed in two phases:

1. purely mechanical experimental results are first used (Sec. 5) in order to identify the statistical parameters b s , c s and ⌘ G (defined in Sec. 2.3) for two values of the elementary heterogeneity ratio: ⇠ e = 0.01 and ⇠ e = 0.001 ; (9) 2. in the second phase (Sec. 6), the calibrated parameters are used as input data in HM computations. These latter are performed using a FE mesh which is di↵erent from those used in previous phase. This allows to obtain a first validation of calibrated statistical parameters and, at the same time, an estimation of the model capabilities in predicting fluid transfers in cracking media.

Mechanical model parameters identification

Purely mechanical experimental results obtained by Rastiello et al ( 2014) on samples d s = 110 mm in diameter and t s = 50 mm in thickness are considered as reference data to perform a preliminary inverse analysis on the statistical parameters of the mechanical model. The choice of the optimal set of parameters is performed using a semi-automatic procedure, based on the comparison between the experimental and numerical global sample responses.

Numerical modelling of the Brazilian test

The mechanical response of a cylindrical sample under Brazilian loading is numerically simulated according to the proposed "semi-explict" cracking model.

Numerical computations are performed using two FE mesh (Fig. 4). They are composed respectively of 4250 and 13037 four-noded tetrahedral FEs with linear interpolation in the the displacement field. For both mesh, the central zones of the sample are discretised through structured grids composed by FEs with quasiconstant ⇠ e values (i.e. elementary volumes). The upper and lower steel bearing plates are represented through two linear elastic parallelepipeds b in width. Their presence allows to distribute external load over a finite width bearing strip and ensure to limit damage concentrations near the bearing surfaces (i.e. constrained nodes). It is well-known that, in Brazilian Fig. 3 Experimentally adapted parallel plates model (Eq. ( 8)).

tests, the b/d s ratio sensibly influences the sample mechanical response and can induce scale e↵ects (Rocco et al 1999a,b). However, the chosen width (b = 1 cm) is small enough to neglect its influence on the simulated response [START_REF] Tailhan | Multiscale probabilistic approaches and strategies for the modelling of concrete[END_REF]) and, at the same time, it is completely representative of the experimentally observed contact areas between the bearing plates and the sample surfaces (Boulay et al 2009;[START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF].

Diametrical loading is simulated by imposing vertical displacements of the upper bearing strip. In analogy with the experiments, a indirectly controlled loading technique is used to avoid mechanical instabilities (snap-backs/through phenomena) in the phase postpeak of force. The vertical displacement increment at each loading step is then adjusted to ensure monotonically growing mean sample diameter variations d s . These latter are computed as linear combination of the horizontal displacements of the four nodes representative of the real measurement points (Fig. 8). Numerically, this is obtained through the arc-length type algorithm [START_REF] Riks | An incremental approach to the solution of snapping and buckling problems[END_REF][START_REF] Ramm | Strategies for tracing the nonlinear response near limit points[END_REF]Crisfield 1982) presented by [START_REF] Tailhan | Multiscale probabilistic approaches and strategies for the modelling of concrete[END_REF].

In the following, in analogy with experiments, the mechanical response of the sample is represented through the average diameter variation of the sample d s and the diametrical load F .

Parameters identification -global sample responses

Ten simulations for each set of parameters are performed. One can show that this represent a good compromise between CPU time and accuracy of the solution. Further increases in the number of simulations do not induce sensible variations in terms of mean sample response.

Based on the statistical interpretation of about 4000 computations, the following parameters have been finally chosen: to obtain the tensile strength in MN and the cracking energy in MN/m. From parameters b s and c s is easy to compute, the mean values and the variance of the strength distribution [START_REF] Feller | An introduction to probability theory and its applications[END_REF]:

µ s = b s (1 + c 1 s ) ⌘ 2 s = b 2 s (1 + 2c 1 s ) µ 2 s ( 12 
)
where is the so-called gamma function.

The (F, d s ) responses corresponding to the calibrated parameters are depicted in Fig. 5. A good agreement with experimental results can be put in evidence both in terms of mean values and dispersion. However, it is worth observing that numerical simulations cannot continue after d s reaches the maximum value of 80µm (i.e. < 300µm experimentally analysed). For larger d s levels, the iterative resolution algorithm fails to converge, due to the poor conditioning of the sti↵ness matrix, resulting from the presence of many cracked elements in the central zone of the specimen and/or to uncontrolled oscillations in elementary opening process.

It is worth observing that the unity value assigned to the shape factor of the Weibull law, for both ⇠ e values, corresponds to the transition between lognormal and exponential distributions. This result is consistent with the results of the inverse analysis performed by Tailhan et al (2010) using a probabilistic elastic-brittle con-stitutive law. Furthermore, consistently with the main modelling assumptions, the variance of the energy dis- Fig. 5 Global (F, ds) responses obtained through the two FE mesh using the chosen statistical parameters, with approximative identification of the loading levels corresponding to the crack distributions and displacement fields depicted in Fig. 6.

tribution increases with the elementary heterogeneity ⇠ e .

Local informations: crack openings

Figure 6 represents the horizontal displacement fields and elementary cracks distributions for three phases of a representative test. Numerical results put in evidence that: (1) in the pre-peak load phase, the deformation process between the two faces of the sample remains symmetric and the stress/strain fields are well approximated by standard elastic solutions [START_REF] Timoshenko | Theory of elasticity[END_REF]; (2) once the peak of load is attained, the crack opening process become strongly un-symmetric.

Crack localisation starts on one face of the sample and rapidly propagates to the other one. The deformation field then localises in a band of width approximately equal to the size of one element. As experimentally observed by [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF], in this phase the sample is split into two undamaged quasi-elastic blocks. From a qualitative point of view the computed displacement fields are very similar to those obtained by Rastiello et al (2014) using a digital imaging correlation technique. A good agreement between numerical and experimental results can be observed also in quantitative terms. In Fig. 7 the comparison is established in terms of mean crack opening a m at mid-height of the plane faces of the sample. For both sides of the sample, crack apertures are numerically computed as follows. In a first step, the position of the "crack" is obtained from the displacement field corresponding to the last load-ing step. In a second step the crack aperture a m,f(r) at mid-height of the sample is computed as the relative displacement of the two nodes disposed on the opposite sides of the crack. As these nodes share two FEs, a crack is considered as present (i.e. a m,f(r) 6 = 0) only if both the elements are cracked. Otherwise a m,f(r) = 0. Finally, the mean crack opening is computed as a m = (a m,f + a m,r )/2. For both mesh, once a macro-crack develops into the sample, the relation (a m , d s ) is pseudo-linear as in experiments.

Hydro-mechanical computations

The complete HM splitting test is modelled in this section. The statistical parameters calibrated in Sec. 5, are used as input data of the mechanical model. However, due to the variable dimensions of the FEs ensuring the spatial discretisation of the sample, linear functions of ⇠ e are used to define b

s = b s (⇠ e ), c s = c s (⇠ e ) and ⌘ G = ⌘ G (⇠ e ) (Sec. 2.3).

Numerical modelling of the HM test

The real-time evolution of the transfer properties of a cylindrical sample under loading is numerically simulated. The FE mesh adopted in computations is depicted in Fig. 8. It is composed of approximately 44000 tetrahedral finite elements with linear interpolations of nodal displacements and pressures. The mechanical loading is performed according the numerical procedure presented in previous section. Concerning the hydraulic boundary conditions, two constant fluid pressure distributions p in(out) are applied on two circular plane surfaces S in(out) of the sample in real-time with the mechanical load. Their diameter d = 0.077 m is equal to those of the silicone joints experimentally adopted in order to ensure the absence of leaks at the contact between the experimental equipment and the sides of the sample. More details are given in [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF].

Representative transfer variables

The hydraulic response of the sample is represented through the sample transmissivity T num . Under the assumption of unidirectional flow between the two plane faces of the sample, it is obtained at each calculation step as:

T num = Q num µ ⇢  p t s 1 (13)
where Q num is the mass flow rate (computed at the outlet/inlet section) and p is the di↵erential pressure.

The comparison of T num with the homologous experimentally obtained quantity call for some considerations. Due to the saturated and laminar flow conditions, the total transmissivity T num can be additively decomposed as follows:

T num = T 0 num + T c num ( 14 
)
where T 0 num is the contribution of the flow through the porous medium and T c num is those corresponding to the crack flow. In all rigour, this quantity is not directly comparable to experimental one, as in this case only the crack contribution T c exp is known. The comparison is however possible if one observes that due to the low permeability of the material (k 0 ⇡ 10 21 m 2 (Baroghel-Bouny et al 2011)), the crack contribution to the mass flow rate is several times greater than those associated to the porous medium (T 0 num ⇡ 10 24 m 4 ), already for very small crack openings. Therefore: T exp ⇡ T c exp .

Numerical results

The mean (F, d s ) and (T num , d s ) responses, computed over ten mechanical and hydraulic simulations, are represented in Fig. 9. The crack distributions and the fluid flow fields for three phases of a representative test are depicted in Fig. 10.

During the test, sample transmissivity T num evolves according two main phases: (1) For low d s levels (< 15 µm), approximately up to the the peak force, the sample transmissivity T num remains almost constant (T num = T 0 num ). This condition does not correspond to the absence of cracks in the sample, as isolated elementary cracks may be present already for moderate loading levels. However, their contribution to T num remains negligible (T c num < T 0 num ). It is worth observing that this behaviour should not be interpreted as a numerical evidence of the existence of threshold crack opening beyond which the water flux is not influenced by the crack [START_REF] Wang | Permeability study of cracked concrete[END_REF][START_REF] Aldea | Estimation of water flow through cracked concrete under load[END_REF], as a a unique macro-crack (i.e. continuous flowing path)

is not yet present in the specimen and a crack opening can not be defined; (2) Once the peak load is attained, a macro-crack propagates through the specimen. Due to the creation of this preferential flow path, T num rapidly increases by several orders of magnitude. Numerical results tends to overestimate the experimental transmissivity values (T num > T exp ). This is partly due to the fact that the experimentally adapted parallel plates model (Eq. ( 7)) is strictly valid only in the range of experimentally explored crack apertures (20µm < a < 160µm). Therefore, the extrapolation of these results to thinner cracks (a < 20µm) calls for further confirmations. From the numerical point of view, a further cause for over-estimation may be associated with the possible presence of adjacent cracked FEs. In this case, each FE contributes to the T num in proportion to the third power of its own crack opening. A good agreement between numerical and experimental results can be put in evidence both in terms of mechanical and hydraulic responses. The comparison among the mechanical responses obtained in this series of analysis and those previously obtained using di↵erent FE mesh, provides a further confirmation of the independence of the global simulated response with respect to the computational grid. Due to the aforementioned di culties in simulating Brazilian tests, a complete validation of the proposed modelling approach can not be obtained. One can however show that the simulated responses are completely comparable to the experimental ones, at least in terms of tendency, over the whole range of experimentally explored d s .

Conclusions

A numerical finite element study on fluid leakage in cracking concrete has been presented. Concrete cracking is modelled through a macroscopic ("semi-explicit") probabilistic model. Material heterogeneity is taken into account through the use of statistical distributions of mechanical properties (tensile strength and cracking energy) [START_REF] Rossi | Probabilistic model for material behavior analysis and appraisement of concrete structures[END_REF][START_REF] Rossi | Compressive behavior of concrete: physical mechanisms and modeling[END_REF][START_REF] Tailhan | From local to global probabilistic modeling of concrete cracking[END_REF][START_REF] Tailhan | Probabilistic modelling of crack creation and propagation in concrete structures: some numerical and mechanical considerations[END_REF][START_REF] Tailhan | Multiscale probabilistic approaches and strategies for the modelling of concrete[END_REF]. Cracking is treated elementby-element without an explicit definition of a propagation criterion. In this approach, macro-cracks results from the progressive and random creation of elementary cracks. The main physical assumption is that each FE represents a volume of heterogeneous material [START_REF] Rossi | Probabilistic model for material behavior analysis and appraisement of concrete structures[END_REF][START_REF] Tailhan | From local to global probabilistic modeling of concrete cracking[END_REF], whose mechanical behaviour is controlled by its own heterogeneity degree ⇠ e = V e /V g (i.e. the ratio of the elementary volume V e to a volume representative of the heterogeneity of the material V g ). In the present formulation, it is assumed that the cracking process (i.e. the creation and propagation of a crack within the element itself) induces some local energy dissipation. This dissipative process is mathematically represented through a probabilistic isotropic damage model [START_REF] Lemaitre | Mechanics of solid materials[END_REF]. According to the aforementioned modelling assumption, material properties (strength and fracture energy) are defined element-by-element according to spatially uncorrelated random fields. Their statistical parameters are defined for each element depending on its own elementary volume (V e ) according to experimentally validated laws.

The cracking-transfer coupling is treated as weak. It is assumed that the cracking of the FE, of mechanical origin, induces a loss of isotropy of its own apparent permeability tensor. The use of an experimentally modified parallel plates model (Rastiello et compute the crack permeability, macroscopically taking into account the main causes of the deviation between the idealised Pouiselle-like flow and the flow in real cracks [START_REF] Zimmerman | Hydraulic conductivity of rock fractures[END_REF].

A probabilistic Monte-Carlo type approach allows to statistically validate the numerical results.

The feasibility of the proposed modelling strategy is explored by simulating the HM splitting tests developed by [START_REF] Rastiello | Real-time water permeability evolution of a localized crack in concrete under loading[END_REF], for mass flow rate measurements through concrete samples under Brazilian loading. Experimental results have been first used to identify the statistical parameters of the mechanical model for two ⇠ e values. Then, the calibrated parameters have been used as input data in HM computations. Numerical results provided two kinds of informations. The first-one concerns the relevance of the mechanical model in predicting cracking. The second-one, concerns a verification of the validity of the coupling strategy in estimating fluid leakage in cracking concrete (at least at the sample scale). This second aspect represents a further indirect verification of the adequacy of the mechanical model in a "fine" description of cracking. According to the theoretical predictions, the laminar flow through a crack is indeed completely determined by the geometry of the crack itself. Therefore, an accurate prediction of the fluid flow rate through the cracking sample can be interpreted as an indicator of the level of accuracy (at least in statistical terms) of the model in predicting local cracks informations (i.e. openings, spatial distribution of the local apertures).

Further research are needed to validate the model at a structural scale. Furthermore, the complexity of the transfer model should be increased by taking into account compressible flows (e.g. air), partially saturated conditions and stronger HM couplings. These aspects are important in modelling of cracking at a early-age [START_REF] Ulm | Couplings in early-age concrete: from material modeling to structural design[END_REF][START_REF] Sellier | The french national project ceos. fr: Assessment of cracking risks for special concrete structures under tchm stresses[END_REF]Bri↵aut et al 2011), concrete behaviour at high temperatures [START_REF] Gawin | Numerical analysis of hygro-thermal behaviour and damage of concrete at high temperature[END_REF]Dal Pont and Ehrlacher 2004;[START_REF] Meftah | A three-dimensional staggered finite element approach for random parametric modeling of thermo-hygral coupled phenomena in porous media[END_REF], hydraulic fracturing [START_REF] Ng | A case study of hydraulic fracturing using finite element methods[END_REF]Carrier and Granet 2011;[START_REF] Secchi | A method for 3-d hydraulic fracturing simulation[END_REF].

Fig. 1

 1 Fig.1Illustration of the main aspects of the proposed "semi-explicit" probabilistic cracking model.

Fig. 2

 2 Fig. 2 Influence of the local heterogeneity ⇠e on the crack propagation on a heterogeneous volume element and influence on the cracking energy dispersion.

  Fig. 4 a) Finite element mesh used to calibrate the statistical parameters of the mechanical model (inverse analysis), b) imposed boundary conditions, c) and definition of the loading control variable.

Fig. 6

 6 Fig. 6 Displacement fields and crack distributions inside the sample for three phases of a representative numerically simulated Brazilian test.
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 7 Fig. 7 Procedure to compute crack opening displacement at mid-height of the sample am from displacement field and comparison between numerically computed and experimentally obtained (am, ds) relationships.

  Fig. 8 a) Finite element mesh used in HM computations and b) hydraulic boundary conditions.

  Fig.9(F, ds) and (Tnum, ds) responses for the whole hydro-mechanical series of computations, and approximative identification of the simulation steps corresponding to the crack distributions and fluid flow fields depicted in Fig.10

  

  

  

Table 1

 1 Ordinary concrete mix design. ) defining shape and scale factors of the Weibull distribution for the tensile strength, as well as the variance ⌘

	Components	kg/m 3
	Cement: CEM I 52.5 N PMES CP2	340
	Water	184.22
	Sand: Bernires 0/4	739.45
	Gravels: Bernires 6.3/20	1072.14
	lustrated in Fig. 2, it should increase as ⇠	e decreases
	and vice-versa.	
	The laws b	

s = b s (⇠ e ) and c s = c s (⇠ e
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