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HYGRO-MECHANICAL MODELLING OF SELF INDUCED STRESSES: THE CASE OF VERCORS GUSSET
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. In this study, a sequential analysis is proposed to represent the drying evolution and the corresponding cracking pattern. First, calculations are performed to model the drying process and to obtain relative shrinkage strains. These strains are, in a second step, applied in order to obtain the initial deflection and the cracking pattern. Then, the dried specimens can be subjected to various numerical tests in order to analyse the impact of drying effects on concrete mechanical properties even water permeability tests. The influence of shrinkage on cracking pattern due to the mechanical loading can also be investigated. A second part of this study is an application of the proposed modelling strategy to the first lift of the VeRCoRs containment wall mock up [2] (the gusset) in attempt to predict concrete cracking.
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The prediction of the concrete structure durability is closely linked to the prediction of cracking in the long-term. Initially saturated cementitious materials are the seats of water movements that are responsible for mechanisms such as drying shrinkage, creep or changes in mechanical properties. As the material dries, hydric gradients appear along the structure's thickness and create self-induced stresses. When these stresses overcome the tensile strength of the material cracking occurs. Those cracks will impact not only the mechanical properties but also the permeability of the structure [START_REF] Yurtdas | Influences of water by cement ratio on mechanical properties of mortars submitted to drying[END_REF]. In this study, a Hydro-Mechanical approach is proposed to represent the drying evolution and the corresponding cracking pattern in order to asset the risk of cracking in large structure. The first part of the paper deals with the description of the different parts of the model then the second part deals with an application of the model on the first level of the VeRCoRs containment wall (1:3 scale containment structure) [START_REF] Corbin | Benchmark VeRCoRs report[END_REF], more specifically on the gusset of the structure. Modelling is conducted through CAST3M software [START_REF]Cast3m® software[END_REF].

NUMERICAL MODELLING

As part of the proposed work, some simplifying assumptions were made. The material is considered mature (final material properties) and hydration is not taken into account. All the mechanisms are considered in a decoupled way [START_REF] Granger | Comportement différé du béton dans les enceintes de centrales nucléaires : analyse et modélisation[END_REF] which makes it possible to consider them one after the other.

Drying modelling

The drying of cement-based materials is a complex phenomenon. Several, more-or-less coupled, mechanisms are involved: permeation, diffusion, adsorption-desorption and condensation-evaporation. Drying can be analysed through the resolution of liquid water, vapour and dry air mass balance equations. The use of several hypotheses [START_REF] Bažant | Effect of cracking on drying permeability and diffusivity of concrete[END_REF][START_REF] Hansen | Creep of concrete: the influence of variations in the humidity of ambient atmosphere[END_REF] allows for considering only the mass balance equation of liquid water:

(

where S l , P c , , K, k rl and µ l are, respectively, the saturation degree, the capillary pressure, the porosity, the intrinsic permeability, the relative permeability and the viscosity of the liquid water. It is shown [START_REF] Thiery | Modélisation du séchage des bétons : analyse des différents modes de transfert hydrique[END_REF][START_REF] Goltermann | Mechanical predictions of concrete deterioration -Part 2: classification of crack patterns[END_REF] that this equation is sufficient for an accurate prediction of the drying of ordinary and high-performance concretes at 20°C with a relative humidity greater than 50%. The capillary pressure and the relative permeability are related to the degree of saturation through van Genuchten's relations [START_REF] Lassabatère | Sur le couplage entre séchage du béton et contrainte appliqué[END_REF]:

(

where n k , and are materials parameters. Drying at surfaces was modelled using a convection-type approach.

Drying shrinkage modelling

There are different ways to model drying shrinkage. Some of these are based on the theory of porous media mechanics. The development of this kind of modelling could be easily found in literature. See [START_REF] Thiery | Modélisation du séchage des bétons : analyse des différents modes de transfert hydrique[END_REF] for instance. Other models are based on phenomenological observations. Indeed, following experimental results [START_REF] Goltermann | Mechanical predictions of concrete deterioration -Part 2: classification of crack patterns[END_REF][START_REF] Baroghel-Bouny | Characterization and identification of equilibrium and transfer moisture properties for ordinary and high-performance cementitious materials[END_REF] found a proportional relation between water content variation and drying shrinkage rate: [START_REF] Granger | Comportement différé du béton dans les enceintes de centrales nucléaires : analyse et modélisation[END_REF] where is a constant hydrous compressibility factor and is the unit matrix. It is possible to find alternative approaches but in this present work this modelling approach was chosen. It is easy to implement and gives satisfactory results. Moreover, the modelling of the drying shrinkage takes into account basic and drying creep. This allows a relaxation of the stresses and then decreases of the damage induced by the drying gradients.

Creep modelling

Basic creep model used is a model of Burger with an aging dashpot (figure 1), more information are available in [START_REF] Hilaire | Modeling basic creep in concrete at early-age under compressive and tensile loading[END_REF].

Figure 1: Rheological model for concrete basic's creep [START_REF] Hilaire | Modeling basic creep in concrete at early-age under compressive and tensile loading[END_REF] Thus without taking into account dissymmetric behaviour between tension and compression, the model is governed by the second order equation ( 5).

and with [START_REF] Bažant | Effect of cracking on drying permeability and diffusivity of concrete[END_REF] This approach could be extended to three-dimensional problem using the behaviour law of the material. Moreover, the drying creep is taken as an additional deformation [START_REF] Hilaire | Modeling basic creep in concrete at early-age under compressive and tensile loading[END_REF]. The equation ( 6) links the evolution of drying shrinkage to the drying creep by a coefficient under stresses. [START_REF] Hansen | Creep of concrete: the influence of variations in the humidity of ambient atmosphere[END_REF] where is a constant is shrinkage deformation and is the stress applied.

Mechanical modelling

This study is based on 3D modelling. It involves non-explicit modelling of concrete cracking using a damage theory. The variable D, a scalar damage variable ranging from 0 to 1, is considered in the stress-strain relation: [START_REF] Lassabatère | Sur le couplage entre séchage du béton et contrainte appliqué[END_REF] where , , , are respectively stress, elastic stiffness and elastic strains. The evolution of the damage relies on an equivalent strain criterion, calculated from the equivalent strain introduced by Mazars [START_REF] Mazars | A description of micro-and macro scale damage of concrete structures[END_REF]. It was shown [START_REF] Feenstra | Computational aspects of biaxial stress in plain and reinforced concrete[END_REF] that the evolution of damage in tension could be taken as an exponentially decreasing: [START_REF] Thiery | Modélisation du séchage des bétons : analyse des différents modes de transfert hydrique[END_REF] where

, with the tensile strength, the Young modulus and a parameter controlling the softening behaviour of the concrete.

Softening behaviour of concrete may lead to non-unity of solutions and mesh dependency. Energetic regularization prevents these difficulties [START_REF] Hillerborg | Analysis of crack formation and crack growth in concrete by means of fracture mechanics and finite elements[END_REF]. Regularization is then based on the parameter , which is a function of h the size of the finite element, the tensile strength, the fracture energy and a parameter for the initiation of the damage as described above.

Finally, a random field for the tensile strength generated by the Turning Band Method [START_REF] Matheron | The intrinsic random functions and their applications[END_REF] is used in order to take into account the variability of the material. The chosen parameters are:

-A variation coefficient equal to 10 %; -A correlation length three times larger than the biggest aggregate.

THE CASE OF VERCORS GUSSET

In this section we are interested in the containment gusset of the VeRCoRS project. To do this, a three-dimensional modelling of the reinforced concrete slab and the gusset is carried out.

Meshes of the gusset

The invert and gusset are modelled using three-dimensional modelling. For reasons of cost calculation, modelling is only interested in a first approach at an angular sector of 15°. The mesh size is not much refined. It is composed of 3650 linear elements (figure2c). The primary interest of the modelling presented in this paper is the behaviour of the gusset (Figure 2b). For mechanical simulation, the axis of rotation of the containment wall is locked in the x and z directions. Movements normal to the side faces are locked.

Parameters' identification

To simulate the behaviour of the gusset, it is first necessary to identify the parameters of the Hydro-mechanical model. The latter are in numbers of 16. To do this, the relative mass variation of the specimen (16x100 cm) monitored by EDF [START_REF] Corbin | Benchmark VeRCoRs report[END_REF] (Figure 3a) is identified on a 3D modelling of the cylindric sample to subsequently determine the different delayed strains presented on figure 2b. Thus, on the basis of experimental data from the VeRCoRs project, it is necessary to first simulate the relative mass variation of the cylindrical sample in order to calibrate the various parameters of the hydro-mechanical model. The identified drying parameters are presented in table 1.

Table 1: Drying parameters of the model

β P 0 [MPa] nk K [m 2 ] Φ ρ [kg.m -3 ]
0.42 25 -0.5 1.5.10 -21 0.10 2400

The parameters in table 1 are used to simulate the evolution of the relative mass variation in a satisfactory manner. Over 600 days the mass loss is perfectly reproduced (cf. figure 4). Once the mass loss has been predicted it is possible to simulate the evolution of the drying shrinkage with equation ( 6) and an λ ds equal to 9.55.10 -6 m 3 .L -1 .

Figure 5: Evolution of drying shrinkage over time, experimental values and prediction

Figure 5 shows the evolution of drying shrinkage. Although relative mass variation is well predicted, it is difficult to simulate the evolution of drying shrinkage. The shrinkage value is slightly underestimated between 25 and 150 days and it can be assumed that in the longer term the shrinkage will be vaguely overestimated. Drying shrinkage predication with capillary pressure models could be an interesting alternative. Nevertheless, for the purpose of this communication, the identification can be considered satisfactory.

Once the drying shrinkage is known, we can consider the experimental evolution of creep presented in the figure 3b. To do this, we simulate the basic creep under a load of 12 MPa and finally the total creep. The resulting curves are shown in Figures 6a and6b. All curves shown in Figure 6 are correctly reproduced after 600 days of loading. By using a creep Poisson ratio coefficient equal to 0.10 it is possible to reproduce the radial behaviour of cylindrical specimens. Thus the creep parameters can be summarized in table 2. Finally, the average mechanical parameters used in modelling are taken equal to those obtained on site for this area of the structure. These are summarized in Table 3. EDF Lab obtained the mechanical parameters on laboratory samples. No size effects were taken into account in the first approach.

Table 3: Mechanical parameters

E [GPa] ν [-] f t [MPa] G f [J.m -2 ] β [-]
32.3 0.24 4.2 75 1

Drying

We can now focus on invert and gusset modelling. Thereafter, only the gusset will be studied although the whole will be modelled. For drying simulation, the parameters in Table 1 are used. Moisture conditions are imposed on the inner and outer surfaces of the structure. As shown in Figure 7a, conditions are considered constant at first approach and equal to 30% RH indoor and 50% RH outdoor. The relative humidity field is thus simulated over a period of 3000 days or approximately 8 years. Figure 7b shows the relative humidity distribution within the gusset at the end of the simulation. It can be seen that the relative humidity on the exchange surfaces is close to the conditions imposed and that the heart of the gusset is still very humid (relative humidity close to 80%). Furthermore, it is difficult to capture drying gradients due to the coarse mesh size.

Mechanical analysis of the gusset

In this last part, the mechanical simulation of the gusset is performed. Figure 8 shows the deformation after 3 days. There is a rotation from the outer surface to the inner surface. This deformation is essentially explained by the difference in conditions at the limits imposed on the inside and outside. Indeed, the serviceability conditions (30% RH here) are more severe than the external ambient conditions (for this simulation 50% RH), which generate a greater shrinkage of the internal face and thus generates bending at the gusset. If we now look at Figures 9, which show the damage on both sides of the gusset, we see that the damage is diffuse on the exchange sides. The latter is located in the first band of elements in contact with the drying conditions; here the band is about 5 cm. On the inner part (figure 9a) the damage is generally close to 1. Conversely on the external side, the values oscillate between 0.5 and 1. The random field generates areas of greater damage (Figure 9b), which concentrates the crack in these areas. On the other hand, Figure 9c shows through damage at the junction between the gusset and the invert. This last, strongly more massive than the gusset will generate a lower drying shrinkage what will restrict the shrinkage of the gusset and thus generate this strong damage. In addition, there is a severely damaged through one vertical slice of the gusset in Figure 9b. These damage map results together illustrate the significant impact of drying. 

CONCLUSIONS

The coupling between the hydric evolution of the material and its mechanical behaviour is of major importance for predicting the durability of a structure. In this paper a hydro-mechanical model was developed. The different parts of the model were described and then the modelling of the gusset of VeRCoRs containment wall was discussed. After calibrating the hydromechanical model parameters on experimental data provided by EDF LAB, a 15° angular sector of the gusset was simulated using a three-dimensional modelling. Hydric fields have been predicted and show that after 3000 days, the gusset is still not in equilibrium with its surrounding environment. The mechanical simulation showed a rotation of the gusset towards the inside of the structure, which is quite characteristic of containment structures since internal conditions are more severe than external conditions. Finally, the damage observed in these first simulations is diffuse on the surface and the random field favours areas of greater damage. In the proposed simulation we observe a through damage at the foot of the gusset and on one slice of the gusset. Finally, the mechanical simulations presented are promising and need to continue in this direction.
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 2 Figure 2: (a) General 3D and 2D-AXIS views of VeRCoRs mock-up [16], (b) 3D view of VeRCoRs gusset, (c)
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 3 Figure 3: Experimental characterization of delayed strains, (a) EDF experimental set up, (b)Experimental values measured on 16x100 cm sample[START_REF] Corbin | Benchmark VeRCoRs report[END_REF] 
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 4 Figure 4: Relative mass variation of the cylindric sample (16x100 cm) over 600 days and hydric prediction
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 6 Figure 6: Identification of creep parameters, (a) Specific basic creep, (b) Total creep, longitudinal and radial strains
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 7 Figure 7: Drying modelling of the gusset, (a) Hydric condition, (b) Relative humidity fields after 8 years
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 8 Figure 8: Deformation of the invert and the gusset after 4 years (amplification factor of 500)
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 9 Figure 9: Damage on the gusset after 8 years, (a) Inner surface, (b) outer surface, (c) view from under

Table 2 :

 2 Parameters of drying shrinkage, basic and drying creep

	t 0 [day] η am [GPa.s -1 ] k kv [GPa] τ kv [day]	ν bc [-]	λ dc [MPa]
	90	130	135	15	0.10	7.24.10 -2
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