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INTRODUCTION

The democratization of high resolution acquisition techniques makes possible to obtain very accurate geometrical models from micro-structural problems. However, taking into account this amount of informations in computations is still problematic. The most widely used approach is based on the direct conversion of voxels into hexaedral finite elements [7, [START_REF] Hollister | Homogenization theory and digital imaging: a basis for studying the mechanics and design principles of bone tissue[END_REF][START_REF] Mishnaevsky | Automatic voxel-based generation of 3d microstructural fe models and its application to the damage analysis of composites[END_REF], and is called voxel-based finite elements. Unfortunately, this approach leads to large computational models unless the images are downsampled and also to jagged geometries [START_REF] Guldberg | The accuracy of digital image-based finite element models[END_REF] (note that downsampling increases this pathological behavior).

One can also extract material interfaces from the image, then use them as an input for tetrahedral meshing [START_REF] Ulrich | Finite element analysis of trabecular bone structure: a comparison of image-based meshing techniques[END_REF]. This allows the user to select mesh size (thus geometrical accuracy and size of the computational model). However, in some cases, meshing can be problematic because of the complex topology of the interfaces involved.

An alternative path is proposed here. The objective consists in simplifying the processing of image-based computations. The X-FEM [START_REF] Moës | A finite element method for crack growth without remeshing[END_REF] is used as a mean for freeing the approximation from its conformity requirement, thus avoiding the meshing process. The geometrical informations are handled by a level-set function that is obtained after segmentation of the image [START_REF] Ibanez | The ITK Software Guide[END_REF], so that the output of the segmentation process can be directly used as an input for the calculation. As the level-set carries the geometrical informations, the size of the finite element mesh will have a direct influence on the geometrical accuracy (like for voxel-based approaches). In order to decrease the computational cost, an octree database is used to build a mesh that is refined along the material interfaces, and coarsened in the volume in order to get a good balance between the geometrical accuracy and computational cost. The accuracy of the approach is compared to voxel-based approaches, in terms of both local and global quantities. Finally, in order to improve the computational efficiency, a high-order X-FEM approach is considered [START_REF] Legrain | High order x-fem and levelsets for complex microstructures: Uncoupling geometry and approximation[END_REF]. It allows to obtain accurate results on coarse meshes whose size is independent on the resolution of the image. Thanks to this approach, approximation and geometrical representation are uncoupled.

COMPARISON BETWEEN VOXEL-BASED FINITE ELEMENTS AND X-FEM

The accuracy of voxel-based FEM and X-FEM are compared, in terms of both local and global quantities of interest for a simple fiber-matrix 2D problem. These examples are based on those developed in [START_REF] Lian | Image-based computational homogenization and localization: comparison between x-fem/levelset and voxel-based approaches[END_REF]. The geometry considered is shown in Figure 1. A square RVE with a circular inclusion is considered. From this geometry five images with different image resolutions N ×N pixels (N = 8, 16, 32, 64, 128), are generated from ImageMagic [START_REF] Still | The definitive guide to ImageMagick[END_REF] considering D L = 10 32 as input parameter. For each image, the corresponding levelset (input geometry for X-FEM, in Figure 3b) and the corresponding multi-labeled image (input geometry for voxel-based FEM, in Figure 3a) are produced through the same image segmentation procedure as mentioned in [START_REF] Legrain | An x-fem and level set computational approach for image-based modelling: Application to homogenization[END_REF][START_REF] Lian | Image-based computational homogenization and localization: comparison between x-fem/levelset and voxel-based approaches[END_REF]. Then for each image, a mesh is built with an element size h = 128 N . The modeling procedure is shown in Figure 2. Note that a conforming mesh is also considered for validation purpose. In the following the solution obtained from this conforming mesh is considered as the reference solution.

Figure 2: Voxel-based FEM and X-FEM modeling procedure Volume fraction is first considered to assess the geometrical error. The evolution of volume fraction as a function of mesh size is depicted in Figure 4. It can be seen that the levelset geometry for the X-FEM model is smoother than the voxel-based FEM one, since levelset leads to a piece-wise linear representation of geometrical interface. In addition, from the image N = 32, the volume fraction for X-FEM is very close to the reference one (V f iber f = 7.67%) while the voxel-based volume fraction converges very slowly. X-FEM coupling levelset is less sensitive to image resolution (mesh size) than voxel-based FEM. For a fixed accuracy, X-FEM could employ a coarser mesh than voxel-based FEM to decrease the computational cost.

Homogenization computations using X-FEM and voxel-based FEM are conducted here to study the influence of the image resolution on apparent bulk and shear moduli (under the plane strain assumption). In the parametric study, Poisson's ratio of the two phases (matrix, inclusion) is ν i = ν m = 0.3, and the Young's modulus for the matrix is (E m = 1 GPa). In order to study different contrasts between the fiber and the matrix, the Young modulus of the inclusion is E i = {0.001, 0.1, 10, 1000} GPa. Periodic boundary conditions are used here and apparent properties (bulk and shear moduli) are calculated using the approach presented in [START_REF] Jiang | Apparent elastic and elastoplastic behavior of periodic composites[END_REF]. The numerical results are given in Figure 5 and Figure 6 where conforming FEM solution with the finest mesh is considered as the reference solution. The X-FEM results are very close to the conforming FEM results (the difference is less than 1%) for different mesh sizes. By contrast, a significant difference between pixel-based and conforming FEM results is observed. Obviously the main part of this difference comes from the geometrical error. As can be seen from Figure 4, using a pixel-based mesh leads to an overestimation of the volume fraction of the inclusion. Consequently, an overestimation of the macroscopic properties is observed in the case where the inclusion is stiffer than the matrix (see Figure 6). The reverse is found when the matrix is stiffer (see Figure 5). Thus, comparing to reference results, the X-FEM results are acceptable for the mesh size h ≤ 4 (corresponding to N = 32) whereas even with N = 128, the pixel-based results are less accurate.

HIGH-ORDER EXTENSION

It was demonstrated in the last section that the faster geometrical convergence of the levelset representation of the image with respect to voxel-based FE was leading to a better accuracy for a fixed mesh resolution. However, optimal geometrical accuracy requires high mesh resolution, as the levelset is interpolated. This can lead to expensive models, especially in 3D (but not as much as voxel-based FEM), see Figure 7 for an illustration in 2D for a microstructure with pixel-size accuracy.

It was recently proposed in [START_REF] Legrain | High order x-fem and levelsets for complex microstructures: Uncoupling geometry and approximation[END_REF] an approach to uncouple the geometrical mesh from the computational one. The approach is based on a two meshes strategy: a coarse one defining the approximation, and an adapted one (finer near the interfaces) for the geometry. The two meshes are built using a common octree database, which means that the geometrical mesh is nested into the approximation mesh. The link between the two meshes is obtained naturally thanks to the common octree database. The support of the approximation is set as the coarse approximation mesh, while the description of the geometry is set on the geometrical mesh. In practice, finite elements that are not cut by any interface are treated like in the classical finite element method. On the contrary, the weak form is integrated on the geometrical mesh for the elements containing an interface. The principle of the approach is illustrated in Figure 8.

In order to be able to obtain a maximal accuracy on the coarse approximation mesh, a highorder approximation in the spirit of the Finite Cell Method [START_REF] Duster | The finite cell method for three-dimensional problems of solid mechanics[END_REF][START_REF] Parvizian | Finite cell method -h and p extension for embedded domain problems in solid mechanics[END_REF] is considered. The convergence of the proposed approach was assessed in [START_REF] Legrain | High order x-fem and levelsets for complex microstructures: Uncoupling geometry and approximation[END_REF], and has shown that exponential convergence rates could be obtained.

The approach is illustrated with the example depicted in Figure 9: a square plate of length 2.0mm and drilled by 450 random holes of radius ranging from 2.10 -3 mm to 10 -1 mm, and subjected to a x extension. The elements size of the approximation mesh is 0.125mm (level 4), as depicted in Figure 9. A reference solution is obtained by means of a level 10 mesh (h =1 .95 10 -3 mm) using X-FEM (linear approximation), and leading to 435 297 dofs. The evolution of the deformation energy is studied when the polynomial order is increased, and the error with respect to the reference solution is plotted in Figure 10. It can be seen that exponential converge is obtained and that less than 0.6% error can be achieved with 17% of the dofs needed by the reference solution. Note however that an extremely high order approximation was necessary to obtain this accuracy (degree 12). The displacement and stress fields associated to this polynomial order are presented in Figure 11. The degree of smoothness of the stress field is highlighted.

CONCLUSION

An integrated approach is proposed for the treatment of image-based analysis. The approach tries to combine advantages from both voxel-based finite elements (automatic mesh generation) and eXtended Finite Element Method (non-conforming mesh, enrichment of the approximation). The approach is seen to be less sensitive than voxel-based FE to mesh density. This leads to a faster convergence for both apparent material properties and local stress field with respect to mesh density. The approach is then further improved thanks to the uncoupling of the geometrical representation and the approximation mesh. The use of a high-order approximation allows high accuracy despite of the use of coarse meshes.
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 1 Figure 1: Cell geometry of a one fiber model
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 34 Figure 3: Voxel-based geometry and X-FEM geometry
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 5 Figure 5: Comparison between voxel-based FEM and X-FEM for macroscopic properties as a function of mesh size h on the contrast E i /E m = 0.001
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 6 Figure 6: Comparison between voxel-based FEM and X-FEM for macroscopic properties as a function of mesh size h on the contrast E i /E m = 10
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 78 Figure 7: (a) X-FEM octree adaptive mesh ; (b) Zoomed X-FEM octree adaptive mesh ; (c) Voxel-based octree adaptive mesh
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 91011 Figure 9: Percolated domain: Geometry and approximation mesh