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X ray microtomography experiments were performed in order to evaluate the densification of silica sand submitted to horizontal sinusoidal vibrations carried out at constant frequency (50 Hz) with controlled acceleration and deceleration Γ. Packing homogeneity was characterized using relative density distribution through 3D images of the relaxed samples. Information obtained from the images allowed us to evaluate data at grain scale: porosity and pore size distribution, number of contacts per particle, particle shape and size distribution were evaluated and linked to the densification process.

Based on the internal analysis of samples, the results confirm and extend the conclusions of previous works regarding the 3-layer densification under vibration and the proposed optimized vibration cycle to get dense and homogeneous samples. They extend them to different initial packings. Additionally, significant correlations are found between density and local particle packing characteristics such as pores size distribution, or the number of contacts per particle.

Introduction

Granular media are extensively used in many industries such as, e.g., mines, agriculture, pharmaceutical, powder metallurgy and electrical fuses. High density and good homogeneity are key points to ensure the targeted properties. Nevertheless, obtaining a dense packing from a random or heterogeneous initial configuration is a hard task. One of the most classical methods consists in vibrating the packing. Many experimental and analytical works have been dedicated to understand the behavior of grains during a short period of shaking, using vertical vibration [START_REF] Fauve | Collective behaviours of granular masses under vertical vibrations[END_REF][START_REF] Douady | Subharmonic Instabilities and Defects in a Granular Layer under Vertical Vibrations[END_REF][START_REF] Melo | Transition to parametric wave patterns in a vertically oscillated granular layer[END_REF][START_REF] Aoki | Convective roll patterns in vertically vibrated beds of granules[END_REF][START_REF] Knight | Experimental study of granular convection[END_REF][START_REF] Mcnamara | Energy flows in vibrated granular media[END_REF][START_REF] Bizon | Patterns in 3D Vertically Oscillated Granular Layers: Simulation and Experiment[END_REF][START_REF] Tennakoon | Vertical and Horizontal Vibration of Granular Materials: Coulomb Friction and a Novel Switching State[END_REF][START_REF] Hsiau | Granular convection cells in a vertical shaker[END_REF][START_REF] Rouèche | Dependence of granular arrangements under vibrations on the dimensions of cylindrical containers[END_REF][START_REF] Huang | Dynamic behaviors of supersonic granular media under vertical vibration[END_REF][START_REF] Eshuis | Phase diagram of vertically shaken granular matter[END_REF] or horizontal vibration [START_REF] Lee | Scaling behavior of granular particles in a vibrating box[END_REF][START_REF] Liffman | Granular Convection and Transport due to Horizontal Shaking[END_REF][START_REF] Ristow | Phase Diagram and Scaling of Granular Materials under Horizontal Vibrations[END_REF][START_REF] Grossman | Effects of container geometry on granular convection[END_REF][START_REF] Medved | Convection in horizontally vibrated granular material[END_REF][START_REF] Hsiau | The flow behavior of granular material due to horizontal shaking[END_REF][START_REF] Mayor | Mechanical spectroscopy of vibrated granular matter[END_REF][START_REF] Zeilstra | Experimental and numerical study of wall-induced granular convection[END_REF][START_REF] Lu | Mixing in a vibrated granular bed: Diffusive and convective effects[END_REF][START_REF] Raihane | Experimental study of a 3D dry granular medium submitted to horizontal shaking[END_REF][START_REF] Raihane | Analysis of the densification of a vibrated sand packing[END_REF][START_REF] Metzger | All the Brazil nuts are not on top: Vibration induced granular size segregation of binary, ternary and multi-sized mixtures[END_REF]. In this work, we are interested in the behavior of grains under horizontal vibration. Some works focused on the investigation of two main phenomena: the transition from solid to liquid behavior of the granular medium [START_REF] Ristow | Phase Diagram and Scaling of Granular Materials under Horizontal Vibrations[END_REF][START_REF] Mayor | Mechanical spectroscopy of vibrated granular matter[END_REF], and the convective cellular flow during vibration [START_REF] Grossman | Effects of container geometry on granular convection[END_REF][START_REF] Medved | Convection in horizontally vibrated granular material[END_REF][START_REF] Hsiau | The flow behavior of granular material due to horizontal shaking[END_REF][START_REF] Zeilstra | Experimental and numerical study of wall-induced granular convection[END_REF][START_REF] Lu | Mixing in a vibrated granular bed: Diffusive and convective effects[END_REF][START_REF] Raihane | Experimental study of a 3D dry granular medium submitted to horizontal shaking[END_REF]. The characteristics of the grains and of the container walls play an important role on the behavior of the vibrated packing [START_REF] Grossman | Effects of container geometry on granular convection[END_REF]. However these works paid less attention to the microstructure reached after vibration. Raihane et al. [START_REF] Raihane | Analysis of the densification of a vibrated sand packing[END_REF] have calculated the dynamic and relaxed compactness of a vibrated sand packing. They identified three zones referred to as fluidized, glassy and jammed regions, characterized by different values of the density. This information was however deduced from outside analysis of particle motion through the transparent container wall, and has to be confirmed by an analysis inside the packing. In most industrial processes, homogeneous and compacted packing is required to ensure the performance and reliability of the device or post-processing. X-ray microtomography is a relatively new technique well suited for the analysis of porous and granular materials and structures. It has been used for studying cohesive behavior of pharmaceutical powders during vibration [START_REF] Mendez | Density behavior of cohesive granular materials[END_REF], the microstructure of rocks in soil mechanics [START_REF] Biswal | Quantitative analysis of experimental and synthetic microstructures for sedimentary rock[END_REF][START_REF] Peth | Chapter 3 -Applications of Microtomography in Soils and Sediments[END_REF], bulk grains of wheat and pea grains for storage strategies [START_REF] Neethirajan | Investigation of 3D geometry of bulk wheat and pea pores using X-ray computed tomography images[END_REF], polymer, metallic and ceramic foams [START_REF] Trater | Use of non-invasive X-ray microtomography for characterizing microstructure of extruded biopolymer foams[END_REF][START_REF] Petrasch | Tomography-based Monte Carlo determination of radiative properties of reticulate porous ceramics[END_REF][START_REF] Goodall | Spherical pore replicated microcellular aluminium: Processing and influence on properties[END_REF][START_REF] Saadatfar | Imaging of metallic foams using X-ray micro-CT[END_REF], compaction [START_REF] Richard | Analysis by x-ray microtomography of a granular packing undergoing compaction[END_REF][START_REF] Marmottant | Coordination measurements in compacted NaCl irregular powders using X-ray microtomography[END_REF][START_REF] Lhuissier | Quasistatic mechanical behaviour of stainless steel hollow sphere foam: Macroscopic properties and damage mechanisms followed by X-ray tomography[END_REF][START_REF] Fu | Application of X-ray Microtomography and Image Processing to the Investigation of a Compacted Granular System[END_REF], sintering [START_REF] Lame | Bulk observation of metal powder sintering by X-ray synchrotron microtomography[END_REF][START_REF] Vagnon | 3D statistical analysis of a copper powder sintering observed in situ by synchrotron microtomography[END_REF][START_REF] Olmos | Analysing the sintering of heterogeneous powder structures by in situ microtomography[END_REF][START_REF] Olmos | Investigation of the Sintering of Heterogeneous Powder Systems by Synchrotron Microtomography and Discrete Element Simulation[END_REF]. The aim of this work is to study the microstructure of vibrated sand packings used in high intensity electrical fuses by the Mersen Company. During their manufacture horizontal vibration is applied in order to compact the sand in a ceramic box which contains the silver fuse. The behavior of those devices is strongly dependent on the sand microstructure which needs to be both homogeneous and well compacted. In this work, the relaxed microstructure of a vibrated packing is analyzed by X-ray microtomography after horizontal vibration with a special attention paid to the effect of the relative acceleration Γ (with respect to gravity acceleration g). Additional features of individual (shape, size of particles) or collective (coordination, porosity) grains are investigated and are linked to the final microstructure.

Experimental

The experimental device has been described in previous works [START_REF] Raihane | Experimental study of a 3D dry granular medium submitted to horizontal shaking[END_REF][START_REF] Raihane | Analysis of the densification of a vibrated sand packing[END_REF]. It consists in a mobile horizontal table, on which a fixed container is partially or fully filled with the granular material. The electromagnetic shaker (Tira TV51110) delivers a sinusoidal vibration with controlled frequency (f); in our experiments, it was kept constant at 50 Hz. The effect of the frequency was studied by Mendez et al. [START_REF] Mendez | Density behavior of cohesive granular materials[END_REF] in pharmaceutical powders and they found that density increased as the frequency did too in the range of 2 to 8 Hz. The amplitude A was monitored by a power amplifier (Tira BAA 120) associated with a sinusoidal vibration control system (Ling Dynamic Systems DSC4). Coupled with a piezoelectric accelerometer (Bruel & Kjaer 4371 V) attached to the vibrating table, the control system adapts the amplitude A to the chosen acceleration Γ which was varied from 0 to 9. In this study, the feed-back loop was deactivated, so that the target acceleration was reached within approximately 1 s.

The sand container is a transparent Plexiglas box with a base of 15 x 15 mm 2 and 80 mm height, which has a very low absorption coefficient of the X rays. It was filled with silica sand for two different heights of 40 and 80 mm. Dimensions of the box were chosen with the compromise between the capability of the tomography equipment (Nanotom) and the resolution of the images. The behavior of grains observed from the outside of the box during the shaking was similar to that observed for larger boxes.

The powders used are composed of silica sand with more than 99% of alpha-quartz and a density of 2660 kg/m 3 . No internal close porosity has been detected: the pycnometer density determination shows that the grain density corresponds to the crystal one. The particle size distribution was established by 3D image analysis. For that purpose it was performed a particle segmentation by a watershed procedure applied on binary images (for more details refer to Vagnon et al. [START_REF] Vagnon | 3D statistical analysis of a copper powder sintering observed in situ by synchrotron microtomography[END_REF]). The volume and the centre of gravity of each particle were then calculated from the segmented images.

Then the diameter d is computed from the volume V of each particle (equivalent sphere diameter = (6V/π) 1/3 . Particle diameters range from 200 to 750 µm (Figure 1). The volume weighed average diameter (564 µm) was 10% higher than the number weighed (506 m).

Powders were poured into the container using three different protocols in order to create initial packings with different degrees of heterogeneity. In the first case, sand powders were simply poured through a 15 mm diameter funnel until the box was filled. The second one consisted in pouring sand powders into the container through a narrow 5 mm funnel situated approximately 50 mm above the free surface. During the filling, the funnel was moved here and there to form an almost regular and flat sand bed. The final small excess of sand grains was then carefully removed using vacuum cleaner. The final granular packing height is 40 mm. When carefully applied, this protocol ensures a reproducible and relatively low density with a rather good homogeneity of the packing. The third one is the pluviation (sand raining) technique: in this classic technique [START_REF] Vaid | Preparation of reconstituted sand specimens, in Advanced Triaxial Testing of Doil and Rock[END_REF][START_REF] Wood | Effect of depositional method on the undrained response of silty sand[END_REF] the box is filled by dropping the sand grains slowly from a distance of 100 mm using a 15 mm diameter funnel, and passing throughout of a mesh with a mean diameter of 1 mm. This technique leads to relative densities higher than 65%. So the initial average relative densities of the samples studied here ranged from 0.55 to 0.66. Then the box was placed on the vibrating table, and vibrated at constant Γ during 30 seconds. After vibration, the sample was carefully transferred to the tomography device. We used a different sample for each condition, but each sample was observed by microtomography before and after vibration.

The microtomography experiments were performed in a Phoenix Nanotom providing an X-ray beam with high energy voltage on the range between 0 and 180 kV. In the present experiments, 90 kV were used, enabling X-ray to pass through the sample with a good contrast and resolution for the final images. A thin layer of copper was used as a filter of the X ray beam to reduce the beam hardening effects and neither streaking, shading and ring artifacts were observed in the reconstructed 3D images.

Because the samples (with an 80 mm height) are too high, it was necessary to take two tomographic series by moving up smoothly the sample with respect to the axis of the X-ray beam which stays at the same position after the first tomography was done. In order to obtain the whole sample on a reconstructed single 3D image, a common volume (overlap) is taken in both tomographies. This volume can be easily detected and ensures the continuity of the information in the whole sample. For each one, 2300 radiographies were taken at different angles all around the 360° and the distance between the sample and the detector or X-ray source was adjusted to get a voxel size of 19 µm. The resolution in the images was chosen regarding the size of the sample and the size of grains; and it was enough to get quantitatively information about the grains and porosity from a macroscopically point of view.

3D images were reconstructed (absorption coefficient) using the algorithm included in the Phoenix Nanotom software package. Then the whole 3D image volumes (800x800x2300 pixels) were filtered with the plug-ins included in the Image J program, both unsharp mask and median filters were used to enhance the contrast between grains and pores. A thresholding procedure was then applied to separate the solid phase from the porous one. We use a manual thresholding constrained with the global relative density that was previously measured on the whole sample from mass and volume. In the obtained binary images, the solid phase was represented by a voxel intensity of 255 and the pore phase by a voxel intensity of 0. The relative density was calculated dividing the number of voxels contained in the solid phase by the total number of voxels evaluated in each of the images. These images were used to get the distribution of the relative density in the whole sample. To calculate the 3D density map, the sample was divided into sub-volumes (300x300x300 voxels, i.e. 5.7x5.7x5.7 mm 3 ). These sub-volumes are considered representative as each of them contains about 800 particles.

The relative density is measured as the number fraction of sand voxels. This leads to mean values of density on a 3D grid of 5X5X H points (H depends on the height of the sand packing). Interpolation was performed using the Matlab software to obtain pseudo-continuous representations such as Figure 2.

The pore size distribution was evaluated using the 3D openings technique [START_REF] Matheron | Eléments Pour une Théorie des Milieux Poreux[END_REF][START_REF] Serra | Image analysis and mathematical morphology[END_REF], which characterizes the porous volume accessible to a structural element with increasing size, previously used by other authors [START_REF] Olmos | Analysing the sintering of heterogeneous powder structures by in situ microtomography[END_REF][START_REF] Olmos | Investigation of the Sintering of Heterogeneous Powder Systems by Synchrotron Microtomography and Discrete Element Simulation[END_REF][START_REF] Babin | Fast X-ray tomography analysis of bubble growth and foam setting during breadmaking[END_REF][START_REF] Maire | Characterization of the morphology of cellular ceramics by 3D image processing of X-ray tomography[END_REF] for interconnected porosity. This procedure consists on sequential 3D morphological openings (erosion then dilation) with increasing sizes of the structural element; octahedra were used in the present work. After each opening, the remaining volume fraction (number of voxels) is measured, so that a frequency histogram of "accessible volume" vs. size can be plotted.

To obtain information of the particles at the micro-scale, a segmentation of particles as individual objects is needed. This was achieved using the watershed (ultimate erosions) algorithm [START_REF] Serra | Image analysis and mathematical morphology[END_REF] ("split convex" function in the Aphelion software). As the particle segmentation could not be achieved on the whole image because of its large size, the image was divided in sub-volumes (300x300x300 pixels).

An overlap between adjacent volumes was used to prevent artifacts due to particles crossed by the volume edges. Each particle is defined by the spatial coordinates of its center of mass (x, y, and z) and its volume, so that the duplicates could be easily removed. The particle sphericity Sp, defined as the surface area of a sphere enclosing the same volume V as the 3D object was estimated from:

√ (1)
where V and S are the particle volume and surface respectively.

This classic parameter, derived from the Saltykov 3D shape index [START_REF] Saltykov | Stereometrische Metallographie Metallurgizdat[END_REF] was used to describe the shape of rocks [START_REF] Lin | 3D characterization and analysis of particle shape using X-ray microtomography (XMT)[END_REF], is an indicator of the irregularity of particles. As Sp gets closer to 1 the particle is closer to a spherical shape.

The particle coordination number (Z) was also used: contact areas were obtained from intermediate images of the particle separation process. In those images, each object (particle or contact area) was tagged and labeled, so that the contacts associated to each particle (distance <1 voxel) were identified as well as list of particles touching it. The mean coordination number was calculated for each subvolume. This method induces a slight overestimation of the coordination number due to the nonzero image resolution [START_REF] Marmottant | Coordination measurements in compacted NaCl irregular powders using X-ray microtomography[END_REF] which can be corrected as a function of the resolution and the mean particle size as proposed by Vagnon et al. [START_REF] Vagnon | 3D statistical analysis of a copper powder sintering observed in situ by synchrotron microtomography[END_REF]. This correction was applied to the results presented in this paper, the value estimated is 0.62.

Results

The first series of measurements were carried out using 80 mm as maximal altitude and pouring the grains quickly into the container by the first method described above. The average initial relative density was around 0.55 ±0.004 for the whole sample. The density map (Figure 2) shows that density is not homogeneous along the vertical axis (z=distance to the bottom): an intermediate layer (z =10 to 40 mm) of lower density 51-54%), while it is around 0.56 in the upper part and can reach values up to 60% close to the bottom. This effect is due to the highly uncontrolled filling method, which also leads to poor reproducibility in the density profiles, but the initial structure will rapidly be changed by vibrations.

After vibration, the average density continuously increases as far as higher accelerations Γ are applied.

Densification occurs at all points of the volume, but in a non-homogeneous way (Figure2). After vibration at high acceleration (Γ=5) the container is divided into two almost homogeneous areas: the upper part shows a high density (0.64-0.66, red on Figure 2) while the bottom one shows a lower one (0.59-0.61) but significantly higher than the initial density. That behavior was observed by Mendez et al. [START_REF] Mendez | Density behavior of cohesive granular materials[END_REF] when they increased the number of taps on the different cohesive powders. The high density area clearly appears as after vibration at Γ=1, then expands towards the bottom after higher acceleration vibrations: the typical thickness increases from 10 to 40 mm, i.e. half of the sample. At intermediate accelerations, the lower part of the sample shows a higher density than in the initial state, but the initial structure is clearly seen at Γ=1.

After vibration, the surface has a mountain-like profile (Figure 3), more pronounced as Γ increases, so that the mean density measurements using the sub-volumes method could not be performed.

In order to analyze the effects of the starting state (density and homogeneity), we performed experiments by slowly filling the container till an altitude around 40 mm, using a funnel of 5 mm as described in the experimental section. The initial average relative density obtained was 0.58 ±0.002, this value was about 6% higher than the one obtained with the rapid filling method. Figure 4 shows the density distribution inside the samples. For the not vibrated sample, the initial density distribution was almost homogeneous (0.58±0.01). The vibrated samples leaded to similar observations as in the case of rapid filling, i.e., the development of a high density layer (read area on Figure 4), which grows towards the bottom as the acceleration of vibrations is increased. In the bottom of the samples, the density is slightly increased to reach values around 0.6, i.e. almost the same density as in previous experiments, although the starting density was different. Above the high density layer, a lower density layer can be observed (truncated on Figures 2 and4).

These results suggest that vibrations with high accelerations tend to densify through the development of the high density zone. Previous works [START_REF] Raihane | Analysis of the densification of a vibrated sand packing[END_REF] had shown on samples with an initial density around 0.61 that, in practice, the density first increases with acceleration but decreases for high accelerations.

They also showed that, if acceleration is progressively reduced after having reached such high values, an increased final density can be obtained. These experiments was reproduced here with different initial packings obtained with the 3 above mentioned packing methods (rapid, slow, pluviation) using initial packing heights of 40 and 80 mm. The samples were vibrated at a maximal acceleration Γ m of 9 and 11 for 40 and 80 mm high samples, respectively for 30 seconds, and then the acceleration was slowly decreased to zero in about 1 minute. Figure 5 shows the density distribution inside the vibrated samples. The initial samples rapidly filled show lower densities, and samples with height of 80 mm exhibit higher heterogeneity. The rapidly filled sample presented a lower density with more heterogeneous distribution. The sample filled by raining (pluviation) was highly densified (C= 0.66), and very homogeneous, except for the part close to the surface where the relative density was slightly lower. After observing the vibration cycle all samples were well and homogeneously densified whatever was the altitude or the filling method used to prepare the samples. A small 4 mm thick zone close to the surface of the sample appears to have a lower density although the mountain like profile is no longer observed after the vibration cycle used here.

As indicated above, the porosity of the samples was characterized by the pore size distribution by the openings method with an octahedral as structuring elements. Figure 6a shows the cumulative volume fraction for the samples filled with a funnel and vibrated at different Γ. The size of pores is reduced as Γ increases, which was expected since relative density increases too. The median size of pores d 50pore

was reduced by about 30 % for the denser sample as well as the difference between the size of pores d 10pore and d 90pore (span). In Figure 6b are plotted the pore size distribution of the samples vibrated at Γ = 9 then Γ reduced to 0 for the three different kinds of filling. The pore size distribution is similar for all samples wherever the kind of filling used, which confirms that the difference between samples, if any, is very small.

The median pore size was normalized by the median grain size (d 50part volume size distribution) and plotted versus the relative density (Figure 7). This ratio d 50pore /d 50part was calculated on the 5X5X5 mm 3 subvolumes of all samples and the whole volume of each sample. The pore size clearly decreases with increasing density. The obtained correlation provides an empirical correlation law which confirms the intuitive expectation. It is important to notice that the mean pore size is reduced by a factor of about two when density is changed from 0.53 to 0.68, which is the highest value that could be achieved with this silica sand.

Two additional parameters of the sand packing were measured and related to density, through the mean values computed on the whole samples and on the subvolumes, in order to get complementary information: sphericity S p , which characterizes the shape of grains and the coordination number Z, which characterizes the environment of grains inside the packing.

The coordination number measured on subvolumes from the samples without vibration, and vibrated at Γ 1 and 5 are reported on Figure 8. The tendency of the coordination number to increase with packing density is usual, in crystallographic ordered packings as well as in random particle packings [33, 40, and 43]. It is interesting to notice that densification not only leads to a shift of the subvolume points towards higher density and coordination numbers on the same curves, but also tends to reduce the dispersion of the corresponding clusters of points, which is an indicator of increasing homogeneity.

That behavior was observed for spherical non cohesive particles in dynamic simulations by using the discrete element method [START_REF] Deng | Dynamic simulation of particle packing influenced by size, aspect ratio and surface energy[END_REF][START_REF] Wouterse | On contact numbers in random rod packings[END_REF]. They also pointed out that the particle shape has an influence on the relative density and coordination number. In their works both relative density and coordination number were increased as the aspect ratio (L/D) was increased too which means that sphericity is reduced.

The average sphericity for the sand is 0,814, and individual sphericity values range between 0.6 and 1, with 90% between 0.7 and 0.9 (Figure 9). Some grains of different sphericity are shown in Figure 9b to illustrate the shapes associated to the Sp values. The mean sphericity of grains measured for each subvolume decreases as the relative density increases [Figure10]. This is any unexpected result as the particle shape is an intrinsic characteristic of particles, which should not "depend" on density.

Moreover, the average sphericity, if we consider the mean value on all subvolumes decreases from 0.814 to 0.803 when vibration increases. One must therefore imagine that particles themselves are modified by the vibration process. Indeed, the shift of the shape factor values is small. This could indicate that particle surfaces are slightly smoothed by the shocks and friction during vibrations, but no sign of fine dust resulting from such phenomena has been observed on the samples. Another alternative is that this observation is related to the increase of coordination and to image resolution: the contacts between particles result in small flat areas, which can produce the observed small shift of apparent shape factor. This could be also affected by method of watershed used to separate the particles in the 3D images. Anyway, this illustrates that such results must be handled very carefully.

Discussion

From external observations from outside the sample, Raihane et al. [START_REF] Raihane | Experimental study of a 3D dry granular medium submitted to horizontal shaking[END_REF][START_REF] Raihane | Analysis of the densification of a vibrated sand packing[END_REF] proposed an interpretation of densification phenomena leading to the structuration of packing in 3 main layers from observation during vibration ("dynamic") and after vibration ("relaxed"). Their work was mainly based on external observations of the samples. At the top of the sand packing, the upper layer is fluidized (and expanded) during the vibration process, then leads after relaxation to an intermediate range of densities (typically around 0.62) when vibration is stopped. This region extends when acceleration is increased.

The second layer, just below, grows towards the bottom when acceleration is increased: it is the place of local rearrangement which leads to high densification and to final density between 0.64 and 0.67.

The last layer is a jammed one at the bottom of the packing, where the effect of the horizontal vibration is practically unnoticeable, and limited to a small density increase is observed (estimated to less than 0.02) when the first vibrations are applied, whatever the densification is. This zone is located below the denser zone and the densification is lower than 2%. Their experiments were obtained from rather homogeneous initial samples with an initial density around 0.61, in rather large containers (40X80 mm 2 ). The present experiments confirm these observations through the density maps inside the samples after the vibrations. Quantitative values, in particular the layers thicknesses, cannot be compared because of two main differences: the box size and the initial packings. The box size was in the present case driven by the need to have a high enough resolution to analyze particles and density maps in the same image. The 3 particle packings (3 initial states) studied in single acceleration experiments (Figures 2 and4) show that, whatever the initial homogeneity and density, the process evolves in the same manner: small densification of the bottom and formation of a dense intermediate layer which develops from top towards the bottom.

Beyond these single acceleration experiments, the technique proposed by Raihane et al. [START_REF] Raihane | Analysis of the densification of a vibrated sand packing[END_REF] to get high density homogeneous samples using high acceleration Γ m followed by a slow decrease of acceleration. Here again, the predictions of these authors, deduced from experiments with a different container and initial density, are confirmed. Whatever the initial density, whatever the maximum acceleration Γ used, provided it is high enough to ensure the full fluidization of the sand bed, and for two different heights of the initial sand packings, the samples final relative density distribution of the relaxed microstructures is the same homogeneous one inside the container and reach the value of 0.68 already obtained by Raihane et al. in their experiments. This homogeneity is confirmed by the pore size distributions showed in Figure 6b where it is observed that all curves are similar for the three 40 mm high samples.

Pore size distributions (Figure 6) are also markers of densification: densification tends to a limit density distribution with minimal mean value and narrow size distribution, the distribution width (span d90-d50) being also related to inhomogeneity. The correlation of the pore size "d 50pore " with relative density, studied on subvolumes over wide range of densities (0.53 to 0.68, Figure 7) shows that the pore size normalized by the particle average size decreases from more than 0.5 to 0.26 in that density range.

The number of contacts per particle also shows a strong correlation with density, which is also what is observed in other situations such as pressure induced compaction and sintering [START_REF] Olmos | Investigation of the Sintering of Heterogeneous Powder Systems by Synchrotron Microtomography and Discrete Element Simulation[END_REF], but with different values.

The apparent correlation with of density and the shape of grains, which is probably an artifact due to the grain segmentation and a consequence of the increase of contact numbers when density is increased illustrate that this kind of correlation must be analyzed very carefully.

Conclusion

This work based on X-Ray microtomography to perform an internal analysis of sand packed by vibrations has led to two kinds of results:

1. The confirmation and extension of results which, in previous papers, were only based on measurements made from external observation at macroscopic scale: overall density, particle motion observed through the transparent wall of the vibrated recipients. They appear as complementary which were needed to fully validate the results.

2. The measurement of internal local characteristics and packing parameters using sub-volumes.

Useful correlations have been found: homogeneity/density and pore size distribution, number of contacts per particle and density, etc. with practical quantitative values for the studied sand.

The need for a very careful and critical minded analysis of data was also illustrated with the observed correlation between measured shape factor and density has also been pointed out.

X-Ray microtomography therefore appears as a useful tool to get data in such systems and opens new possibilities. The next step will be to search for relationships between the local organization obtained by vibrations in these sand packings, such as thermal conductivity or permeability through the porous network between particles. 
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