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The specimens consist of polyoxymethylene (POM) ellipsoidal particles, manufactured using injection moulding, allowing the control of the morphology of the particles, as well as the surface characteristics. Three aspect ratios and two friction coecients, yielding six types of particles, are used to study under controlled conditions the impact of each parameter independently. The traditional triaxial compression setup is modied by adding a sliding base on one of the ends, to induce the emergence of a unique shear band and achieve higher local values of deviatoric strain than in the conventional testing equipment.

The specimens have a size which corresponds to the standard dimensions of 70 mm in diameter, and 140 mm in height, and are imaged at a suciently high resolution such that all the grains (in the order of thirty thousand) can be properly identied. Each specimen is scanned every 0.5 % of axial shortening, resulting in more than 30 images per test.

Individual grains are identied at the initial state and followed throughout the test using a digital image correlation technique, easing the segmentation of the subsequent images.

The consecutive labelling that results from the tracking-based segmentation enables the measurement of grain-based quantities, such as particle orientation and inter-particle contacts, as well as mesoscale measurements such as incremental strain elds and porosity maps. A detailed assessment of the evolution of the contact network is presented, showing its morphological evolution in terms of anisotropy, main orientation and shape, coupled with the statistic evaluation of the creation, loss and reorientation of contacts. Moreover, the particle kinematics, along with the inter-particle contacts, is used to identify several deformation modes at the contact scale, including contact sliding and rolling. Special attention is given to the emergence and evolution of strain localisation, analysing the morphology of the shear band at the end of the test, and its eect on the evolution of fabric.

The results are compared among the dierent tests, highlighting the particle-based mechanisms responsible for the behaviour at the macroscopic scale. Specically, the dierence in particle rotation and sliding, which emerges both from particle shape and inter-particle friction, is used to explain the dierences in the deformation processes and the evolution of microstructure.

Résumé en Français

Cette thèse de doctorat étudie l'eet de la forme des particules et de la friction sur le comportement mécanique des milieux granulaires lorsqu'ils sont soumis à une charge axiale. Plus précisément, la cinématique des particules, l'évolution de la microstructure et l'émergence de la localisation des déformations sont étudiées à l'aide d'essais de compression triaxiale. La tomographie à rayons X est utilisée pour imager les spécimens en plusieurs points le long de l'essai, permettant des mesures à diérentes échelles.

Les échantillons sont constitués de particules elliptiques en polyoxyméthylène (POM), fabriquées par moulage par injection, ce qui permet de contrôler la morphologie des particules, ainsi que les caractéristiques de surface. Trois rapports d'aspect et deux coecients de friction, donnant six types de particules, sont utilisés pour étudier, dans des conditions contrôlées, l'impact de chaque paramètre indépendamment. Le montage traditionnel de compression triaxiale est modié par l'ajout d'une base coulissante à l'une des extrémités, an d'induire l'émergence d'une bande de cisaillement unique et d'obtenir des valeurs locales de déformation déviatorique plus élevées que dans un équipement d'essai conventionnel. Les échantillons présentent une taille qui correspond aux dimensions standard de 70 mm de diamètre, et 140 mm de hauteur, et sont imagés à une résolution susamment élevée pour que tous les grains (de l'ordre de trente mille) puissent être correctement identiés. Chaque spécimen est scanné tous les 0.5 % de raccourcissement axial, ce qui donne plus de 30 images par essai.

Les grains individuels sont identiés à l'état initial et suivis tout au long de l'essai à l'aide d'une technique de corrélation d'images numériques, ce qui facilite la segmentation des images suivantes. L'étiquetage consécutif, qui résulte de la segmentation basée sur le suivi, permet de mesurer des quantités á l'echelle des grains, telles que l'orientation des particules et les contacts interparticulaires. Il permet également de faire des mesures à méso-échelle, telles que les champs de déformation incrémentaux et les cartes de porosité.

Une évaluation détaillée de l'évolution du réseau de contacts est présentée, montrant son évolution morphologique en termes d'anisotropie, d'orientation principale et de forme.

Elle est alors couplée aux évaluations statistiques de la création, de la perte et de la réorientation des contacts. En outre, la cinématique des particules, ainsi que les contacts interparticulaires, sont utilisés pour identier plusieurs modes de déformation à l'échelle du contact, notamment le glissement et le roulement du contact. Une attention particulière est accordée à l'émergence et à l'évolution de la localisation des déformations, en analysant la morphologie de la bande de cisaillement à la n de l'essai, et son eet sur l'évolution de la microstructure. Les résultats sont comparés entre les diérents tests, mettant en évidence les mécanismes basés sur les particules responsables du comportement à l'échelle macroscopique. Plus précisément, la diérence de rotation et de glissement des particules, qui résulte à la fois de la forme des particules et de la friction interparticulaire, est utilisée pour expliquer les diérences dans les processus de déformation et l'évolution de la microstructure.

Chapter 1 Introduction 1.1 Role of particle shape and interparticle friction in the mechanical behaviour of granular materials Natural granular soils are composed of individual particles that, when subjected to external loading, interact mechanically (translate, rotate) and interlock with each other (i.e.

the individual motion of a particle aects their direct neighbours). The nature of these interactions is strongly aected by particle morphology [START_REF] Alshibli | Inuence of particle morphology on the friction and dilatancy of sand[END_REF], and thus its understanding plays a critical role in modelling the mechanical behaviour of granular materials. The origin of the particles, in terms of material composition, formation and release from their matrix, as well as their transportation and depositional environments leaves a trace on their morphological features [START_REF] Santamarina | Soil behaviour: The role of particle shape[END_REF]. Shape is the most important feature of particles [START_REF] Barrett | The shape of rock particles, a critical review[END_REF], and is described at three dierent levels: the particle scale, the surface features, and the scale of surface roughness [START_REF] Santamarina | Soil behaviour: The role of particle shape[END_REF].

At the rst scale, the form of the particles reects the variations in their proportions [START_REF] Barrett | The shape of rock particles, a critical review[END_REF],

and two main methodologies are usually employed. On the one hand, Zingg [START_REF] Zingg | Beitrag zur schotteranalyse[END_REF] proposes to classify convex particles by their longest (L), shortest (S) and intermediate (I ) orthogonal axes. As shape descriptors should be invariant to particle size, the ratios I/L and S/I are used to rank the overall shape into four categories: Oblate, Prolate, Bladed, and Equant.

On the other hand, Wadell [START_REF] Wadell | Volume, shape, and roundness of rock particles[END_REF] proposes to characterise the shape of the particles according to their degree of similarity to a sphere. For this, the concept of true sphericity is introduced as the ratio of the surface area of a sphere of the same volume as the particle, to the surface area of the particle. The dierences between the two methodologies are incorporated by Krumbein's intercept sphericity [START_REF] Krumbein | Measurement and geological signicance of shape and roundness of sedimentary particles[END_REF], computing the sphericity of the particles using their three orthogonal axes. In contrast, the second scale of measurement involves features smaller than the diameter of the particles, but still visible, and corresponds to the roundness of the surface. Particle roundness is measured as the average curvature of the edges and corners, relative to the average curvature of the particle as a whole [START_REF] Krumbein | Measurement and geological signicance of shape and roundness of sedimentary particles[END_REF][START_REF] Powers | A new roundness scale for sedimentary particles[END_REF].

Finally, surface roughness is the third scale of shape measurement and depicts the topography of the particle surface, taking into account the variability of features that are several orders of magnitude below the diameter of the particle [START_REF] Katainen | Adhesion as an interplay between particle size and surface roughness[END_REF]. The shape then needs to be understood hierarchically, and each scale has opposing scenarios which are usually used Chapter 1. Introduction to describe it. Particles are described in terms of sphericity in opposition to platiness or ellipticity, roundness compared to angularity, and smoothness versus roughness [START_REF] Santamarina | Soil behaviour: The role of particle shape[END_REF].

The measurement of the overall shape of particles is traditionally done with calipers [START_REF] Krumbein | Measurement and geological signicance of shape and roundness of sedimentary particles[END_REF],

or comparison charts [START_REF] Wadell | Volume, shape, and roundness of rock particles[END_REF][START_REF] Krumbein | Measurement and geological signicance of shape and roundness of sedimentary particles[END_REF]. Although some comparison charts can be found for particle roundness [START_REF] Powers | A new roundness scale for sedimentary particles[END_REF], digital image analysis is generally preferred for its quantication. Techniques such as Fourier analysis [START_REF] Bowman | Particle shape characterisation using fourier descriptor analysis[END_REF], particle swarm optimization algorithms [START_REF] Sun | Applying particle swarm optimization algorithm to roundness measurement[END_REF], and fractal analysis [START_REF] Hyslip | Fractal analysis of the roughness and size distribution of granular materials[END_REF] are some of the techniques that are commonly used on 2D projections of the particles. However, roundness is a three-dimensional property and should be treated as such. For this end, imaging techniques such as 3D laser scanning [START_REF] Anochie-Boateng | Three-dimensional laser scanning technique to quantify aggregate and ballast shape properties[END_REF] and x-ray microtomography [1315] are frequently employed on single or multiple particles. In contrast, the direct measurement of roughness is not trivial, since its fractal nature implies that there is no characteristic scale [START_REF] Santamarina | Soil behaviour: The role of particle shape[END_REF]. Nonetheless, techniques such as prolometry [START_REF] Kakaboura | Evaluation of surface characteristics of dental composites using prolometry, scanning electron, atomic force microscopy and gloss-meter[END_REF], specular reectance [START_REF] Bourauel | Surface roughness of orthodontic wires via atomic force microscope, laser specular reectance, and prolometry[END_REF], coherence scanning interferometry [START_REF] Apedo | Cement paste surface roughness analysis using coherence scanning interferometry and confocal microscopy[END_REF], and atomic force microscopy [START_REF] Tholt | Surface roughness in ceramics with dierent nishing techniques using atomic force microscope and prolometer[END_REF] yield surface proles with a resolution in the order of micrometres from which traditional roughness index can be computed.

The systematic evaluation of the eect of particle shape on natural sands started with the aim of establishing correlations between the mechanical properties of the material and the morphology of the constituents particles. [START_REF] Miura | Mechanical characteristics of sands with dierent primary properties[END_REF]. Beginning with a packing of particles before loading, it is observed that assemblies composed of particles with greater angularity or lower sphericity will have a higher range of possible void ratios [START_REF] Alshibli | Inuence of particle morphology on the friction and dilatancy of sand[END_REF][START_REF] Santamarina | Soil behaviour: The role of particle shape[END_REF]2028]. This can be explained due to the presence of additional edges and corners that restrain particle mobility, hindering their ability to attain densely packed congurations. When subjected to deviatoric loading, an overall increase in the peak stress ratio and critical state friction angle is also observed for specimens with angular particles [START_REF] Alshibli | Inuence of particle morphology on the friction and dilatancy of sand[END_REF][START_REF] Santamarina | Soil behaviour: The role of particle shape[END_REF][START_REF] Miura | Mechanical characteristics of sands with dierent primary properties[END_REF]2225,[START_REF] Xiao | Eect of particle shape on stress-dilatancy responses of medium-dense sands[END_REF]2732,3234].

Two main arguments are used to explain this behaviour. First, non-spherical particles favour the formation of inherently anisotropic assemblies, i.e., the preferential arrangement of particles towards a specic orientation before loading. This enhances the development of stress-induced anisotropy, especially when the direction of deposition and loading are coaxial. Second, the presence of particles with higher angularity or lower sphericity implies that there is a higher degree of interlocking between them, providing additional resistance to the external loading.

Although it is clear that the eect of particle shape resides at the particle scale, in traditional testing there is no direct measurement of particle kinematics. The use of noninvasive techniques such as x-ray tomography allows the imaging of the specimen at multiple stages of the test, enabling the measurement of particle-scale quantities [3538]. Comparative studies have shown that anisometry, i.e., the deviation of shape from a sphere, has a direct impact on particle rotation [3941], and eventually on the features of strain localisation [START_REF] Andò | Grain-scale experimental investigation of localised deformation in sand: a discrete particle tracking approach[END_REF]: specimens with angular particles produce wider shear bands than specimens with rounded particles. These particle-based measurements allow the identication of mechanisms that explain the macroscopic response of the material. Special attention is given to the eect of particle interlocking due to anisometry. The level of angularity, or sphericity, of a particle dictates the degree of interlocking with its direct neighbours, and 1.1. Role of particle shape and interparticle friction in the mechanical behaviour of granular materials 9 when particles interact with each other, their rotation is promoted, or constrained [START_REF] Andò | Grain-scale experimental investigation of localised deformation in sand: a discrete particle tracking approach[END_REF].

The eects of anisometry are not limited to particle rotation and extend to the possibility of particles to rearrange, and thus level of dilation, number of contacts, damage, and contact stiness, among others [START_REF] Cho | Closure to particle shape eects on packing density, stiness, and strength: natural and crushed sands by gye-chun cho, jake dodds, and j. carlos santamarina[END_REF].

It is clear that particle shape dictates the interaction between particles. However, within natural sand, there is intrinsic variability in the shape of the particles, despite having characteristic morphologies that result from their formation, transportation and depositional

history. An example of this is Caicos Ooids, a marine calcium carbonate sand with a characteristic rounded shape, product of wind and wave-dominated marine environment [START_REF] Lloyd | Beach and shoreface ooid deposition on shallow interior banks, turks and caicos islands, british west indies[END_REF].

Although their shape is unequivocally rounded, ooids have a natural variability in their dimensions and axes, implying that at the contact level, the interaction between each pair of grains is dierent, due to their dierent shape. This strongly constrains the evaluation of the shape eect in natural sands. To solve this, surrogate materials of manufactured particles are also used, and examples of these studies are found in [START_REF] Oda | Stress-induced anisotropy in granular masses[END_REF] and [START_REF] Lei | Examination of particle shape on the shear behaviours of granules using 3d printed soil[END_REF].

Complementary to experimental works, numerical simulations are also used to study the eect of shape since they allow strict control of the morphology of the particles. Particles are simplied and represented usually through simple geometries such as ellipses [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF][START_REF] Donev | Underconstrained jammed packings of nonspherical hard particles: Ellipses and ellipsoids[END_REF],

overlapping disks [START_REF] Saint-Cyr | Rheology of granular materials composed of nonconvex particles[END_REF][START_REF] Zhou | Dem investigation of particle antirotation eects on the micromechanical response of granular materials[END_REF], polygons [4854], polyhedra [START_REF] Azéma | Quasistatic rheology, force transmission and fabric properties of a packing of irregular polyhedral particles[END_REF][START_REF] Azéma | Packings of irregular polyhedral particles: strength, structure, and eects of angularity[END_REF], spherocylinders [START_REF] Azéma | Stress-strain behavior and geometrical properties of packings of elongated particles[END_REF][START_REF] Azéma | Force chains and contact network topology in sheared packings of elongated particles[END_REF],

and super-quadrics [START_REF] Kildashti | An accurate geometric contact force model for super-quadric particles[END_REF][START_REF] Ji | Inuence of particle shape on mixing rate in rotating drums based on super-quadric dem simulations[END_REF]. Additionally, it is proposed that rolling resistance at the contacts can be seen as a shape parameter that accounts for particle angularity, mimicking the behaviour of more complex geometries while using the computational simplicity of disks/spheres [START_REF] Estrada | Identication of rolling resistance as a shape parameter in sheared granular media[END_REF]. Examples of these studies are found in [6166]. More accurate descriptions of particle shape are accessible by using level-set methods [START_REF] Sonon | A unied level set based methodology for fast generation of complex microstructural multi-phase RVEs[END_REF][START_REF] Kawamoto | Level set discrete element method for three-dimensional computations with triaxial case study[END_REF], and spherical harmonics [6971], which have proven to oer a one-to-one resemblance with experimental results [START_REF] Kawamoto | All you need is shape: Predicting shear banding in sand with ls-dem[END_REF][START_REF] Wu | Dem modelling of mini-triaxial test based on one-to-one mapping of sand particles[END_REF]. However, both methods require an initial 3D image of the particles and have a higher computational cost than trivial particle shapes.

Results of numerical simulations have shown that the initial packing of a granular assembly has a higher connectivity as the anisometry of the particles increases [4446,[START_REF] Mirghasemi | Inuence of particle shape on engineering properties of assemblies of two-dimensional polygon-shaped particles[END_REF][START_REF] Azéma | Nonlinear eects of particle shape angularity in sheared granular media[END_REF][START_REF] Azéma | Packings of irregular polyhedral particles: strength, structure, and eects of angularity[END_REF][START_REF] Azéma | Stress-strain behavior and geometrical properties of packings of elongated particles[END_REF][START_REF] Lin | A three-dimensional discrete element model using arrays of ellipsoids[END_REF], because the particles are in contact with a greater number of neighbours through their sharp corners or elongation. Moreover, the overall shear strength of the materials is observed to be correlated with the angularity of the particles [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF]4648,[START_REF] Azéma | Force transmission in a packing of pentagonal particles[END_REF][START_REF] Pena | Inuence of particle shape on sheared dense granular media[END_REF]5357,[START_REF] Lin | A three-dimensional discrete element model using arrays of ellipsoids[END_REF], due to the additional strength provided by their interlocking. Particles with higher anisometry also give rise to higher values of volumetric strain [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF][START_REF] Zhou | Dem investigation of particle antirotation eects on the micromechanical response of granular materials[END_REF][START_REF] Mirghasemi | Inuence of particle shape on engineering properties of assemblies of two-dimensional polygon-shaped particles[END_REF][START_REF] Pena | Inuence of particle shape on sheared dense granular media[END_REF][START_REF] Azéma | Stress-strain behavior and geometrical properties of packings of elongated particles[END_REF][START_REF] Lin | A three-dimensional discrete element model using arrays of ellipsoids[END_REF], and higher peak dilatancy angles [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF][START_REF] Azéma | Stress-strain behavior and geometrical properties of packings of elongated particles[END_REF]. All these results are in agreement with what is experimentally observed for natural sand. Additionally, numerical methods have the major advantage, when compared to the experiments, that they give access to the contact and force network. It has been shown that as the anisometry of the particles increases, the initial packing has a higher inherent anisotropy [START_REF] Nouguier-Lehon | Inuence of particle shape and angularity on the behaviour of granular materials: a numerical analysis[END_REF][START_REF] Zhao | Three-dimensional voronoi analysis of monodisperse ellipsoids during triaxial shear[END_REF], as a result of a preferred orientation of the particles when deposited under the action of gravity. It has also been observed that during shearing, the anisotropy of both the contact network and force network increases [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF][START_REF] Saint-Cyr | Rheology of granular materials composed of nonconvex particles[END_REF]4850,[START_REF] Azéma | Nonlinear eects of particle shape angularity in sheared granular media[END_REF]5558]. This is explained by the formation of force chains, as well as the Chapter 1. Introduction creation and loss of contacts along some preferred orientations, which is enhanced by the anisometry of the particles.

The size distribution of the grains, i.e., polydispersity, is an intrinsic characteristic of natural granular materials. Conventionally, the mean particle size (D 50 ) and the coecient of uniformity (C u ) are used as rst-order descriptors of grain size distribution (GSD). It is known that the bulk properties of a granular assembly depend on polydispersity, as it aects directly the arrangement and interaction between particles. Assemblies with a wider GSD will present lower values of coordination number [7679], which inevitably impacts the macroscopic response under loading conditions. It is observed that a broader GSD generates lower dilative response [START_REF] Jiang | The inuence of particle-size distribution on critical state behavior of spherical and non-spherical particle assemblies[END_REF][START_REF] Li | Grading-dependent behavior of granular materials: from discrete to continuous modeling[END_REF], a lower peak stress ratio [START_REF] Jiang | The inuence of particle-size distribution on critical state behavior of spherical and non-spherical particle assemblies[END_REF]8083], and higher values of contact fabric anisotropy [START_REF] Mutabaruka | Eects of size polydispersity on random close-packed congurations of spherical particles[END_REF][START_REF] Azéma | Shear strength and microstructure of polydisperse packings: The eect of size span and shape of particle size distribution[END_REF]. However, polydispersity has been mainly studied under controlled conditions in numerical simulations. As stated by [START_REF] He | Relationships between gradation and deformation behavior of dense granular materials: Role of high-order gradation characteristics[END_REF], the experimental study of grain size distribution in natural materials has important challenges, mainly due to the intrinsic variability of grain-scale characteristics, such as particle shape and surface roughness, which makes the eects of gradation indiscernible from the eects of particle morphology.

Besides particle shape, interparticle friction governs the interaction among dry cohesionless granular materials. Outside tribology, i.e., the science that studies interacting surfaces in motion, friction within two surfaces is taken as the ratio between the perpendicular force resisting sliding motion and the normal applied force, a relation originally proposed by Amontons [START_REF] Amontons | De la resistance cause'e dans les machines, tant par let frottements des parties qui les component, que par la roideur des cordes qu'on y employe, et la maniere de calculer l'un et l'autre[END_REF] and Coulomb [START_REF] Coulomb | Essai sur une application des regles de maximis et minimis a quelques problemes de statique relatifs a 1'architecture[END_REF] which allows the use of the notion of the coecient of friction µ. However, this coecient provides only a very rough rst-order approximation of the physical phenomenon of friction among two contacting surfaces [START_REF] Popov | Coulomb's law of friction[END_REF]. Its microscopic origin comprises a wide range of phenomena, including elastic and plastic deformations of the surfaces, local phase change, micro-fractures, adhesive and electrostatic forces, excitation of electrons and phonons, chemical reactions, heat production, wear, and microstructural evolutions [8891]. Additionally, the contact surface roughness has been seen to have an inuence on the static friction coecient [START_REF] Branko | The inuence of the contact surface roughness on the static friction coecient[END_REF], although within the general framework of friction, it plays a secondary role [9395]. Due to the nature of this doctoral work, only the rst-order description of friction is used, as a measure of the force opposing the relative sliding of two contacting particles.

Early eorts to experimentally measure the friction coecient were made by testing blocks of minerals [START_REF] Horn | Frictional characteristics of minerals[END_REF], or by shearing individual particles [97100]. A novel inter-particle friction apparatus was designed by [START_REF] Cavarretta | A new interparticle friction apparatus for granular materials[END_REF], enabling the measurement of the friction coecient between two particles under extremely controlled conditions. Further improvements of the setup [102104] allowed the testing of particles of sand to gravel size, under a wide range of shear velocities and normal loads, recording the static and dynamic friction coecients.

Following studies were focused on the tangential response at the contact [START_REF] Senetakis | Micro-mechanical experimental investigation of grainto-grain sliding stiness of quartz minerals[END_REF][START_REF] Nardelli | An experimental investigation of the micromechanics of eglin sand[END_REF], the eect of material properties such as Young's modulus [START_REF] Sandeep | Eect of young's modulus and surface roughness on the inter-particle friction of granular materials[END_REF], composite interfaces [START_REF] He | An investigation of the eect of shearing velocity on the inter-particle behavior of granular and composite materials with a new micromechanical dynamic testing apparatus[END_REF], or complex shearing paths [START_REF] Wong | Development of inter-particle friction in a railway ballast[END_REF].

The investigation of the eect of interparticle friction on the mechanics of sands is rather scarce and is done mainly through the quantication of surface roughness as a surrogate of 1.2. Main objective of this doctoral work 11 particle friction. The results have shown that there is a positive correlation between µ and the peak stress ratio, and peak dilatancy [START_REF] Alshibli | Characterizing surface roughness and shape of sands using digital microscopy[END_REF], as well as the width of the strain localisation regions [START_REF] Alsaleh | Inuence of micromaterial heterogeneity on strain localization in granular materials[END_REF]. However, the intrinsic variability of natural materials limits the isolation of interparticle friction in physical experiments. For this reason, numerical simulations are preferred, due to the simplicity of controlling the value of the friction coecient through contact laws. It has been observed that the connectivity of a granular assembly decreases for higher values of µ, as fewer contacts are required for the isostasticity of the system [112116]. Consequently, higher shear strength is observed for packings with higher values of interparticle friction [START_REF] Antony | Role of interparticle friction and particle-scale elasticity in the shear-strength mechanism of three-dimensional granular media[END_REF]116119], as a result of an increase of the contact and force anisotropy. However, the increase of the peak stress ratio is not monotonic, reaching a constant value when µ > 0.3. Granular assemblies with higher values of interparticle friction have a more dilative response, in terms of maximum volumetric strain [START_REF] Antony | Role of interparticle friction and particle-scale elasticity in the shear-strength mechanism of three-dimensional granular media[END_REF][START_REF] Barreto | The inuence of inter-particle friction and the intermediate stress ratio on soil response under generalised stress conditions[END_REF][START_REF] Taboada | Rheology, force transmission, and shear instabilities in frictional granular media from biaxial numerical tests using the contact dynamics method[END_REF], and peak dilatancy angle [START_REF] Antony | Role of interparticle friction and particle-scale elasticity in the shear-strength mechanism of three-dimensional granular media[END_REF]. Additional eects on the bulk response are seen for the shear stiness [START_REF] Barreto | The inuence of inter-particle friction and the intermediate stress ratio on soil response under generalised stress conditions[END_REF] and cyclic loading [START_REF] Sazzad | Eect of interparticle friction on the cyclic behavior of granular materials using 2d dem[END_REF]. Concerning the evolution of the contact and force network, it is observed that an increase in friction promotes the development of contact anisotropy [START_REF] Sazzad | Eect of interparticle friction on the cyclic behavior of granular materials using 2d dem[END_REF][START_REF] Barreto | The inuence of inter-particle friction and the intermediate stress ratio on soil response under generalised stress conditions[END_REF], and especially force anisotropy [START_REF] Antony | Role of interparticle friction and particle-scale elasticity in the shear-strength mechanism of three-dimensional granular media[END_REF]. Moreover, the constant value of peak stress ratio is explained by the anisotropic evolution of normal and tangential forces. For values of µ > 0.3, the normal force anisotropy decreases while the tangential force anisotropy increases, resulting in a macroscopic constant peak stress ratio [START_REF] Gong | New insights into the eect of interparticle friction on the critical state friction angle of granular materials[END_REF][START_REF] Nie | Coupled eects of particle overall regularity and sliding friction on the shear behavior of uniformly graded dense sands[END_REF].

Main objective of this doctoral work

The eects of particle shape and interparticle friction are addressed, to some extent, in previous studies using both actual experiments and numerical simulations. Several macroscopic eects have been observed, which are linked to the development of anisotropy of the force network, as well as the interlocking between the particles. However, most of the existing studies do not show a relation between the two phenomena. In other terms, particle kinematics and fabric evolution are usually evaluated independently from each other, even though the two variables are strongly interlinked. Moreover, most of the existing studies probe the eects of particle shape, or interparticle friction, separately.

To the best of the author's knowledge, no study explores the interplay between these two variables and the combined eects that they produce on the mechanical behaviour of granular materials. This is especially noted in the case of physical experiments, where the diculty of isolating the eects of particle shape and interparticle friction in a systematic manner is beyond challenges, as evidenced by the handful number of studies that address these research questions.

This doctoral work aims to provide further insight into the interplay between particle shape and interparticle friction, and their combined eects on the macroscopic response of granular materials. The mechanical response is studied under triaxial compression conditions, using x-ray tomography to image granular specimens at multiple stages of the test. Plastic ellipsoids are used as model materials, since the morphological characteristics of the particles can be controlled, allowing a systematic evaluation of the combined eects of particle shape and interparticle friction. A monodisperse distribution of particles is Chapter 1. Introduction selected, isolating and enhancing the eects of each parameter. Special attention is given to the interaction between particle kinematics and fabric, highlighting the importance of interlocking and the development of anisotropy on the response of the specimens.

Recognizing the power of x-ray tomography as an experimental tool, this doctoral work also intends to generate a robust dataset that can be used for future research. All the results produced, along with the raw images acquired, are accessible to the scientic com-

munity on an open repository [START_REF] Pinzón | Experimental investigation of the eects of particle shape and friction on the mechanics of granular media[END_REF], such that following studies on granular materials can prot from them. Due to the chosen simplicity of the experimental conditions and materials used, the assembly of measurements, such as particle kinematics, interparticle contacts, fabric development, and macroscopic response, are ideal for the calibration and validation of numerical and theoretical models. An example of this is the exploratory campaign performed in the early stages of this doctoral work, focusing on the eects of inherent anisotropy on the evolution of fabric. In this case, dierent inherently anisotropic specimens were prepared using anisometric particles and subjected to triaxial compression using x-ray tomography to image them at multiple points of the test. The experimental ndings of this campaign are found in [START_REF] Pinzón | Fabric evolution and strain localisation in inherently anisotropic specimens of anisometric particles (lentils) under triaxial compression[END_REF]. The raw data, available at [START_REF] Pinzón | Fabric evolution and strain localisation in inherently anisotropic specimens of anisometric particles under triaxial compression[END_REF], is used by Rui Wang and co-workers [START_REF] Wang | Modeling combined fabric evolution in an anisometric granular material driven by particle-scale x-ray measurements[END_REF] for the validation of a fabric evolution model.

Structure of the thesis

This dissertation comprises four main chapters:

Chapter 2: Experimental methods Chapter 2 describes the experimental framework of this doctoral work, starting with the particles used, their morphology and mechanical properties. Section 2.2 details the design of the inter-particle friction apparatus used in this work, along with the proposed methodology to measure µ under controlled conditions. The section includes the frictional characterisation of the particles, as well as an approach to modify their interparticle friction value. The fundamentals of a triaxial compression test are detailed in Section 2.3., as well as the design of the testing cell used in this doctoral work. This has some dierences from a traditional triaxial compression apparatus since it incorporates a sliding system on the bottom platten, inducing the generation of a unique shear band and reaching higher values of shear strain. The specimen preparation and the testing procedure are described in Section 2.4 and 2.5, respectively. The chapter concludes with the naming system used to identify the specimens, as well as the 3D images taken at dierent stages of each test (Section 2.6).

Chapter 3: Image analysis Chapter 3 describes the processing of the 3D images obtained from the triaxial compression test described in Chapter 2. First, an overview of the traditional imaging techniques 1.3. Structure of the thesis 13 for geomaterials is provided in Section 3.1, followed by the description of x-ray tomography (Section 3.2), and the imaging facility at Laboratoire 3SR (Section 3.3), providing technical details of the performed scans. Section 3.4 focuses on the treatment of 3D x-ray tomography images, highlighting the artefacts that are traditionally encountered. The following section (Section 3.5) details the methodology for identifying individual particles from the images, using the watershed technique. Section 3.6 discuss the micro-scale measurements, which in this doctoral work refer to particle-based measurements. These include the position and orientation of particles, with their respective associated errors; the tracking methodology, as well as the details on its application; the inter-particle contact detection and the measurement of its orientation, and the evaluation of contact dynamics and contact kinematics. Similarly, Section 3.7 focuses on meso-scale measurements, which relate to the behaviour of multiple particles, such as porosity, fabric, and strain elds.

Section 3.8 is focused on the macro-scale measurements, involving the bulk response of the specimens. Given the possibility of measuring dierent spatial elds, Section 3.9 is dedicated to the analytical tools to compare their spatial autocorrelation and visual tools to aid their comparison. The chapter concludes with a detailed description of the image processing workow (Section 3.10), from the acquisition of the images, the tracking process, and the segmentation procedure, to the nal measurements of the aforementioned variables.

Chapter 4: Experimental results

Chapter 4 describes the experimental results, starting with the comparison of the macroscopic behaviour (Section 4.1) in terms of stress ratio, volumetric strain, and dilatancy.

Additionally, backup tests are performed for all the specimens, and the macroscopic representativeness of the specimens is discussed. Section 4.2 deals with the characterisation of the initial state of each specimen, focusing on the dierent fabric descriptors. Given that a unique shear band is induced, Section 4.3 describes the evolution of the incremental volumetric and deviatoric strain elds, detailing the convergence towards the main strain localisation region, and its morphology. Additionally, the particles that belong to the shear band are identied, such that the following results can be framed within an inside/outside analysis. The kinematics of the particles are described in Section 4.4, highlighting the important role of particle rotation compared to particle sliding. Section 4.5 details the evolution of fabric, focusing on porosity, coordination number, and the fabric tensor. This is analysed in terms of shape, anisotropy, main orientation, and its relation to the peak stress ratio. The chapter concludes with the evolution of contact dynamics (Section 4.6.1) and kinematics (Section 4.6.2). Special attention is given to the deformation modes at the contact level, and their relation to particle kinematics.

Chapter 5: Discussion & conclusions Chapter 5 discusses the results and the main ndings of this doctoral work. Section 5.1

focuses on the holistic analysis of the results, bringing together dierent variables to explain the eects of particle shape and interparticle friction on the shear strength (Section 5.1.1)

and deformation process (Section 5.1.2) inside the specimens. The main developments and observations are highlighted (Section 5.2), along with the perspectives for future studies (Section 5.3).

Chapter 2

Experimental methods

Materials

Within natural materials, it is challenging to nd particles with controlled morphology.

Some soils commonly used in geotechnical testing, such as Toyoura, Ottawa, and Hostun sands, have rather unique shape properties (e.g., rounded, angular, at particles) that dierentiate them from each other. However, these natural soils show such large dierences among them that limit the study of the impact of particle shape to only opposite scenarios on dierent materials (e.g., rounded particles vs. angular particles) [START_REF] Alshibli | Inuence of particle morphology on the friction and dilatancy of sand[END_REF][START_REF] Altuha | Eect of particle shape on the mechanical behavior of natural sands[END_REF][START_REF] Xiao | Eect of particle shape on stress-dilatancy responses of medium-dense sands[END_REF][START_REF] Cabalar | Strength of various sands in triaxial and cyclic direct shear tests[END_REF]3234,[START_REF] Andò | Grain-scale experimental investigation of localised deformation in sand: a discrete particle tracking approach[END_REF][START_REF] Cho | Particle shape eects on packing density, stiness, and strength: natural and crushed sands[END_REF][START_REF] Ando | Experimental investigation of microstructural changes in deforming granular media using x-ray tomography[END_REF]. A second parameter that controls the mechanics of granular materials is inter-particle friction. However, it has been commonly associated with the macroscopic response of the materials, and it is not independent of particle shape.

Controlled and repeatable conditions are needed to understand the eect of particle shape and friction independently. Consequently, in this work manufactured polyoxymethylene (POM) particles are used. The particles are made through injection moulding, a manufacturing process that allows the creation of thousands of particles with the same shape and surface characteristics. The mechanical properties of the material used for the particles, reported by the manufacturer Yuyao Strong International Trading, are found in Tab. 2.1. Tensile strenght

MPa

Young modulus

MPa

To explore the eect of particle shape on the mechanical response of granular materials, three dierent sets of oblate ellipsoidal particles are used. The rst set, hereafter referred to as at particles, has full axis of 2.2 mm × 3.4 mm × 3.4 mm, resulting in an aspect ratio of 1.5 The second set, hereafter referred to as medium particles, has a full-axis of 3.0 mm × 3.4 mm × 3.4 mm, resulting in an aspect ratio of 1.13 The third set, hereafter referred as rounded particles, has a full-axis of 3.23 mm × 3.4 mm × 3.4 mm, resulting in an aspect ratio of 1.05 Each set is scanned using x-ray tomography at a pixel size of Chapter 2. Experimental methods 6 µm/pixel by gluing individual particles to the top of a pin (see Fig. 2.1), to characterise their geometry. The dierence between the aspect ratio is evident from the vertical slices:

while the at particles can be though as strong oblate ellipsoids, the dierences between the axes of the rounded particles is minimal, and appears spherical. Three manufacturing defects can be observed from the images. First, a small edge running along the plane of symmetry of the particles corresponding to the two individual parts of the injection mould used by the manufacturer. Moreover, during the manufacturing process each particle was cut manually from the feeding channels, and part of it can be observed on the edge of the symmetry plane. Finally, the injection moulding process generates a internal void located at the centre of each particle, and it can be clearly seen from the vertical and horizontal slices. Although these previous manufacturing defects are visible from the images, they are assumed to have no impact on the mechanical response of the particles. 2.2 Inter-particle friction

Inter-particle friction apparatus

To properly characterise the frictional behaviour of the contact between two particles, a special experimental setup is built in this doctoral work, following the guidelines of [START_REF] Senetakis | The development of a new micro-mechanical interparticle loading apparatus[END_REF],

using the same principle: shearing two particles under normal load while recording the resulting forces. Figure 2.2 shows the designed experimental apparatus. The lower part of the setup consists of two Attocube ECSx3050 piezo stages, stacked on top of each other, enabling the displacement along the X or Y direction independently. Above is placed an ATI Nano43 6-axis transducer to measure the resulting forces (F z, F y, F x) and torques (T z, T y, T x), induced by the interaction between the particles. The upper part of the setup comprises a piston that can move freely along the vertical direction and carries a sample holder on its lower end. A round air bearing (air bushing) is added above to guide the piston and minimise the friction with the walls. Finally, dead loads are added on top of the piston to characterise the contact at dierent normal loads. The measuring procedure is detailed in Sec. 2.2.3. 

Modifying inter-particle friction

The use of manufactured particles allows the controlled design of the surface characteristics while keeping all the other material parameters and particle morphology constant.

Moreover, this enables the exploration of the eect of interparticle friction under controlled conditions. For this, two groups of particles are produced besides the afore mentioned set.

A second smooth group was manufactured by applying a polishing treatment applied directly into the particles mould. It is expected that the decrease of inter-particle friction produces dierences at the macroscopic and microscopic levels. To verify the eectiveness of the surface treatment, a preliminary triaxial compression test is performed for both surface congurations (i.e., rough and smooth). Two specimens of 70 mm in diameter and 140 mm in height are subjected to a triaxial compression test under dry conditions, with Chapter 2. Experimental methods a 50 kPa connement, and using the same testing apparatus as in [START_REF] Desrues | How does strain localise in standard triaxial tests on sand: Revisiting the mechanism 20 years on[END_REF]. Each specimen is composed of more than 25000 at particles (aspect ratio of 1.5). The specimens are tested in-operando inside the x-ray tomography cabin of Laboratoire 3SR, and are scanned at three dierent stages: i) the initial state, ii) at 20 % axial shortening, and iii) at 24 % axial shortening. While the initial scan enables the measurement of any dierences between the initial conguration of each specimen, the second and third scans are used to measure the rotation of the particles near the end of the test. (q/p) vs. axial shortening. It can be observed that the rough set has a slightly higher response than its smooth counterpart, reaching a maximum stress ratio of 1.55 compared to 1.46, respectively. Additionally, the smooth specimen has a less sti response than the rough specimen, during the initial stage of the test. Although the previous observations show some slight dierences between the two specimens, the impact of the surface treatment at the macroscopic scale can be considered mild. Moreover, the initial conguration of both specimens reveals strong similarities in terms of particle arrangement and density, revealing that at the particle scale, the surface treatment has little eect. To further analyse the possible dierences between the two sets, the grain kinematics near the end of the test are compared, using the incremental rotation of particles as a proxy for the deformation mechanisms present inside the sample. The incremental rotation is measured as the rotation of the characteristic orientation vector of each grain between the two scans. Further details on grain-based measurements from 3D images can be found in Chp. 3. Figure 2. 3(b) shows the distribution of incremental particle rotation between the second and third scans. The two specimens display a similar distribution, centered at 30 • with standard deviation of 20 • . As for the macroscopic response, there are no observable dierences in terms of organisation, pointing to the lack of eectiveness of the surface treatment.

Considering that the surface treatment is not enough to produce signicant changes at the macroscopic and particle scale, a dierent method should be used. In [START_REF] Oda | Experimental micromechanical evaluation of strength of granular materials: eects of particle rolling[END_REF] was observed that talc powder can decrease considerably the inter-particle friction coecient. To verify this, talc powder is added in a ratio of 1 g per each 155 g of particles to the entire set of smooth particles and mixed thoroughly using latex gloves in a container. However, it is important to validate that the powder is properly attached to the surface of the particles and that the surface characteristics are repeatable (i.e., that talc will not detach from the surface of the particles). For this, 11 consecutive specimens are prepared for each set of particle shapes, and the loss of mass, between dierent specimens and tests, is measured after preparing each specimen. Figure 2. 4(a) shows the results of the mass loss for each set of particles. It can be observed that for all groups, the mass loss decreases exponentially after each specimen preparation, approaching a value below 1 % after 11 prepared specimens. Additionally, it is important to note that the initial loss is higher for the at set of particles (32.5 %) than for the rounded particles (17.3 %), as expected due to their higher surface area. The total loss of talc powder mass is 77 %, 60 %, and 48 % for the at, medium, and rounded particles, respectively. This results in an eective mixing ratio of 1 g of talc per each 680 g of particles for the at set, 1 g of talc per each 390 g of particles for the medium set, and 1 g of talc per each 298 g of particles for the rounded set. Once the surface characteristics appear to remain constant, 11 additional specimens are prepared for each set of particles to measure the density of the assemblies.

The specimen density is shown in Figure 2.4(b), including the both surface scenarios (rough and smooth), as well as the set with talc powder. Once again, it can be observed that the surface treatment applied to the mould of the smooth particles has almost no impact on the initial density of the packing. However, it is clear that once the talc powder is added to the smooth particles the initial density increases noticeably, from 9.20 kN m -3 to 9.24 kN m -3 for the at particles, from 8.91 kN m -3 to 8.93 kN m -3 for the medium particles, and from 8.60 kN m -3 to 8.64 kN m -3 for the rounded particles. 
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To conrm the statistical signicance of the dierences, a Student's t-test is used. In short, this is a statistical method that determines if two populations have the same mean in a statistically robust manner. A t-value is measured for the two distributions and is compared against a critical t-value associated with the desired level of condence and the number of measurements taken. If t measured is higher than t critical , it can be concluded that there is enough statistical evidence to prove that the two populations do not have the same mean value. Table 2.2 shows the results for the three surface scenarios (rough, smooth, and smooth with talc) for a condence level of 95 %. As observed before, the dierence in initial density between the rough and the smooth conguration is not enough to prove that the applied surface treatment aects the packing of the specimens. However, it can be proven statistically that the addition of talc powder to the smooth particles does aect the initial packing of the specimen. The smooth particles with talc powder are therefore used to explore the eect of inter-particle friction and are referred to hereafter simply as the smooth conguration. 

Measuring inter-particle friction

The experimental apparatus described in Section 2.2.1 is used to measure the inter-particle friction angle for each surface scenario (rough, smooth), and each particle shape (at, medium, rounded). Figure 2.5 displays a sketch of the main steps for conducting a test.

First, the particles are glued to the sample holders and the bond is allowed to dry over a period of 20 min (Fig. 2.5(a)). Special attention is given to the manipulation of the particles, handling them with tweezers and taking care not to touch the surfaces that will be tested. Once the particles and the sample holders are dry, one set is screwed on top of the load cell, and the system is calibrated to register the initial vertical load (F z,0 ) (Fig.

2.5(b))

. Then, the second sample holder is screwed to the vertical piston and placed on top of the initial sample holder (Fig. 2.5(c)). To align the two particles so that the contact is located at their apex, the two piezo stages are moved until the torques along X and Y reach a minimum value (Fig. 2.5(d)). At this point, the system is calibrated again to register the initial state of forces and torques along all axes. The particles are then 2.2. Inter-particle friction 21 sheared at a constant velocity of 6 µm s -1 (Fig. 2.5(e)), which correspond to the slowest conguration that the piezo stages can achieve, registering the evolution of the vertical (F z,i ) and horizontal forces (F x,i , F y,i ). The friction angle (ϕ) can be easily computed throughout the test as: The previous equation can only be used for contacts at the apex of the particles (or in its immediate vicinity) since for any other point over the surface the contact normal is no longer parallel to the Z axis. To compute the friction angle at these points, the recorded forces need to be decomposed along a coordinate system that is orthogonal to the contact normal. However, under the current conditions of the setup, this is not possible, and thus the particles are sheared only up to 0.20 mm. For any given combination of shape and surface conditions, 11 pairs of particles are tested to measure their friction angle for two normal loads of 4.5 N and 9 N. for the at, medium and rounded particles, respectively. On the other hand, the particles with a smooth surface have an angle of friction of 5.25 • ± 1.30 for the at, medium and rounded particles respectively. A strong dierence between the rough and smooth surfaces can be observed, independent from the particle shape. Additionally, the distribution of the rough particles has a higher variability than the distribution of the smooth ones, as expected due to the additional variability due to the increase of friction. It is important to note that within each surface scenario, there are no strong dierences between the mean value or the spread, showing the consistency of the measurements. To prove the statistical signicance of the dierence in the means, Tab.

ϕ = tan -1 (F x,i -F x,1 ) 2 + (F y,i -F y,1 ) 2 F z,i -F z,0 (2.1 
2.3 shows the results of a Student's t-test performed over each set of particle shape. As stated before, within each surface condition there is no statistical dierence in the mean value of friction angle, while it can be proved that the addition of talc reduces signicantly the inter-particle friction angle for a given particle shape. The observed friction angles are comparable to traditional measured values found for geomaterials [START_REF] Senetakis | The inter-particle coecient of friction at the contacts of leighton buzzard sand quartz minerals[END_REF][START_REF] Sandeep | Eect of young's modulus and surface roughness on the inter-particle friction of granular materials[END_REF][START_REF] He | An investigation of the eect of shearing velocity on the inter-particle behavior of granular and composite materials with a new micromechanical dynamic testing apparatus[END_REF], and the dierence between the two surface scenarios is enough to have a strong impact on the behaviour at the macroscopic, mesoscopic, and microscopic scale, as it will be shown later. Soil testing remains the keystone of geotechnical engineering from which the soil conditions and behaviour can be understood. However, this description is limited by the discrete and hetereogeneous nature of the soil, since the description of the soil is constrained to the observations made at discrete positions through boreholes or in situ testing [START_REF] Wood | Soil behaviour and critical state soil mechanics[END_REF], and the conditions of the whole soil structure are inferred from several test.

Two main classes of problems are typically addressed in geotechnical engineering: i ) settlement, and ii ) stability calculations. To study the compressibility of the soil, and specially the dissipation of excess pore pressure, the oedometric test is preferred [131133], where a soil specimen is conned within a rigid ring that limits any lateral deformation of the soil. Although this test can be used to infer the stress-strain behaviour of soils under one-dimensional deformation processes, the fact that the horizontal stress is not measured limits its use to consolidation or grain-crushing phenomena. On the other hand, the study of failure surfaces on geotechnical structures was studied initially by means of the direct shear box test [134137], where a failure surface is induced by moving horizontally the top half relative to a static bottom half. However, the stress distribution inside the box is not entirely known, and this limits the characterisation of the stress state for the shear plane.

A modied version of the shear box is the simple shear apparatus [START_REF] Kjellman | Testing the shear strength of clay in sweden[END_REF][START_REF] Bjerrum | Direct simple-shear tests on a norwegian quick clay[END_REF], where vertical walls of the box rotate while the upper part is horizontally displaced. This corresponds to a plane strain test where the principal stresses and strains are allowed to rotate. Despite the simplicity of the operating concept, strong technical diculties arise for the experimental design, since a specimen subjected to simple shear should not have any volumetric change [140144].

Triaxial compression apparatus

The triaxial apparatus is a common testing equipment used to study stress-strain properties of soils. Cylindrical specimen in a exible membrane is subjected to axial compression and lateral connement, resulting in axially symmetric conditions. Radial stress is applied employing a surrounding uid, resulting in an experimental apparatus with two controlled boundary conditions: the vertical load and the lateral stress. Although the test name suggests that the three principal stress (σ 1 , σ 2 , σ 3 ) can be controlled, only two (σ 1 and σ 2 = σ 3 ) are typically controlled independently. Figure 2.7 shows a typical design of a traditional triaxial apparatus highlighting its basic components. The specimen is enclosed within a rubber membrane that separates it from the conning uid, while a pressure cell bounds the entire setup. The specimen rests between a xed cap and a moving cap, which is loaded vertically through a piston that passes through the cell. Commonly, the vertical load is applied through a loading frame, which in some cases is the triaxial cell itself. Porous stones are placed between the soil and the caps, to allow the drainage of any uid from inside the specimen. The conventional measures that are taken from a triaxial compression test are: i) the cell pressure (σ r ) corresponding to the applied connement, ii) the vertical displacement applied, and iii) the vertical load (F ). For tests on saturated samples where drainage is allowed, the volume change is measured as the volume of uid that moves into the specimen, or through radial transducers placed on the membrane. The axial stress applied is computed from the force exerted from the piston of area a, on the moving cap of area A, as:

σ a = σ r 1 - a A + F A (2.2)
The mean stress is p = (σ a + 2σ r )/3, due to the axial symmetry of the system, while the deviatoric stress is computed as q = σ a -σ r , i.e., the dierence between the major principal stress and the minor principal stress. Both stress variables are related as: p = σ r + q/3.

Even though the triaxial compression apparatus has two degrees of freedom, it is usually performed keeping the pressure of the cell constant (i.e., δσ r = 0), while only increasing the axial load (i.e., δσ a > 0).

For performing in-situ triaxial compression tests within a x-ray tomograph, i.e., imaging the specimen at multiple points of a test, several modications need to be considered. First, a careful selection of the materials composing the triaxial setup should be performed to minimise imaging artefacts when performing the reconstruction of the radiographs. These artefacts can take place as streaks or dark bands in the images, mainly due to beam hardening (i.e., an increase of the mean energy of the beam while crossing the specimen) and photon starvation (i.e., an insucient count of photons reaching the detector), when imaging highly attenuating regions [START_REF] Barrett | Artifacts in ct: recognition and avoidance[END_REF]. However, the leading factor is the trade-o between the size of the eld of view and voxel size. If the objective of the test is to [START_REF] Ando | Experimental investigation of microstructural changes in deforming granular media using x-ray tomography[END_REF]), the voxel size should be in the order of 10 µm/voxel. For a detector of size 1920 × 1536 pixels, as the one at Laboratoire 3SR, the eld of view is reduced to 19.2 mm × 15.3 mm. To cope with these spatial constraints, the size of the specimen -and testing apparatus -must be decreased, so that it lies within the eld of view. Therefore, the number of grains is reduced to tens of thousands, compared to the millions of particles used when performing standard triaxial compression tests. Examples of this approach can be found in [START_REF] Hall | Strain localisation in sand under triaxial loading: characterisation by x-ray micro tomography and 3d digital image correlation[END_REF], [START_REF] Ando | Experimental investigation of microstructural changes in deforming granular media using x-ray tomography[END_REF], and [START_REF] Cheng | A miniature triaxial apparatus for investigating the micromechanics of granular soils with in situ x-ray micro-tomography scanning[END_REF]. On the other hand, if the size of the specimen is to be preserved to match the standard size, a compromise must be made in terms of the voxel size, abandoning the grain-scale measurements. An example of this approach is found in [START_REF] Desrues | How does strain localise in standard triaxial tests on sand: Revisiting the mechanism 20 years on[END_REF], where a specimen of 70 mm in diameter and 140 mm in height of Hostun sand is subjected to an in-situ triaxial compression test, imaged at a voxel size of 100 µm/voxel. While individual grains cannot be identied from the images, incremental strain elds are measured revealing an intricated network of strain localisation. The use of the standard triaxial apparatus, where the degrees of freedom of the moving cap are constrained to only allow vertical movement, impose strong kinematic constraints that ultimately aect the failure mode, and consequently, the strain localisation patterns observed. To illustrate this, a specimen with a shear band can be simplied as a system of two rigid blocks sliding past each other through an inclined plane, as seen in Fig. 2.8. If a vertical displacement is imposed on the driving end of the specimen (δV ), a horizontal displacement is produced as well (δH ). However, given that the movement along the XY plane is constrained, a secondary shear band is likely to appear to counterbalance the horizontal movement. The existence of this complementary and opposite shear band system is commonly observed experimentally [START_REF] Desrues | How does strain localise in standard triaxial tests on sand: Revisiting the mechanism 20 years on[END_REF] and numerically [START_REF] Zhao | The interplay between anisotropy and strain localisation in granular soils: a multiscale insight[END_REF], for setups where the movement along the XY plane is restricted. From the outside, the specimen seems to have a bulging deformation mode.
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Since the main objective of this thesis is to study the emergence and evolution of shear bands, as part of the present doctoral work a new experimental cell is designed which allows the driving cap to move freely along the XY plane. Figure 2.9(a) shows the experimental setup with its main components. The triaxial cell is made of Aluminium 7075-T6, and is selected for its outstanding mechanical properties. A Young's modulus of 70 GPa, combined with a yield strength of 480 MPa makes it ideal for the mechanical requirements of the triaxial test. Additionally, the test is designed to use vacuum inside the specimen as connement, instead of the traditional pressurized uid on the outside, thus the thickness of the triaxial cell walls is reduced to only 3 mm. Moreover, the lower density of 3.0 g cm -3

of the aluminium alloy decreases the amount of photons that are blocked by the testing cell, thus increasing the quality of the images since the specimen receives a higher amount of photons for the same energy level than other materials. The upper cap corresponds to the static cap, connected to the triaxial cell and with a small aperture to apply the vacuum inside the specimen. In contrast, the lower cap is the load-driving cap and is allowed to move along the horizontal plane, since it is sitting on top of a sliding system. The lower cap is thicker than the upper cap, to separate the lower part of the specimen from the sliding system, given that it is made from steel and might induce undesired artefacts in the tomography images due to the cone-beam eect. The sliding system (Fig. 2.9(b)) consists of a stainless steel base which holds 12 ball transfer units. An aluminium plate connects the lower cap to the sliding system, allowing the specimen to move freely along the XY plane while transferring the applied load. Finally, the connection between the piston and the sliding system is not completely rigid, enabling the rotation of the whole system and the lower cap if needed. The technical drawings of each piece can be found in [START_REF] Pinzón | Design of a triaxial compression cell for x-ray tomography[END_REF]. 

Sample

Specimen preparation

The preparation of the specimens follows the traditional methodology for sand, where it is required to create an initial assembly inside a stretched membrane to later apply connement upon. Additionally, the specimens are tested under dry conditions, simplifying the preparation procedure and improving the acquisition of x-ray tomography images, by increasing the contrast between the solid and void phase inside the specimen. It is important to note that the mould is composed of two mirrored pieces, so the demoulding process can be performed while minimising the specimen disturbance. Special care is taken to verify that the vertical axis of the mould is centred with the axis of symmetry of the static cap, to prevent any vertical misalignment of the specimen. The membrane is then stretched around the upper part of the mould (Fig. 2.10-c), and vacuum is applied to the outlet channel of the mould (Fig. 2.10-d), causing the membrane to adhere to the inner walls of the mould. At this stage, the specimen is ready to be deposited through dry pluviation.

The pluviation mechanism consist of a funnel, that works as a particle reservoir, connected to a 1 m long tube of 27 mm diameter. To control the ow of the particles, the smaller side of the funnel is reduced to 15 mm diameter. During the pluviation process, the feeding tube is pulled upwards to maintain a constant distance between the free surface and the edge of the feeding tube of 20 mm. The particles are fed into the reservoir, and the feeding system is opened (Fig. 2.10-e). The tube is moved in a circular pattern during the pluviation process, to avoid density gradients inside the specimen. Once the reservoir is empty and the mould is overown, the excess of particles are trimmed out carefully from the upper part of the mould. A second Teon disk is placed over the free surface of the specimen, followed by the Nylon cap (Fig. 2.10-f ). The upper part of the membrane is wrapped around the cap (Fig. 2.10-g), and a set of O-rings is added to secure the connection. At this point, vacuum is switched from the outlet of the mould to the outlet of the static cap, producing a connement stress inside the specimen. Finally, each half of the mould is removed (Fig. 2.11) and the specimen is ready to be tested.

Testing procedure

Once the specimens are prepared as shown in Sec. 2.4, the experimental setup needs to be mounted inside the tomograph. Figure 2.12 shows a sketch of the main steps of the assembly of the triaxial compression setup. First, the external aluminium cell is placed on top of the rotation stage, while the loading system is placed beneath it (Fig. 2.12(a)). The rods of the loading system are passed through the rotation stage and the triaxial cell, and the whole assembly is tightened together until the loading system is hanging. This ensures that the whole assembly rotates with the rotation stage while performing each scan. Afterwards, the piston is placed above the loading cell and the sliding system is 2.5. Testing procedure 29 placed on top of the piston (Fig. 2.12-b). At this point, the loading system is activated to lower the position of the sliding system, and the upper cap, with the prepared specimen, is introduced into the triaxial cell (Fig. 2.12-c). The specimen is then switched to the internal vacuum line of the tomography cabin, and the vacuum line is arranged to avoid any entanglement. Given that the sliding system does not have any alignment constraints with the specimen, it is important to verify that the moving cap of the specimen and the sliding plate are coaxial. For this, the x-ray detector and source are moved to image only the contact point, and the coaxiality is veried using live radiographies at dierent angular positions (Fig. 2.12-d). If the coaxiality cannot be guaranteed, the specimen is removed from the triaxial cell and the sliding plate is moved manually as needed. Once the sliding plate and the specimen are centred, the x-ray source and detector are moved away from the testing assembly and the at and dark calibrations are performed on the detector. Once the calibrations are nished, the x-ray system is set back to image the experimental setup. The motor is then raised slowly until the sliding system is in contact with the specimen, which is detected using the reading of the vertical load (Fig. 2.12-e).

At this point the setup is ready for the test, and the scanning parameters are set as shown in Table 2.4. 

Vacuum

Contact region

Misalignment between the sliding system and the specimen

Alignment verification using

x-ray radiographies Specimen in contact For all the specimens, the test starts by performing a scan at the initial conguration.

Once the scan is performed, and the initial 3D image is reconstructed, the initial height of the specimen is measured from it. Then, the specimen is compressed by a xed increment corresponding to 0.5 % axial shortening at a rate of 4 µm/s, and then the loading system Chapter 2. Experimental methods is halted to perform a new scan at the deformed conguration. The incremental loading procedure is repeated multiple times, until the sliding system contacts the internal walls of the triaxial cell. Once the test is over, the system is unloaded and the specimen is taken out from the cell. Finally, the mass of the particles inside the specimen is measured to compute the initial density.

Naming system

By using the three types of particles (at, medium, and rounded ), and the two surface scenarios (rough and smooth ), six congurations are tested. To identify each conguration, the following naming system is adopted: the rst character is E, since the particles used in all the tests can be characterised as ellipsoids; the second character corresponds to the aspect ratio (or shape) of the particles, F for at particles, M for medium particles, and O for rounded ; the third character corresponds to the surface scenario, either R for the rough or S for the smooth. The following two characters represent the name of the researcher who performed the experiment, which in this case corresponds to GP.

Finally, two numeric characters are added to denote the number of the specimen tested.

To characterise dierent scans along a test, two nal digits are added. As an example, scan EFRGP01_00 corresponds to the specimen 01 of at particles with a rough surface, performed at the initial state. Chapter 3

Image analysis

Imaging geomaterials

As discussed in Section 2.3.1, soil testing remains the cornerstone of geotechnical engineering to understand the mechanical behaviour of soils. However, to fully understand their macroscopic response, the interaction between individual grains and their neighbours (microscale), or the interaction between dierent regions of the specimen (mesoscale) needs to be studied and understood as well. Most classical observations rely on macroscopic measurements (e.g., change in volume and height of the specimen, the maximum load applied), since performing measurements at smaller scales is practically unfeasible using the traditional testing apparatus. Recently, new techniques have been developed to analyse the microstructure of the material and examine its evolution.

Optical techniques, such as photography, can be used to image individual grains and study the morphology of natural soils [START_REF] Kuo | Three-dimensional image analysis of aggregate particles from orthogonal projections[END_REF][START_REF] Fernlund | The eect of particle form on sieve analysis: a test by image analysis[END_REF]. Additionally, if 2D experiments, such as biaxial tests, are performed with transparent walls, the orientations of grains and voids can be studied through photography at dierent stages of the test [START_REF] Oda | Stress-induced anisotropy in granular masses[END_REF][START_REF] Oda | Experimental micromechanical evaluation of strength of granular materials: eects of particle rolling[END_REF]. Optical methods can be used also for fully 3D experiments since the microstructure can be observed post-mortem (i.e., after the test) through the preparation of thin slices of the specimen [START_REF] Jang | Preparation of epoxy impregnated sand coupons for image analysis[END_REF][START_REF] Jang | Use of image analysis to study the microstructure of a failed sand specimen[END_REF], from which individual features at the particle level can be measured [153162].

Moreover, digital cameras can be used to study the displacement eld at the boundary of the specimen [START_REF] Calvetti | Experimental micromechanical analysis of a 2d granular material: relation between structure evolution and loading path, Mechanics of Cohesive-frictional Materials[END_REF][START_REF] White | Soil deformation measurement using particle image velocimetry (piv) and photogrammetry[END_REF]. A similar optical technique is stereophotogrammetry, which consists in taking two consecutive photographs of an object, and by using the stereoscopic eect the displacement eld inside the specimen can be obtained [START_REF] Buttereld | A stereo-photogrammetric method for measuring displacement elds[END_REF]. This technique has been used mainly for studying strain localisation on sand using plane strain compression tests as in [166169] and references therein.

The above techniques are based on optical methods where real soil specimens are imaged.

Dierent soil analog models can be tested to mimic the behaviour, and by using the unique physicochemical properties of the model materials, access to other measurements can be gained. Photoelasticity is one of the most known techniques for measuring the intraparticle stresses in soil models, given that some materials have the property of becoming doubly refracting when subjected to stress [170173]. The internal distribution of stress can then be visualised when the material is placed in between two polarizing sheets. For Chapter 3. Image analysis this, gelatin-based particles (among other photoelastic materials) are cast into dierent shapes to quantitatively perform stress distribution analysis of dierent structures. This technique has been used to study soil-vehicule interactions [START_REF] Mellinger | Photoelastic studies for vehicle mobility research[END_REF]175], stress distribution within soil structures [START_REF] Richards | Gelatin models for photoelastic analysis of gravity structures[END_REF][START_REF] Burki | Photoelastic analysis of a coerdam[END_REF], as well as within traditional soil specimens [START_REF] Oda | Experimental micromechanical evaluation of strength of granular materials: eects of particle rolling[END_REF][START_REF] Oda | Microstructure of shear bands and its relation to the mechanisms of dilatancy and failure of dense granular soils[END_REF]. A second technique that uses soil models is Refractive Index Matching (RIM), or transparent soils, where amorphous silica beads are immersed in liquids with matching optical refractive indices [179183]. This causes the silica beads to become transparent to visible light, and by using dye tracers or solid markers, deformation can be measured using traditional optic methods. RIM has been traditionally used to study displacement elds of geotechnical structure models [START_REF] Liu | Modelling capacity of transparent soil[END_REF][START_REF] Chen | Load behaviour of model strip footings on reinforced transparent soils[END_REF], or dynamic penetration of projectiles into granular media [START_REF] Chen | Modelling of projectile penetration using transparent soils[END_REF][START_REF] Omidvar | Visualizing kinematics of dynamic penetration in granular media using transparent soils[END_REF].

All of the above techniques use, in some way, the visible spectrum of transmitted light for imaging the samples. However, it is also possible to use dierent ranges of the electromagnetic spectrum to perform non-invasive imaging. Gamma-ray densitometry uses gamma-ray radiation to measure the density of the specimen at a specic point [188194].

The technique was developed mainly for eld testing of marine sediments [195198], but has also been used for laboratory testing [START_REF] Caicedo | Physical modelling of freezing and thawing of unsaturated soils[END_REF]. Similarly, a smaller wavelength can be used to image soil specimens using x-ray radiographs. The technique has a similar principle to gamma-ray densitometry: the specimen stands in between a source and a detector, and the attenuation is measured and related to the density of the specimen. The main dierence, and advantage, is that the density can be measured for multiple points throughout the specimen, and not only at a single point or as a sample average. The technique was introduced to study failure planes in geotechnical structures by [START_REF] Roscoe | The determination of strains in soils by an x-ray method[END_REF] and several studies followed focusing on density changes along failure planes [START_REF] Oda | Microstructure of shear bands and its relation to the mechanisms of dilatancy and failure of dense granular soils[END_REF]201204]. X-ray radiography has been used to study pore morphology [205207], dessication cracks evolution [START_REF] Anderson | The inuence of shrinkage cracks on pore-water pressures within a clay embankment[END_REF], clay permeability and seepage [START_REF] Malone | Use of x-ray radiographic techniques in the evaluation of soil liners[END_REF][START_REF] Mori | Soft x-ray radiography of drainage patterns of structured soils[END_REF], strain elds using lead shots [START_REF] Cuckson | A new radiographic method of laboratory strain measurement in clays[END_REF], and the interaction between soil and geotextiles [START_REF] Kharcha | Study of soil-geotextile interaction by an x-ray method[END_REF], to mention but a few.

An extension of x-ray radiography widely used in the medical sector is x-ray computed tomography. Briey, it consists of taking several radiographs of the specimen at dierent angular positions and back-projecting a 3D image employing the inverse Radon transform.

This technique is that samples can be imaged in 3D, rather than along surfaces as in previous imaging techniques. This means that, for accessing the microstructure of the material, post-mortem analysis or thin slices can be avoided, since a single specimen can be imaged throughout a traditional soil-mechanics test, enabling what is generally referred to as in-situ imaging, i.e., imaging while performing the test. The technique has been used to study strain localisation in granular materials [START_REF] Desrues | Void ratio evolution inside shear bands in triaxial sand specimens studied by computed tomography[END_REF] at the macroscopic scale (i.e., measurement of density elds within the specimen) [214217], mesoscopic scale (i.e., measurement of density for groups of grains) [START_REF] Oda | Microstructure in shear band observed by microfocus x-ray computed tomography[END_REF][START_REF] Tagliaferri | Observing strain localisation processes in bio-cemented sand using x-ray imaging[END_REF], and even at the microscopic scale (particle level) [START_REF] Ando | Experimental investigation of microstructural changes in deforming granular media using x-ray tomography[END_REF][START_REF] Hall | Discrete and continuum analysis of localised deformation in sand using x-ray µct and volumetric digital image correlation[END_REF], to mention but a few (see [START_REF] Viggiani | Recent developments in laboratory testing of geomaterials with emphasis on imaging[END_REF] and references therein).

3.2. Elements of x-ray computed tomography [START_REF] Hall | Strain localisation in sand under triaxial loading: characterisation by x-ray micro tomography and 3d digital image correlation[END_REF] 3.2 Elements of x-ray computed tomography X-rays are electromagnetic radiation of high frequency with a typical wavelength between 10 nm and 10 × 10 -3 nm. Max Planck postulated that radiation emission can also be understood as discrete packs of energy, and, since photons have no mass, the photon energy is directly proportional to the frequency. Radiation at high energies and high frequencies manifests particle-like characteristics (i.e., collisional interactions) [START_REF] Seibert | X-ray imaging physics for nuclear medicine technologists. part 1: Basic principles of x-ray production[END_REF], thus x-ray photons with enough energy can remove electrons from an atom, ionizing the material.

Within the x-ray imaging community, the relevant unit that characterises the x-ray radiation is the electron volt (eV), which is equal to the kinetic energy gained by an electron accelerated in a vacuum under a voltage dierence of 1 V.

X-rays are produced as a result of the conversion of the kinetic energy of an electron into electromagnetic radiation. The rst element of any x-ray source is the x-ray tube, which contains two electrodes within a vacuum-controlled housing. Inside the x-ray tube, free electrons are extracted using an electron beam emitter lament. Given its electrical resistance, the lament causes the release of electrons due to thermionic emission. The rate of emission can be controlled by modifying the lament current, and thus the lament temperature. A second component needed to generate x-rays is the x-ray generator, which applies high voltage between the cathode and anode, which induces the acceleration of the electrons towards the positive anode of the x-ray tube. This interaction between the anode (typically made of tungsten) and the highly energetic electrons produces the x-rays photons. When the incoming electrons are near the nucleus of the tungsten atoms, they undergo electrostatic attraction towards the positively charged nucleus, decelerating and changing their direction. This loss of kinetic energy is converted into electromagnetic radiation due to a process known as Bremsstrahlung [START_REF] Seibert | X-ray imaging physics for nuclear medicine technologists. part 1: Basic principles of x-ray production[END_REF]. The x-ray photon energy is related to the interaction distance between the electron and the nucleus, generating a continuous spectrum of x-ray energies.

Once x-rays are generated from the source, they interact with matter through three main mechanisms [START_REF] Seibert | X-ray imaging physics for nuclear medicine technologists. part 2: X-ray interactions and image formation[END_REF]. The rst one corresponds to photoelectric absorption and comprises the collision of the x-ray photon with an inner shell electron (typically from the inner K-shell) which has a binding energy lower than the energy of the photon. As a product of the collision, the electron is moved to a higher shell, and thus generates a photon. As the energy of the incoming x-ray photon increases, the probability of photoelectric absorption decreases, but several sudden increases can be observed due to the similarity between the x-ray photon energy and the binding energy at each shell (e.g., K-edge or L-edge). A second interaction mechanism is the Rayleigh scattering, which corresponds to a deviation of the path of the x-ray photon due to an interaction with an electron, but with no loss of energy. This results in a rise in the energy of the electron, and an x-ray photon is produced once the electron returns to its original energy level. The produced x-ray photon has the same energy as the inbound photon, but with a slight deection in the original direction (scattered). Finally, if the energy of the x-ray photon is considerably higher than the binding energy of the electron, they are removed from the atom and the x-ray photon is deviated from its original path, in a process known as Compton scattering.
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All the previous mechanisms remove x-ray photons from the beam (either by scattering or absorption), and thus decrease its intensity. The Beer-Lambert law relates the intensity of the radiated beam (I 0 ) with the intensity of the nal beam (I ) for a mono-energetic beam that passes through a homogeneous material of thickness z given a linear attenuation coecient (µ) as:

I 0 = Ie -µz (3.1)
The linear attenuation coecient denotes the total probability of attenuation per unit length of the material. However µ is density-dependent, and thus dierent values can be obtained for the same material at dierent densities (e.g., water, water vapour, and ice).

To acknowledge this, the mass attenuation coecient µ/ρ is used, ρ being the density of the material, and Eq. 3.1 is modied as:

I 0 = Ie -(µ/ρ)ρz (3.2)
The beam intensities (I 0 and I) are measured using an x-ray detector, which is composed of individual regions (pixels) that measure the ux of transmitted x-rays. The detector is composed of a scintillator layer, which transforms the ionizing radiation into visible light, and a thin lm transistor, which converts the visible light from the scitillator into a digital image. As per Eq. 3.2, the output value from the detector is related to the attenuation coecient of the material along the line that connects the centre of emission of the x-ray source and the individual measuring pixel, converting the transmitted x-ray distribution into a 2D image, or projection. As stated in the previous section, x-ray tomography consists of generating a 3D image from the object. This is accomplished by acquiring multiple radiographs (or projections) along dierent angular positions, by rotating the object along its vertical axis. The 3D image can be then obtained by a process known as reconstruction, which uses the inverse Radon transform as the mathematical background. In this work, the ltered back-projection algorithm proposed by [START_REF] Feldkamp | Practical cone-beam algorithm[END_REF] is used, as implemented within the XAct software provided by RX-Solutions.

Imaging facility at Laboratoire 3SR

All the experimental campaigns performed in this work are performed using the x-ray tomograph at Laboratoire 3SR (Grenoble), built by RX-Solutions. In many applications of x-ray tomography, the principal aim is to identify individual features of the specimen, or even particular components within, based on the attenuation values (and the changes) of the voxels comprising it. However, several artefacts can arise during the scan hindering the analysis of the images. These may appear from problems with the detector such as ring artefacts, or characteristic features of the specimen (e.g., the presence of metallic components, sharp edges, or beam hardening) [START_REF] Davis | Artefacts in x-ray microtomography of materials[END_REF].
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Ring artefacts are the result of dierences in the sensitivity of the individual detector pixels, either from a bad calibration, variation of the scintillator thickness or even due to irresponsive pixels [START_REF] Davis | X-ray microtomography scanner using time-delay integration for elimination of ring artefacts in the reconstructed image[END_REF]. This generates a ring pattern in the reconstructed image, centred on the axis of rotation, as high frequencies derived from the sensitivity variation are located at the same radial coordinate for all the projections [START_REF] Lyckegaard | Correction of ring artifacts in x-ray tomographic images[END_REF]. Ring artefacts can be corrected with a at eld correction, ltering the sinogram in the Fourier space, or moving average ltering [START_REF] Vo | Superior techniques for eliminating ring artifacts in x-ray micro-tomography[END_REF].

Strongly attenuating objects inside the specimen may also produce artefacts. This typically occurs in the case of metallic objects inside a less attenuating matrix and results in large streaks or halos near the object in the reconstructed image [START_REF] Wei | X-ray ct high-density artefact suppression in the presence of bones[END_REF]. Although an obvious solution to avoid this artefact is to replace the metallic objects with less-attenuating materials when possible, other methods are based on the reconstruction algorithm, where the high-attenuating objects are considered opaque and their data is erased and later interpolated [START_REF] De Man | Reduction of metal streak artifacts in x-ray computed tomography using a transmission maximum a posteriori algorithm[END_REF]. Edge artefact can also emerge due to the geometry of the setup, and appear as streaks in the regions of sharp intensity transitions [START_REF] Zbijewski | Characterization and suppression of edge and aliasing artefacts in iterative x-ray ct reconstruction[END_REF]. It has been shown

that these artefacts can be corrected by downsampling the radiographs to smooth the transition, at the expense of the spatial resolution of the image [START_REF] Zbijewski | Comparison of methods for suppressing edge and aliasing artefacts in iterative x-ray ct reconstruction[END_REF].

One of the most common artefacts encountered in x-ray images is beam hardening. The attenuation coecient is dependent on the energy and various energies of a polychromatic spectrum are not attenuated equally. Generally, for polychromatic x-ray beams, lower energy photons are more easily removed from the beam spectrum (i.e., absorbed), while higher (harder) energies are less attenuated and remain within the beam [START_REF] Seibert | X-ray imaging physics for nuclear medicine technologists. part 2: X-ray interactions and image formation[END_REF]. Since the distance covered by an x-ray photon is higher through the centre of the specimen than through the border, the beam hardening eect is enhanced at the latter, giving the impression that the specimen has a higher density in this region. Several correction methods have been proposed in the literature, ranging from the use of physical lters between the x-ray source and the specimen to the linearization of the beam prole [START_REF] Van De Casteele | A model-based correction method for beam hardening artefacts in x-ray microtomography[END_REF].

However, these methods either reduce the artefact or require additional information that can be challenging to acquire within the time-cost limitations when performing a scan.

Based on the procedure detailed in [START_REF] Stamati | Eet des hétérogénéités sur le comportement mécanique du béton à l'échelle mésoscopique: apports de la micro-tomographie à rayons-x in-situ combinée à une modélisation E-FEM[END_REF], beam hardening is corrected directly in the images. However, it can be seen that a higher concentration of pixels is found at the centre of the specimen, revealing the presence of beam hardening. To solve the latter, a regular grid is created inside the specimen, and for each subset a local greyscale histogram is computed (Fig. 3.2(d)). As an example, Fig. 3.2(e) shows the greyscale histogram of three zones at dierent distances from the center of the beam hardening pattern (C OM BH ), and it can be seen that the occurrence of the void and solid peak varies according to the spatial location of each subset.

For each individual histogram, the Euclidean distance between COM BH and the centre of the subset is measured as well as the greyscale location of the void and solid peak, and a clear linear relation can be observed (Fig. 3.3). A linear tting is applied to the results of each phase, and the solid peak shows a linear increase while the void peak is rather constant. The previous procedure is performed on the initial image of each test, and the individual voxels of the original image are corrected as follows:

1. Compute the distance d from the voxel to COM BH . where mV, mS and bV, bS correspond to the slope and intercept of the linear tting of each phase, respectively.

3. Compute the nal greyscale value (GV f ) of the pixel as:

GV f = pS * -pV * pS -pV GV O -pV + pV * (3.5)
where GV O correspond to the initial greyscale value of the pixel, and pV * and pS * correspond to the desired peaks of the void and solid phase of the nal normalised histogram.

Noise and blur

The process of counting the photons ux that arrives at the detector, which is the basis of x-ray radiography, can be modelled by a Poisson distribution. This distribution means that there is a variation in the number of photons that arrive at dierent regions of the detector, and thus generate a grainy texture on the image, a process known as Shot noise. This is inversely proportional to the square root of the number of photons and thus is decreased by averaging multiple radiographs at the same angular position. However, due to the quantum nature of the x-ray beam, shot noise cannot be removed entirely from the images. The presence of noise in the images is usually described using the signal-to-noise ratio (SN R), computed as:

SN R = µ S σ V (3.6)
3.4. Processing 3D images 41 where µ S is the dierence in greyscale between the void and solid phase, and σ V is the standard deviation of the void phase. To illustrate the eect of SN R, The histogram shows the presence of the void (background) and solid (sphere) phases.

However, it is important to note that the statistical spread of each phase is such that it overlaps with the other, and thus may induce some segmentation issues. For the case of SN R = 10, the noise level has decreased considerably and the sphere is easily recognizable, and the distribution of greyscale value shows a clear distiction between the two phases without overlapping. Finally, at SN R = 100 the image can be thought of as practically noise-free, and the histogram has a distribution that resembles two Dirac functions for each of the phases.

A traditional technique used to deal with shot noise on images is to apply a Gaussiansmoothing lter. It consists of performing a convolution of each pixel (x, y, z) with the discretized version of the following continous 3D matrix (or kernel):

G 3D (x, y, z, σ) = 1 ( √ 2πσ) 3 e -x 2 +y 2 +z 2 2σ 2 (3.7)
where σ corresponds to the width of the kernel. Using the previous case of SN R = 10, Fig. 3.5 shows the eect of dierent values of σ over the sphere. It can be observed that for a value of σ = 1 the noise level decreases considerably, with a value of SN R = 65. However the edges of the sphere are now smoothed, and this aects the morphological features of the objects on the images (e.g., shape of the particles) and even the interactions between them (e.g., inter-particle contact detection). A level of σ = 0.5 seems to preserve the edges of the sphere, but some noise is still apparent in the image, with a small increase of SN R = 16. To properly handle noise a dierent strategy is used in this doctoral work. Greyscale histograms

The last column in Fig. 3.5 shows the result of applying a morphological reconstruction (MR) to the greyscale image of the sphere with SN R = 10. Not only the edge of the sphere is preserved, but also the amount of noise is considerably reduced (SN R = 52).

The morphological reconstruction is an operation which corresponds to a greyscale opening followed by a greyscale closing. To illustrate the algorithm, Fig. 3.6(a) shows a 1D signal (black line) that has some local and global minima/maxima that need to be smoothed.

The rst step is to perform a greyscale opening, which consists of a greyscale erosion (blue line), followed by a greyscale dilation (red line). The erosion operation consists in assigning to each pixel the minimum value found around its surroundings, while the dilation is the reciprocal operation: assign to each pixel the maximum value found around its surroundings. In both cases, the region considered for this operation is delimited by a structuring element. It can be observed that the main result of the greyscale opening is to reduce the local and global maximum of the signal, without modifying the overall form. Similarly, Fig. 3.6(b) describes the greyscale closing applied over the previous resulting signal. In this case, the order of the erosion-dilation operations is inversed: rst, a greyscale dilation increases the global/local minimum, and then the greyscale erosion shifts the signal back to the original position. As a result of applying sequentially the greyscale opening and closing, the signal has a smoother distribution while preserving the original shape (i.e., the black and red line in Fig. 3.6(c) are the same with the exceptions of the local and global minima/maxima). Although the previous example is performed along a 1D signal, the same procedure can be applied for 3D images. This is available in spam as morphologicalReconstruction(im, selem), where im correspond to the input greyscale image, and selem correspond to the structuring element to be used (i.e., kernel size).

Grey value a)

Opening In addition to noise, two main phenomena can be found in any x-ray image: partial volume eect (PVE) and blur. The rst one is a direct consequence of imaging a continuous object into a discrete grid (i.e., pixels on an image) since some pixels will be situated at the interface between the object and the background. This implies that the corresponding greyscale value has an intermediate value, proportional to the partial presence of the object: if the voxel is occupied 33% by the object, the corresponding greyscale will be GV V * (1 -0.33) + GV S * (0.33), where GV V and GV S correspond to the greyvalues of void and solid, respectively. was absent from the image, the prole should be a step function. Although PVE can be mitigated by imaging the object at a smaller voxel size, since the edge will be intersecting a fewer amount of voxels, it can never be removed.

On the other hand, blur is caused by a number of processes, including the interaction between the size of the focal spot and the distance of the object to the source, as well as by motion and geometric uncertainties. As previously presented, the region where the x-rays are generated from the x-ray tube anode (focal spot) can be modied in size, to allow a higher ux of photons. However, increasing the size of the focal spot inevitably Chapter 3. Image analysis generates a bigger shadow of the object, which translates into an increase of the blur on the edges of the object. As an example, Fig. 3.7(c) shows the same sphere generated with a given amount of blur (simulated within Kalisphera by applying a Gaussian lter with standard deviation σ). The prole along the edge (Fig. 3.7(d)) clearly shows the smooth transition between the centre of the sphere and the background. Similarly to noise, these two phenomena can aect the identication of individual objects, as well as the interactions between them. To mitigate their eect, a Laplacian-of-a-Gaussian lter (LoG) is used in this work. Briey, LoG computes the second derivative of the image, smoothed with a Gaussian lter, to detect edges [START_REF] Neycenssac | Contrast enhancement using the laplacian-of-a-gaussian lter[END_REF]. For a given pixel (x, y, z), the LoG is performed by a convolution with the following kernel:

LoG 3D (x, y, z, σ) = -1 σ 5 ( √ 2π) 3 1 - x 2 + y 2 + z 2 2σ 2 e -x 2 +y 2 +z 2 2σ 2 (3.8)
where σ corresponds to the width of the kernel. For 3D images, the algorithm is conveniently implemented in the scipy.ndimage library as gaussian_laplace(im, sigma), where im correspond to the input greyscale image, and selem corresponds to the width of the structuring element to be used. The results of applying the LoG to the blurred sphere in Fig. 3.7(c) are shown in Fig. 3.7(e), and it can be seen that the prole between P1 and P2 (Fig. 3.7(f )) shows negative values for pixels located before the edge (i.e., pixels that should be considered as belonging to the solid phase), while the pixels after the edge take a positive value (i.e., pixels that should be considered as belonging to the void phase).

The map generated through the LoG is used to separate those pixels that are inside the sphere, from those that are part of the background, by setting a threshold x: if a given pixel has a value > x, then it is set to the void value, or contrary, if the pixel has a value < -x it is set to the solid phase. Figure 3.7(g) shows the resulting image after applying the LoG with a threshold of x = 0.005. The prole of P1-P2 (Fig. 3.7(h)) now shows a sharp decrease as the one observed for Fig. 3.7(a).

Particle segmentation

The process of particle identication, and more generally feature identication from images, is known as image segmentation. Several techniques can be found in the literature, such as thresholding-based, edge-based, region-based, and watershed segmentation. The thresholding family of techniques classify individual pixels based on their greyscale value.

Two main issues are found with these techniques: i ) the selection of the threshold, and ii ) the method is restricted to identifying only one region. Since the method is based directly on the greyscale values, the selection of the threshold has a strong inuence on the results. The threshold can be selected visually, or by using the features of the greyscale histogram of the image. However, in the case of dierent images that are to be compared, the selection of the threshold is not trivial since the greyscale histogram of the two images may dier substantially. Additionally, the main drawback of the thresholding technique is that it can only be used to identify the dierent phases of the image, as in a two-phase system (e.g., particles and void), or a three-phase system (e.g., particles, voids and a root applying the LoG lter. Lower row: Greyscale prole between inside and outside the spheres system for soil-plant interaction studies). This process is known as binarization (for the case of a two-phase system), or trinarization (for the case of a three-phase system), and although it cannot be used to identify individual particles, it can be used as an input for further segmentation algorithms.

A dierent family of segmentation techniques is based on the spatial variation of the image properties. Edge-based techniques are used to identify the edges of objects by computing the spatial variation of texture, contrast, or greylevels. Several algorithms can be used for such a task (e.g., Prewitt, Canny, Roberts kernels), where the output is a binary image where the edges of the objects are highlighted. Although the technique produces a dierent result from the thresholding-based counterpart, the applicability is the same: it can be used to separate the dierent phases encountered in the image. However, it shows a clear advantage since it does not rely on the global histogram of the image, but rather on the greyscale (or any other property) variation along a local neighbourhood. Similarly, region-based techniques divide the image into sections with similar characteristics, starting from pre-dened regions (or seeds). The algorithm will add similar neighbouring pixels to the corresponding seed, expanding the region until all the pixels in the image correspond to a seed. The location and number of the seeds can be set automatically (by using the histogram for example) or manually. In the former case, then contacting particles will be merged as one since the pixels have a high similarity between them; in the latter case, the number of particles and their position needs to be known a priori.
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The segmentation technique used in this doctoral work corresponds to the oodingwatershed algorithm. First proposed by [START_REF] Vincent | Watersheds in digital spaces: an ecient algorithm based on immersion simulations[END_REF], it is one of the most common algorithms used for identifying individual features in images. The distance map of the greyscale image is used as a topographic relief, where the value of each pixel characterizes its height at that point. The relief is then immersed inside water, and as the immersion depth increases, the dierent catchment basins start to ll (adding pixels to their region) until all the image is segmented. The lines that divide the dierent basins (or watersheds) are taken as the borders of the segmented objects [START_REF] Kornilov | An overview of watershed algorithm implementations in open source libraries[END_REF]. Although the input image can be the greyscale image itself, the algorithm is usually applied either over the gradient of the image or over the distance transform map, which require a binary image.

Although the algorithm is applied to 3D images, it is easier to understand the methodology by using a 2D example. The position and shape of the segmented particles emerge solely from the morphological features of the distance map. To visualise the evolution of the algorithm, Fig. 3.9 shows the inverse distance eld for dierent immersion depths, as well as the corresponding evolution of the segmented image. First, the seeds (red, blue and green points in Fig. 3.8(c)) are used to mark the starting point of the immersion depth (Fig. 3.9(a)), as well as the number of catchment basins and thus the number of particles. Additionally, the binary image of Fig. 3.8(b) is used as a mask for the watershed process: only the pixels that belong to the solid phase are to be segmented in the nal image. At the early stages of the ooding, only one basin is aected by the immersion depth, and the pixels that belong to the former are added to the region of the rst seed, marked in red in Fig. 3.9(b).

As the immersion depth increases, the second basin starts to be lled (Fig. 3.9(c)), and a second segmented region is created corresponding to the blue marker (Fig. 3.9(d)). The process continues until the point where two basins touch each other (Fig. 3.9(e)). Since the two basins belong to dierent seeds, no ooding between them is allowed as if a dam was created, and a watershed line marks the boundary of the interaction, which manifests as a grain boundary in Fig. 3.9(f ). The immersion depth is increased until all the dierent basins are lled (Fig. 3.9(g)) and the segmentation process is nished (Fig. 3.9(h)). The

a) c) e) g) b) d) f) h)
Varying immersion depth distance map of the binary image represents the basis of the watershed process. However, this map is a direct consequence of the morphology of the particles. An elongated particle will generate a distance eld with a straight ridge along the centre line instead of a peak.

On the other hand, a particle with a hole inside will generate a continuous ridge that runs between the edge of the particle and the inner hole, creating a crater-like structure. The previous scenarios hinder the process of peak selection and thus the number and position of the seeds. This will eventually give rise to dierent segmentation problems, such as undersegmentation or oversegmentation. The former corresponds to the case of joining two or more particles into one label (as the dark green group of grains on the upper right side of Fig. 3.10(a)), while the latter consists of splitting a single grain into two or more labels (as in the centre particle of Fig. 3.10(a)).

In this work, two procedures are proposed to detect and x these segmentation problems, based on convexity of the particles. On the one hand, undersegmentation can be detected by computing the ratio between the volume of the convex hull of the particle and its volume. If the particles are correctly segmented, then the ratio should be equal to 1.0, while for undersegmented particles the ratio is always higher, as seen in Fig. 3.10(b).

This criterion can be applied to any type of convex particle, even with a given shape or size distribution. To solve the undersegmentation issues for the labels that have a high undersegmentation coecient (C U ), each label is rst binarised with a higher greyscale threshold applied only to the local subset of the particle, to obtain two (or more) separate seeds, which are then used for a local segmentation process. These two procedures are implemented in spam as detectUnderSegmentation() (which computes the value of C U for each particle), and fixUndersegmentation() (which solves the segmentation problem for some target labels. On the other hand, solving oversegmentation issues is a dierent challenge, since the expected morphology of the particles can no longer be used. Instead, the local contact region between particles can be used to detect and x the desired labels.

An oversegmentation coecient (C O ) for each particle is proposed as the ratio between the characteristic length of the maximum contact area and the characteristic length of the particle. For a given particle i, all the contacting labels are detected rst using a label dilation process, and the area of the contacting region can be measured as the overlap between the labels. Then, the maximum contacting area between the label i and its neighbours is detected and it is multiplied by the equivalent diameter of i and divided by the volume of the particle. This allows the use of an adimensional coecient that represents the size of the maximum contact region, relative to the size of the particle. It can be seen in Fig. 3.10(c) that the small label at the centre of the image has a higher value of C O , relative to the other particles. In contrast to C U , there is no expected value of C O , since it depends on the morphology of the grain and the contact geometry. Once C O is computed and a threshold is selected (usually after a visual inspection of the distribution), it can be solved by simply merging each of them with the label that shares the contact region from which C O is computed. Within spam, the functions detectOverSegmentation() and fixOversegmentation() are used to deal with oversegmentation issues. Finally, Fig.

3.10(d)

shows the corrected labelled image after applying the previous algorithms, where each particle has a unique label with no segmentation errors.

3.6 Micro-scale measurements

Particle position

Once the particles have been identied through the segmentation process, their position in space can be computed as their centre of mass (COM) as:

COM (x, y, z) = n i m i (x i , y i , z i ) n i m i (3.9)
where m i corresponds to the mass of the voxel at the position x i , y i , z i , and n corresponds to the total number of voxels that comprise a given particle. If it is assumed that the density is homogenously distributed, the previous equation can be simplied to a simple 

COM (x) = 1 n n i x i COM (y) = 1 n n i y i COM (z) = 1 n n i z i (3.10)
Since the labelled image is used to identify the voxels that belong to each particle, the precision of the calculation of the COM is directly aected by the quality of the segmentation. Although the noise and blur of the greyscale images can be considerably decreased as discussed in the previous section, the unavoidable presence of the partial volume eect (PVE) governs the accuracy with wich the spatial location of a particle is measured. Fig. 3.11 (taken from [START_REF] Ando | Experimental investigation of microstructural changes in deforming granular media using x-ray tomography[END_REF]) shows an example of the eects of the PVE using a 1D bar. A bar of exactly 4 units of length aligned with the edge of the image, will result in a greyscale image with no PVE (Fig. 3.11(a)). In other words, if the void phase has a greyscale value of 0 and the solid phase has a value of 1.0, then there is no pixel on the image that displays an intermediate value. If a threshold of 0.5 is then used to binarise the image, the centre of mass of the bar will be located at COM (x) = 2.0. However, a bar with a length of 3.501 units of length will generate a greyscale image where the voxel at the last position will take a value of 0.501 (Fig. 3.11(b)). After the binarisation, the pixel will be assigned to the solid phase, resulting in a COM located as well at 2.0. On the other hand, a bar with a length of 4.49 units will generate a greyscale image where the pixel at the last position has a value of 0.49 (Fig. 3.11(c)), and thus it will be assigned to the void phase after the binarisation, resulting on the same binary image as for the previous two cases. This example shows that for a 1D bar, the PVE strongly aects the accuracy of the COM computation, preventing the measurement of sub-pixel displacements below 0.5 pixels. It can be expected that for a 3D object the error is strongly reduced since the number of surface voxels presenting PVE rises considerably, increasing the probability that some of them overpass the threshold, and thus reect the sub-pixel displacement. Given that the particles used in this work are ellipsoids, the sensitivity of the measurement of the COM can be assessed. For this, a greyscale image of an ellipsoid, with a given shape, position and orientation needs to be created. However, the current tools used in metrology studies (such as Kalisphera) can render correctly only spheres, and thus, a dierent implementation is proposed in this doctoral work.

Mathematically, any point X in space that lies inside a given ellipsoid centred at (0, 0, 0) with a given orientation, and semi-axes a -a -c, satises the following relation:

X T AX ≤ 1 (3.11)
where A is a 3 × 3 tensor whose eigenvectors are the orientations of the principal axes of the ellipsoid, and whose eigenvalues represent the reciprocal of the squares of the semiaxes (i.e., a -2 , a -2 , c -2 ). To create an image of an ellipsoid, Eq. 3.11 can be evaluated at each corner of the voxels, as shown in Fig. 3.12(a), where the blue dots correspond to the corners that lie inside the ellipsoid, while the red dots correspond to the corners that are outside. To assign a greyscale value to a given voxel, the scalar value obtained for all 8 corners is evaluated -if all the corners have values less than 1, then the whole voxel belongs to the solid phase, and thus has a greyscale value of 1.0. Similarly, if all the values at the corners are greater than 1, then the voxel belongs entirely to the void phase, and thus has a greyscale value of 0. The voxels on the surface will be an intermediate case,

where some of the corners will be outside while some others will be inside the ellipsoids, revealing the presence of PVE. To accurately deal with it, each case of PVE should be analytically resolved by solving the volume integral between the surface of the ellipsoid and the domain of the voxel, as in Kalisphera. However, such implementation is outside the scope of the current work. Instead, the PVE can be approximated by dierent methods. A rst approach to deal with the surface voxels is to assign a greyscale value of 0.5, as shown in Fig. 3.12(b). However, this will lead to a poor representation of the PVE, invalidating the use of the image for any metrology study. A further improvement may be to assign a greyscale value proportional to the number of corners that lie outside the ellipsoid, e.g., for a voxel where 3 corners lie outside the ellipsoid the greyscale value is 3/8 = 0.375.

Although this strategy is more accurate, it still falls short in replicating the PVE.

In this doctoral work, a sub-voxel discretization approach is proposed, and the results are shown in Fig. 3.12(c). To illustrate it, a single voxel with PVE is shown in Fig. 3.13(a), and since this scale corresponds to the original voxel size (i.e., there is no subdivision), it is named Level 1. To have a better approximation of the true greyscale value of the Resulting greyscale ellipsoid when assigning the border voxels a proportional value voxel -corresponding to the volume fraction inside -a 3D sub-voxel mesh is created, partitioning the original voxel into 8 sub-voxels, and enabling the evaluation of PVE for each sub-voxel independently (Fig. 3.13(b)). The greyscale value at this level -named Level 2 -can be computed as the weighted sum of the number of sub-voxels that are fully inside the ellipsoid (which correspond to a weight of 1.0) and the number of voxels that show PVE (with a weight of 0.5), divided by the total number of sub-voxels. Although this subdivision provides a better approximation of the true greyscale value, it can be further improved by dividing only those sub-voxels of the mesh that have a PVE scenario, instead of the whole mesh. The greyscale value for the new subvoxels is estimated using the weighted sum previously presented, and the corresponding greyscale value is taken into account when computing the greyscale value at the upper level. The algorithm can be continued indenitely (Fig. 3.13(c-d)), and at each level, the new sub-voxels will have a size of 1/8 n-1 of the original voxel, where n is the maximum division level.

Level 1 Level 2 Level 3 Level 4 Level 5 The accuracy of the proposed method can be easily quantied by simply adding all the greyscale values of the nal image, and comparing it to the expected volume of the ellipsoid.

Figure 3.14 shows the volume error for dierent aspect ratios and dierent levels of division, as a function of the small semi-axes of the ellipsoid. As expected, the error decreases as the size of the ellipsoids increases, due to a lower number of PVE voxels compared to the total number of voxels that comprise the ellipsoid. It can be seen that the error of using a Level 1 approximation (i.e., no sub-voxel discretization) is not negligible, ranging from 2 % to 20 %, and even the use of Level 2 has some considerable deviation from the expected volume. Starting from Level 4, the volume error decreases below 0.5 %, reaching 0.02 % for ellipsoids with a small semi-axes of 10 pixels, which is here considered as an acceptable error.

Figure 3.14: Volume error for ellipsoids of dierent aspect ratios (AR) as a function of the small axis, dierent levels of sub-voxel discretization

The previous method is used to explore the sensitivity of the measurement of the COM for the particles that are used in this work. For this, a given ellipsoid with a void and solid phase of 0.25 and 0.75, respectively, is created at a sub-pixel oset from the centre of the image. Then, it is binarised with a threshold of 0.5, and the COM of the nal object is computed using Eq. 3.10. Figure 3.15 shows the results of the accuracy assessment for two dierent discretization levels of ellipsoids of dierent aspect ratios, with a large axis of 34 voxels, similar to the sizes of the particles used in this doctoral work. As expected, the error decreases for higher aspect ratios, due to a greater number of voxels on the surface and a higher sensitivity to sub-pixel displacements. Additionally, there is no observable eect of the level of discretization for the size of the particles used.

Particle orientation

Along with the position of a particle, measuring the orientation of a particle is of utmost importance, especially to follow the rotation of particles when subjected to deviatoric loading. Since the shape of the particles can be described by ellipsoids, the three main semi-axes (large, intermediate, and small) are used to characterise their orientation in space. The direction of these semi-axes can be found by diagonalising the inertia tensor of each particle, which represents the resistance to rotation of a rigid body. In other words, the principal axes of the particles are found by computing the eigenvalues and eigenvectors of the particle's inertia tensor. However, the identication of the orientation vector of a particle from the eigenvectors should be done with special care, taking into account the overall shape of the particle. For the case of prolate particles (Fig. 3.16(a)), the large and intermediate semi-axes have similar value and thus cannot be used as a representative orientation vector of the particle. Moreover, since both semi-axes are located inside the particle's symmetry plane, any two vectors that are orthogonal to each other and that are Similarly, the accuracy of the measurement of the particle orientation is directly aected by the quality of the segmentation, but more importantly, by the presence of the partial volume eect. The sensitivity to small rotations is given by the number of voxels with a partial volume eect above the binarisation threshold, and thus reects the movement of the particle. To assess the level of accuracy of the measurement, the ellipsoid-rendering method detailed previously is used. An oblate ellipsoid is created at the centre of the image with the orientation vector slightly rotated with respect to the vertical axis. The ellipsoid is then binarised and its inertia tensor is computed. The eigenvector corresponding to the maximum eigenvalue is compared to the imposed orientation vector. Figure 3.17 shows the measured error for two levels of discretization, and for oblate ellipsoids with a large axis of 34 voxels, similar to the particles used in this doctoral work. Similarly to the sensitivity of the centre of mass, the measurement error decreases as the aspect ratio of the particle increases, as a consequence of a larger surface. Additionally, for ellipsoids with small deviations from the spheres as in the case of AR=1.05, the semi-axes do not have big dierences among them, thus increasing the sensitivity to local eects when computing the inertia tensor. It is important to note that the current method for computing the rotation of the particles only reects the cases where there is a variation of the principal orientation vector. To account for rotations along it, a dierent approach should be used, such as digital image correlation. The image processing techniques described in the previous sections enable the characterisation of the state of a specimen at the grain scale for a given scan. However x-ray tomography can also be used to image temporal processes, where the state at time t is dierent from t+1, and thus 4D datasets (3 spatial coordinates plus time) are to be analyzed. It is thus appealing to not only analyse each state independently but also study the temporal evolution of the processes that take place. A rst approach is to independently identify the particles at each scan and then attempt to link them between the dierent scans, through a family of techniques known as feature matching. The morphological features of each grain (e.g.: size, shape, volume, principal axes length, elongation, sphericity) at image n are compared to those of the grains in the image n + 1, and if the dierences are within a specied error the grain is considered located and the kinematics of the deformation can be computed. Examples of this approach can be found in the literature as in [START_REF] Andò | Grain-scale experimental investigation of localised deformation in sand: a discrete particle tracking approach[END_REF][START_REF] Kong | On the kinematics of shelly carbonate sand using x-ray micro tomography[END_REF]239241]. While this methodology is able to map displacement elds, it has 3.6. Micro-scale measurements 55 some substantial challenges due to the strong dependency on the quality of the segmentation and on the preservation of the morphological features of the particles, which is not necessarily always the case, as for particles that can deform and/or break.

A dierent technique that can be used is DIC (Digital Image Correlation), which is based on pattern matching. The basic principle of DIC is the tracking of material points between an undeformed (or reference) and a deformed state. Kinematics can be computed by taking a rectangular region of side M centred at a given pixel (i, j, k) of the reference image I 1 , and computing its similitude with nearby regions in the deformed image I 2 [START_REF] Pan | Two-dimensional digital image correlation for in-plane displacement and strain measurement: a review[END_REF]. A typical metric used to quantify the degree of similarity between the two regions is the normalised cross-correlation (NCC), computed as:

N CC = M i=-M M j=-M M k=-M I 1 (x i , y j , z k )I 2 (x ′ i , y ′ j , z ′ k ) I 1 (x i , y j , z k ) 2 I 2 (x ′ i , y ′ j , z ′ k ) 2 (3.12)
where the coordinates x ′ i , y ′ j , z ′ k correspond to the deformed coordinates on I 2 and thus map the transformation. To track a given region, the correlation coecient is computed for a series of possible positions and the optimun position is chosen as the peak of the corresponding correlation eld. The cross-correlation DIC can be used to track particle displacements, and examples of this approach applied to natural sand using x-ray tomography can be found in [243246]. It is straightforward that the computational cost of the cross-correlation DIC is relatively high since all the possible positions within the search region M must be evaluated to select the peak of NCC. For the case of a simple rigid-body translation in 3D for a search range of ± 10 voxels, a total of 8000 dierent positions need to be evaluated for each particle. More complex transformations (such as rotations or shear), and sub-pixel resolution can be achieved by interpolating each voxel of the reference image I 1 before computing the cross-correlation, thus using a deformed image instead of I 1 in Eq. 3.12, although the computational cost increases exponentially with each additional component of the transformation to be found.

Elements of Digital Volume Correlation

In this work, Digital Volume Correlation (DVC) is used to follow processes between images, and it is fully implemented in spam following the formulations detailed in [START_REF] Hild | Comparison of local and global approaches to digital image correlation[END_REF][START_REF] Tudisco | An extension of digital volume correlation for multimodality image registration[END_REF]. The main dierence with the previous tracking techniques is that it is based on the gradient and Hessian of the images. It can handle rigid body problems (displacement and rotations), as well as more complex deformations scenarios such as stretching and pure shear. The basic principle of this implementation is to search for the transformation function (Φ) that relates the position of each material point x in the reference image f (x) to a position x ′ on the deformed image g(x ′ ) as: x ′ = Φ • x. This relation allows the grey level conservation (or optical ow equation) to be written as:

f (x) = g(Φ • x) (3.13)
Chapter 3. Image analysis which is the basic assumption of DVC. Several versions can be found for the deformation function, see for example [START_REF] Cheng | Full-eld speckle pattern image correlation with b-spline deformation function[END_REF] for a B-spline representation, or [START_REF]Full-eld displacement measurement of a speckle grid by using a mesh-free deformation function[END_REF] for weighted functions.

In spam, the transformation is considered linear and homogeneous and can be represented as:

Φ =     Φ zz Φ zy Φ zx t z Φ yz Φ yy Φ yx t y Φ yx Φ xy Φ xx t x 0 0 0 1     (3.14)
Given that the x-ray tomography images have a coordinate system [i, j, k] which is aligned with the global system (z, y, x), the order of the axes of the transformation function is set such that it follows the same convention. Homogeneous coordinates are used to simplify the treatment of displacements and rotation within the same framework, thus the last row is padded as Φ(4, .) = (0, 0, 0, 1). The remainder 3 × 4 non-trivial submatrix describes any homogenous transformation and is composed of the 3 × 3 submatrix that corresponds to the deformation gradient tensor F from continuum mechanics, and the 1 × 3 vector that represents the rigid translation components. Rotation and the volumetric and distortion of the material point are easily obtained by applying a right Cauchy polar decomposition as F = R • U , where R is the rotation tensor and U is the stretch tensor.

Implementation of DVC

Due to the presence of noise in the images, Eq. 3.13 cannot be analytically satised and thus is written in a weak form for a domain Ω that comprises more than 1 voxel. The similarity between f (x) and g(Φ • x) is expressed as the sum of squared dierences as:

T (Φ) = 1 2 x∈Ω (f (x) -g(Φ • x)) 2 (3.15)
The correlation procedure thus aims to nd the Φ that minimises the functional T (Φ) over the domain Ω. Following [START_REF] Tudisco | An extension of digital volume correlation for multimodality image registration[END_REF], the minimisation problem can be solved by using a Gauss-Newton approach, where small corrections are applied to an initial estimation of the transformation function Φ n at each iteration n. The functional η 2 can then be written as:

η 2 = T (Φ n+1 ) = 1 2 x∈Ω (f (x) -g(Φ n+1 • x)) 2 (3.16) 
A rst-order Taylor expansion is used to linearise the term g(Φ n+1 • x), taking advantage of the formulation by [START_REF] Lucas | An iterative image registration technique with an application to stereo vision[END_REF], allowing the correction to the deformed state to be expressed as:

g(Φ n+1 • x) = g(Φ n • x) + ∇g(Φ n • x) • δΦ n+1 • Φ n • x (3.17)
3.6. Micro-scale measurements 57 where ∇g corresponds to the gradient vector of the deformed image in homogenous coordinates. Dening x n = Φ n • x, the previous expression can be reduced to:

g(Φ n+1 • x) = g(Φ n • x) + ∇g(Φ n • x) • δΦ n+1 • x n (3.18)
Equation 3.18 is inserted back in Eq. 3.16, and a second order Taylor expansion in δΦ n+1 yields:

T (Φ n+1 ) = x∈Ω (f (x) -g(Φ n • x) -∇g(Φ n • x) • δΦ n+1 • x n ) 2 + ∂η 2 ∂δΦ n+1 (∇g(Φ n • x) • δΦ n+1 • x n ) + 1 2 ∂ 2 η 2 ∂δ(Φ n+1 ) 2 (∇g(Φ n • x) • δΦ n+1 • x n ) 2 (3.19)
The components of the matrix δΦ n+1 ij are cast onto a single index m such that δΦ n+1 i(m)j(m) = δΦ n+1 m , in accordance with the Voigt notation of the strain tensor [252]. The solution of the minimisation of the functional can be achieved by dierentiating Eq. 3.19 with respect to δΦ n+1 and solving for the zero-point, resulting in the following linear system:

M n mp δΦ n+1 p = A n m (3.20)
with the solution:

δΦ n+1 p = (M n mp ) -1 A n m (3.21)
where the Hessian (M n mp ) and the Jacobian (A n m ) are dened respectively as:

M n mp = x∈Ω (x j(m) g(Φ n • x i(m) ))(x j(p) g(Φ n • x i(p) )) (3.22) A n m = x∈Ω (f -g(Φ n • x))(x j(m) g(Φ n • x i(m) )) (3.23)
where x i refers to the i th component of the vector x, yielding the unknown δΦ as a 12component vector. The value of Φ n+1 is easily computed at the end of each iteration as:

Φ n+1 = Φ n (I + δΦ n+1 p ) (3.24)
where I corresponds to the identity tensor. The previous implementation enables the minimisation of the functional of Eq. 3.15, measuring a Φ that maps the deformation between the two images. Since it is an interative process, convergence is set using a criteria based on the norm of δΦ and a given threshold (for this work |δΦ| < 0.001) between two iterations. Additionally, several conditions are used to evaluate the possible divergence of the algorithm, such as the number of iterations (i.e., after reaching 50 iterations the correlation is halted), and volumetric deformation (i.e., if det(U ) > 3 or det(U ) < 0.2), or the evolution of the error (i.e., if η 2 at iteration n is greater than 1.25η 2 at iteration n -1) as dened by Eq. 3.16. Although the direct value of η 2 sheds some light on the goodness-of-t of the correlation, it remains a non-objective scalar quantity that can vary between dierent correlation scenarios. To properly assess the quality of the measured Φ and the spatial distribution of the error, the residual eld can be computed as:

η(Φ, x) = |f (x) -g(Φ • x)| (3.25)
The residual eld accounts for the dierences in greyscale values at the voxel level, between the reference state and the deformed state corrected by the measured Φ. Regions that show comparatively high values of greyscale residual point to features that were not captured by the correlation procedure, such as divergence problems (i.e., a wrong Φ), noise and artefacts inherent to the images, or even phenomenological events (i.e., creation of cracks) [START_REF] Andò | A peek into the origin of creep in sand[END_REF][START_REF] Stamati | Impact of meso-scale heterogeneities on the mechanical behaviour of concrete: insights from in-situ x-ray tomography and E-FEM modelling[END_REF].

Even though the previous implementation allows the measurement of several deformation scenarios, it is important to note that it relies on the assumption that the Φ used to start the correlation process is close to the actual solution, otherwise, the correlation can converge to a local minimum of T (Φ), or simply diverge. Thus, the initialisation of Φ is crucial to obtain reliable results from the correlation. Several strategies can be used depending on the level of deformation between the images, or some a-priori knowledge of the deformation process. One possible strategy is to simply use the identity tensor I as an initial estimate. Although it may seem trivial, it can be used for cases where there is a minor dierence between the two images, and convergence is sought within a few iterations. A second option is to manually create an estimation of Φ using any prior information about the expected deformation process. For example, for an in-situ test where the macroscopic strain increment is known between two states, the displacement can be known a priori and used as an input. Ultimately, for cases of large deformation between the two states, a coarse-graining approach can be used, running the correlation at dierent binning levels and using the previously obtained Φ on a coarser level as an initial estimate for a correlation at a ner step [START_REF] Hild | Multiscale displacement eld measurements of compressed mineral-wool samples by digital image correlation[END_REF]. The coarse-graining (or simply binning) consists of resampling the original images by a factor of 1/2n, where n corresponds to the binning level. Each voxel at a level n binned image corresponds to the spatial average of 2 × 2 × 2 neighbouring voxels from the image at level n -1. The main advantage of this technique is that the measured displacement t at a level n corresponds to a 2t displacement at the level n-1, easing the correlation for the cases of large deformations. Additionally, it denoises the images and erases small variations in texture that might hinder the correlation process.

Aplication of DVC -Specimen scale

The correlation procedure can be applied to a domain Ω of arbitrary size, and the rst obvious approach is to correlate the entire domain of the image. To illustrate the correlation process, a specimen used in this work is scanned at its initial state using a voxel size of 100 µm/voxel, resulting in a 3D image of 1600 × 1400 × 1400 voxels. For this case, the void and solid phase have peak values in the greyscale histogram of 22000 and 45000, 3.6. Micro-scale measurements 59 respectively. Two rigid-body transformations are applied to the specimen to quantify the quality of the registration at the specimen scale: 1) a translation of 5 mm along the z-axis (t z ), and 2) a 45 • rotation along the z-axis (ω z ). Each transformation is applied separately and the specimen is scanned at the two deformed states. Figure 3.18 shows the residual eld (η) for the two scenarios before the correlation, thus η(I , x), along with its relevant histogram. From the spatial distribution of η (Fig. 3.18(a) and (c)), some regions show high values of η, as expected due to the dierence between the images, as well as some regions with η close to 0. This is due to voxels that are occupied by the same phase at both states, and thus the residual takes smaller values. Conversely, the voxels that were occupied by a dierent phase at the reference state than at the deformed state have a residual value ≫ 0. The previous distribution can be seen also from the histogram (Fig. performed by initializing Φ with a combination of the last two methods discussed above.

Since the imposed transformations are known, an intial estimate of Φ is manually created for each case (t = (50, 0, 0) and R = (45, 0, 0)). The images are rst binned at a binning level of 4, thus reducing their size to 450 × 350 × 350 voxels, and the previous manual Φ is used as an input. Once converged, the resulting Φ is used as an input for the correlation at binning level 2. The process is repeated until the convergence at binning level 1 is reached, For all the cases, convergence is achieved within 5 iterations. The nal measured Chapter 3. Image analysis value of Φ for the case of translation is:

Φ tz =     1 0 0 49.981 0 1 0 -0.014 0 0 1 0.016 0 0 0 1     (3.26)
The deformation gradient tensor F (upper 3×3 submatrix of Φ) indicates that no rotation or non-rigid deformations are measured. Moreover, the resulting transformation vector shows a total displacement of 49.1 voxels measured along the z-axis, corresponding to an error of only 0.0019 mm of the imposed displacement. For the case of the 45 • rotation around the z-axis, the measured Φ is:

Φ ωz =     1 0 0 0.022 0 0.707 0.707 0.202 0 -0.707 0.707 -0.485 0 0 0 1     (3.27)
For this case, the deformation gradient tensor shows the rotation around the z-axis, corresponding to non-zero elements at Φ yy , Φ xx and Φ xy , and the magnitude of the rotation can be retrieved as: Φ yy = Φ xx = cos(θ), which in this case is 45.0086 • . Moreover, the fact that Φ zz = 1 and Φ zy = Φ zy = 0 implies that the rotation is only measured around the z-axis. It is important to note that although no displacement was imposed, the correlation still measures a non-zero displacement of 0.52 voxels, equivalent to 0.052 mm.

The corresponding residual elds are shown in Fig. 3.19(a) and (c). Is important to note that the regions that have higher values of η are only present on the edges of the image, and are due to the interpolation. However, within the specimen itself, there is no clear pattern, and only values near 0 are observed. The quality of the correlation can be further explored by looking at the histogram of the residual elds (Fig. 3.19(b) and (d)). It can be seen that there is a small distribution of values around η = 0, but the occurrence of η > 3000 is almost 0. Although it can be expected that for a correct correlation the distribution of η would only have zero values, Eq. 3.13 cannot be analytically satised due to the presence of random noise as aforementioned. Thus, a successful correlation should have a histogram of η with a standard deviation σ similar to the standard deviation of the noise of the original image, which can be computed as the standard deviation of the peak associated with the void phase. For the acquired images, the void phase has σ = 657, and it can be seen from the images that the standard deviation of the distribution of η is within the same range as the original noise.

Aplication of DVC -Particle scale

The versatility of the correlation procedure allows dening the domain Ω at dierent scales, i.e., not necessarily at the scale of the entire image. A rst approach is to dene a regular grid on the image, thus tracking dierent regions of the material by performing the correlation of each grid element independently. This strategy, often referred as continuum DVC, is useful when the size of the individual components of the material, e.g., the grains of a granular material, are not big enough with respect to the voxel size, such as [START_REF] Desrues | How does strain localise in standard triaxial tests on sand: Revisiting the mechanism 20 years on[END_REF]256258].

Although this technique can be applied to the specimens used in this work, the fact that the individual particles can be identied directly from the images makes them suitable for dening Ω at an even smaller scale: the particle scale. Considering that Eq. 3.15

is valid for all the voxels inside the domain, it is natural to use directly the individual particles as Ω since the labelled image denotes the voxels that belong to each particle.

However, since the core of the correlation procedure (Eq. 3.20) depends on the gradients of the images, it is always useful to enlarge the domain of each particle by dilating the individual label. This allows for a better denition of the edges of the particles, thus increasing the gradient information for the correlation, and is especially useful for cases where the particles themselves do not have strong internal texture, as is the case for the plastic particles used in this work. Nonetheless, it is important to note that an oversized domain of each particle will have a negative impact on the correlation since the texture and the gradients of the neighbouring particles will also be taken into account when solving Eq. 3.15. This means that the minimisation of the functional T (Φ) could be achieved due to the presence of the neighbouring particles, and not by the movement/deformation of the particle itself, and thus arriving to a Φ that does not represent the kinematics of the particle, while still minimising T (Φ) over the domain. For the present work, the labels of each particle are only dilated by two pixels (i.e., 0.2 mm), to include additional information on the edges of the particles, while avoiding the overtting problem of large particle domains.

The tracking of individual particles, referred as Discrete DVC, is implemented in spam employing the script spam-ddic that uses a parallelised scheme since the correlation of Chapter 3. Image analysis each particle can be performed independently from the others. Similar to the case of correlating two whole images, the initialisation of Φ for each particle is crucial to obtain reliable results. Some of the methods that can be used are:

Use of identity tensor. The identity tensor I can be used as an initial estimate for the cases where only a small axial strain increment is applied between the two images (in the order of ε < 0.5%), and thus the centre of mass of the particles at reference and deformed state are relatively close (within 2-3 voxels) and only small values of rotation are present (below 5 • ).

Decomposition of the macroscopic Φ. An alternative is to use the Φ measured at the specimen scale and apply it to the particle level. This provides an estimation of the displacement of a point p(z, y, x), relative to a Φ macro measured at a point P (z, y, x).

Recalling that Φ is composed by F and a displacement vector t, the displacement at p can be expressed as:

t p = t macro -(P -p) -F macro • (P -p) (3.28)
The resulting displacement vector can be used to create an estimate of Φ that takes into consideration the macroscopic deformation of the specimen, as well as the position of the particle within it. This is implemented in spam as: decomposePhi(Phi, PhiCentre, PhiPoint), where Phi corresponds to the transformation function measured at the specimen scale, PhiCentre corresponds to the point P where Phi is measured, and PhiPoint correspond to the point p to which the displacement is to be approximated.

Particle DIC. Although it is computationally expensive to account for particle rotation and non-rigid deformation on traditional implementations of DIC, it can be used to obtain the best estimate of the translation of the particle, and use it as an input for the correlation. Within spam, this is implemented in the script spam-pixelSearch.

Grid-based DVC. As discussed earlier, the domain Ω can be dened at multiple scales, and the use of a regular grid allows the correlation of individual regions of the specimen independently. This enables to account for non-homogenous displacements within dierent regions of the specimen, getting a more accurate estimate of the initial Φ. This Local DVC method is implemented in spam as the script spam-ldic.

It is important to note that the Φ measured for an element of the grids needs to be decomposed locally at the centre of mass of the grain of interest, using the technique detailed above, so it can be used as an initial estimate for the Discrete DVC correlation.

Correlation of the previous strain increment. For cases where the specimen is imaged at multiple instants along the test, the measured Φ between scan n -1 and n can be used as an initial estimate for the correlation between n and n + 1, assuming continuity of the kinematics of the particle. However it is important to note that 3.6. Micro-scale measurements 63 this assumption is not always accurate (e.g., as when a shear band forms), and special attention should be taken when using this approach.

The above methods can be used to estimate the value of Φ for each particle, and the correlation is performed by using the same methods discussed above. However, in general it happens that after performing the correlation some percentage of the particles cannot be tracked. The task is then to rene the initial estimate of Φ for those diverged grains using some of the options detailed above, or by using additional information gathered throughout the correlation. Two alternatives for doing that are:

Re-use the measured transformation function. Occasionally the correlation procedure may start to converge towards the correct Φ after a series of iterations, and the maximum number of iterations may be achieved before reaching the convergence criteria. In those cases, the previously measured Φ can be used as an input for the correlation, which should be then resolved in a few iterations.

Interpolate from converged neighbours. For cases where the diverged particle is surrounded by converged particles, an interpolation of the displacement can be made by a simple average of the displacement vectors. A continuity of the displacement eld is assumed, within the proximity of the particle, while F is set to the identity tensor. The reliability of the correlation process at the particle scale is quantied using the same approach as at the specimen scale. First, the particles are identied using the techniques discussed in Sec.3.4-3.5, attempting to reach a golden-standard segmentation (i.e., as close as possible to the perfect segmentation). The results of the correlation at the specimen scale are used as an input for the particle-scale correlation, decomposing them at the centre of mass of each particle. The individual labels are dilated by two pixels to capture the information on the edges, and the maximum number of iterations is set to that can be used is based on the compatibility of the transformation of each grain with its neighbours. As an example, assume a scenario of an assembly of n particles with the same (random) shape, size, and texture. If the Φ of each particle is initialised so that they are all pointing to the same particle j (with the proper translation and rotation components), 3.6. Micro-scale measurements 65 the correlation will converge for all the cases with ease, since the tracking is performed independently for each particle. Using the previous metrics based on η, there is no reason to arm that the results are not satisfactory given the identical morphology of the particles, and it can be assumed that the correlation procedure was successful. However, a further inspection of the resulting deformation will reveal the overlapping of all the particles on top of particle j. To probe this kinematic incompatibility, each Φ can be applied to the labelled image of each particle, thus moving them to their position at the deformed state, which is performed by using a trilinear interpolation. The overlaps between particles can be captured by computing the volume change for each particle as ∆V = 100 * (V d -V r )/V r , where V r and V d are the volumes at the references and moved congurations. Figure 3.21 shows the distribution of ∆V for each deformation scenario using a box plot. While the red line marks the location of the median value of the distribution, the stretch of the error bars denotes its variability. This type of plot is helpful to understand the distribution of a random variable, similar to a histogram, with the advantage that the occurrence of outliers is highlighted (as in the additional circles of Fig. 3.21). While the translation has a mean value of ∆V = 0.01 % with a standard deviation of 0.015 %, the rotation has a slighty lower mean value of ∆V = -0.25 % with a standard deviation of 0.30 %. Even if this may seem like a slight dierence, the higher variability and shift of the distribution for the rotation can be understood by the higher level of interpolation needed to apply the Φ: while for the t z the voxels are only shifted upwards, for ω z they are translated along X and Y , thus increasing the interpolation. This can also be observed in the occurrence and magnitude of the outliers. The translation scenario shows some outliers mainly at ∆V < 0, and a minimum value of ∆V = -1.5 %, while for the rotation scenario the outliers are observed for ∆V < 0 and ∆V > 0, with a minimum value of ∆V = -9.8 %. These extreme values point to overlap situations that are a product of the strong interpolation needed. Nonetheless, the overlaps between the moved labels are acceptable, conrming the quality of the individual correlations of each particle.

Contact detection & orientation

Contacts between dry cohesionless particles can be seen as the basic unit through which load is transmitted. Their study is of utmost importance for understanding granular materials. However, determining if two objects are in contact is not a trivial task mainly due to the denition of contact itself. If two objects are initially separated by a distance δ, they would appear to not be in contact to a close observer, but if δ decreases towards 0, or if the distance from the observer is increased, there will be a point where the two objects appear to be in contact -eventhough δ > 0. This ontological problem makes the detection of contacts from images a complex challenge, where the diculty is increased due to the presence of blur, noise and partial volume eect. A traditional technique that can be found in the literature for detecting inter-particle contacts on x-ray tomography images is based on the labelled image [259261], since two particles can be dened as in contact if any of the voxels that belongs to a given particle is touching a voxel that belongs to a dierent particle. However, this method signicantly overdetects contacts.

As an example, Fig. 3.22(a) shows a vertical slice of the greyscale image of two spheres with a diameter of 10 mm and a voxel size of 1 mm, created using Kalisphera. While they have a separation of 0.5 mm, the greyscale image may suggest that they are in contact with each other. This is due to the partial volume eect of the voxel in the middle of the particles, which is partially invaded by the two spheres. If the label-based method is used, the analysis indicates that the two grains are in contact (see Fig. In this doctoral work the approach presented by [START_REF] Wiebicke | On the metrology of interparticle contacts in sand from x-ray tomography images[END_REF] is used, where the detection process is based on the greyscale image along with the labelled image. First, possible contacts between grains are detected using the label-based method. Then each contact region is isolated and the local greyscale subset is binarised with a threshold higher than the one used for the segmentation of the particles. If two particles are still in contact after this operation, then they are considered to be in contact. As an example, Fig. ) is used to isolate the contact region and to mask the greyscale image (Fig. 3.23(c)) in order to isolate the voxels over which the higher threshold is to be applied. The subset is then binarised with a greyscale threshold of 0.7, resulting in the separation of the two particles (Fig. 3.23(d)). One of the main advantages of this method is that it doesn't depend on the voxel size, and it is insensitive to moderate segmentation errors. However, it has been shown that for the case 3.6. Micro-scale measurements 67 of sharp contact points, such as the ones found in natural sands, the local thresholding will result in the under-detection of contacts [START_REF] Wiebicke | On the metrology of interparticle contacts in sand from x-ray tomography images[END_REF]. The method is implemented in spam as localDetectionAssembly(imLabel, imGrey, contactingLabels, localThreshold), where imLabel corresponds to the labelled image, imGrey corresponds to the greyscale image, contactingLabels is the list of possible contacts to be tested ( as obtained from the labelbased method), and localThreshold is the local greyscale threshold used to identify the Once the contacts have been detected from the images, the contact normal vector is used to characterise the orientation of a contact. For this, the coordinates of the centre of the voxels that comprise the contact plane are used to perform a Principal Component Analysis (PCA). The selection of the points to be used is not straightforward. One option is to identify the voxels that are in contact with the voxels of the other grain, as in the label-based contact detection method, and to use their centres as input for the PCA.

However, this method is prone to substantial errors since it is directly dependent on the quality of the segmentation, and may have errors above 5 • for the case of spheres generated with Kalisphera [START_REF] Wiebicke | On the metrology of interparticle contacts in sand from x-ray tomography images[END_REF]. A second strategy, proposed by [START_REF] Wiebicke | On the metrology of interparticle contacts in sand from x-ray tomography images[END_REF], is to use the Random Walker segmentation algorithm. It consists in creating a map around the contact point where each voxel contains the probability of belonging to either one of the particles. By denition, the points along the contact plane will have the same probability of belonging to either particle and are used as an input for the PCA. These points are interpolated at a subpixel level, increasing the reliability of the denition of the contact plane. In this work, Chapter 3. Image analysis the Random Walker method is used to dene the orientation of the contact plane. The orientation of the contact normal vectors for each interaction, is implemented in spam as contactOrientationsAssembly(imLabel, imGrey, contactList).

Contact dynamics & kinematics

The detection of contacts at a given instant allows the mapping of the contact network, which represents the granular skeleton that supports the external loading. However, the contact network is not a static entity and evolves as the specimen is subjected to deviatoric loading. This evolution is known as contact dynamics, and three main mechanisms can be used to describe it for a given observation window: 1) creation, 2) loss, and 3) preservation of contacts. As an example, Fig. 3.24 shows four dierent grains at two points along a test.

At state n, grain A is in contact with B and D, but not with C. After a strain increment, the contact with D is lost, while a new contact is created with C. Since contacts are measured at any given instant (state), the determination of the three mechanisms is reduced to a simple comparison between the list of contacts at state n and state n+1. This is true as long as the labelling of the grains is preserved between scans, i.e., the grain that has the label w at scan n has the same label w at any other scan m. In this work, the labelling is preserved due to the use of label seeds when performing the segmentation for each scan, as will be explained in Sec. 3.10, and thus, the evaluation of contact dynamics is feasible. Each of the previous subsets (creation, loss and preservation of contacts) yields

Contact vector

State n State n+1

Contact point

A B C D A B C D Figure 3
.24: Contact dynamics. The contact between A and C is created, between A and D is lost, and between A and B is preseved after a strain increment valuable information about the evolution of the contact network under a given strain increment for example, the spatial preference of contact creation or loss [START_REF] Thornton | Numerical simulations of deviatoric shear deformation of granular media[END_REF][START_REF] Pouragha | What controls fabric: A correlation analysis for contact fabric evolution in granular media[END_REF], or even the expected lifetime of a contact, expressed as the amount of strain that is needed to separate the two particles [START_REF] Kruyt | Micromechanical study of fabric evolution in quasi-static deformation of granular materials[END_REF]. However, one of the main advantages of identifying contact subsets is to enable the study of contact kinematics, which represents the dierent modes of interaction between contacting particles. For a given contact that is preserved after a strain increment, four main deformation mechanisms can be identied at the contact point (Fig. In this work doctoral work, each of the deformation modes is quantied following the denitions of [START_REF] Kuhn | Contact rolling and deformation in granular media[END_REF]. Two particles A and B at a given instant t, with their respective centres of mass at X A and X B , have a contact point located at P (Fig. 3.26). The vectors r A and r B connect the centres of mass of each particle to the contact point, which is taken as the centre of mass of the contacting region. For a given strain increment, each particle undergoes an incremental displacement (du A , du B ), and an incremental rotation (dθ A , dθ B ). This represents a 3D rotation using an axis-angle format, where the direction of the vector corresponds to the axis of rotation, and the magnitude of the vector denes the rotation angle in degrees.

The movement of a contact point along the surface of a grain (i.e., contact translation)

is the result of the combination of particle displacement dε disp = du A -du B and rotation

dε rot = dθ A × r A -dθ B × r B .
The component tangential to the contact vector n of each contribution is:

dε translation,disp = dε disp -(dε disp • n)n (3.29)
Chapter 3. Image analysis

dε translation,rot = dε rot -(dε rot • n)n (3.30)
Then the total amount of contact translation is:

dε translation,tot = dε translation,disp + dε translation,rot (3.31) 
The kinematics of the particles can be used as well to measure the amount of indentation as:

dε indentation = (du A -du B ) + (dθ A × r A -dθ B × r B ) • n (3.32)
The non-ane rotation of a pair of particles is dened as dε rot,non = dθ A -dθ B , and thus contact twisting is computed as:

dε twist = (dε rot,non • n)n (3.33)
In contrast to the previous deformation modes, there are several denitions of contact rolling (see [START_REF] Iwashita | Rolling resistance at contacts in simulation of shear band development by dem[END_REF][START_REF] Oda | Experimental micromechanical evaluation of strength of granular materials: eects of particle rolling[END_REF]266268]). Following [START_REF] Kuhn | Contact rolling and deformation in granular media[END_REF], contact rolling is computed in this work as: shows the evolution of porosity for 32 cubical subsets distributed inside the initial image of one of the specimens used in this work (EFSGP01_00). It can be seen that there is a strong variability among the measurements of dierent subsets for small window sizes, but after d = 35 voxels the measurement starts to stabilize, and thus can be taken as the size of the RVE.

dε rolling = dε rot,non -(dε rot,non • n)n (3.34) X A r A r B du A du B dθ A dθ B X B P n

Fabric

The spatial arrangement of particles is known as fabric and can be quantied with dierent degrees of complexity. A scalar value (i.e., a 0th order tensor), commonly used to represent the internal variation of the microstructure, and particularly of the contact network, is the coordination number dened as:

Z = 2N c N p (3.35)
where N c and N p are the total number of contact and particles, respectively. Despite its simplicity, the coordination number provides the lowest-order description of the interaction between particles and is able to capture the evolution of the contact network when the specimen is subjected to loading [START_REF] Azéma | Stress-strain behavior and geometrical properties of packings of elongated particles[END_REF]269272].

A more elaborate description of the microstructure includes the directionality of its components, represented through particle-orientation vectors or contact-normal vectors (i.e., 1st order tensors). Generally, the overall orientation of a particle in space is described through its inertia tensor, as detailed in Sec. 3.6.2. However, for the case of ellipsoids, a single orientation vector must be used, due to their rotational symmetry. For the particles used in this work, the eigenvector corresponding to the maximum eigenvalues of the inertia tensor is used as the characteristic orientation vector. On the other hand, inter-particle contacts can be described by using the vector normal to the contact plane, as detailed in Sec. 3.6.4.

It is important to note that these two descriptors of the microstructure are based on the solid-granular phase and the interactions of its components. However, it should not be forgotten that the microstructure can also be interpreted from the void phase perspective since it corresponds to the counterpart of the granular skeleton. Although there is no clear objective denition of an individual void for a 3D granular assembly, and its use is beyond the scope of this work. Some of the research done towards the characterisation of void fabric can be found in [273277].

The individual unit vectors can be expressed in cartesian coordinates (X, Y, Z), but it can be useful to describe them also in terms of inclination (θ) and azimuth (α), as shown in Fig. 3.28(a), where θ = cos -1 (Z), and α = tan -1 (Y /X). Large sets of vectors can be treated using standard statistical tools suited to vectorial datasets. Analogous to a 1D histogram, or a 2D circular histogram, the spherical histogram provides a statistical overview of the spatial distribution of the vectors, where the radius from the centre maps the frequency of occurrence along a given direction. For example, Fig. 3.28(b) shows the spherical histogram for the distribution of 10000 vectors, where it can be seen that the frequency along the Z axis is higher than along the Y or X axis. In this case, the mean orientation of the distribution ( X) can be computed as a simple vectorial average of the individual vectors (X i ) as:

X = 1 n n i=1 X i (3.36)
It is important to note that for any vector X i used in this work, the direction can be taken as X i or as -X i since it will still represent the same information. All the vectorial distributions discussed hereafter are composed of the set of vectors [X i , -X i ]

A more structured and compact description of the vectorial distribution can be achieved by computing the 2nd-order fabric tensor N [START_REF] Ken-Ichi | Distribution of directional data and fabric tensors[END_REF], dened as:

N = 1 n n i=1 X i X T i (3.37)
3.7. Meso-scale measurements 73 N describes synthetically the vectorial distribution in terms of orientation, spread, and even the overall shape of the distribution, similarily to the moment of inertia tensor summarises the shape of an object. The eigenvectors a 1 , a 2 , a 3 of N can be used to depict the long (L), intermediate (I), and small (S) axis of the distribution, and the relation between them can be represented through the Zingg diagram [4]. This is traditionally used to classify convex particles according to their semi-axes in terms of the ratios I/L and S/I, but it can be also used to characterise the shape of any vectorial distribution [START_REF] Woodcock | Specication of fabric shapes using an eigenvalue method[END_REF]. Despite the advantages of using a 3D visualisation tool to explore the morphology of the distribution, it is not always straightforward to draw signicant conclusions from it, due to possible perspective errors. To solve this, an additional plotting tool is used to represent the 3D vectorial distribution using a 2D space. By using the polar coordinate system θ, α of Fig. 3.28(a), and applying a Lambert azimuthal equal-area projection over the XY plane, a 2D polar system can be obtained where the angular coordinate corresponds to α, and the radial coordinate corresponds to θ. Only the vectors that are located on the upper hemisphere of the unit sphere (Z > 0) are projected directly, while those that have a negative Z component are rst multiplied by -1. While individual occurrences Chapter 3. Image analysis can be plotted, it is useful to bin their frequency to highlight regions of comparatively higher/lower occurrence. The 2D polar representation of the vectorial distribution is termed an orientation plot. To illustrate the process, Fig. 3.29(a) shows three drastically dierent vectorial distributions: 1) the blue distribution has a mean orientation of θ =0 • , with a strong concentration around X, 2) the green distribution has a wider spread with a mean orientation of θ =45 • and α = 210 • , and 3) the red distribution has an even higher spread but a mean orientation of θ =90 • and α = 330 • . While these distributions are visible in the 3D plot, it is dicult to identify the dierence in the mean orientation and the spread of the distributions. For example, it may seem that the dierence between the green and red distributions is just a change in the inclination, while this it is not the case. These dierences are easily identied from the individual orientation plots (Fig. fabric tensor can be achieved by using the orientation of the eigenvectors of N , employing the individual evolution of θ, α. The eigenvalues of N can also be used to quantify the spread of the vectorial distribution, or anisotropy, expressed as [START_REF] Nadler | Kinematic model of transient shape-induced anisotropy in dense granular ow[END_REF]:

ζ = 1 2 ((a 1 -a 2 ) 2 + (a 2 -a 3 ) 2 + (a 3 -a 1 ) 2 ) (3.38)
ζ is selected as a convenient concentration metric since it ranges between 0 and 1. While the case of ζ = 1 corresponds to a perfect alignment of the orientation vectors along the eigenvector of a 1 (implying a 2 = a 3 = 0), the isotropic distribution a 1 = a 2 = a 3 corresponds to ζ = 0. As an example, the blue, green and red distributions of Fig. 3.29

have an anisotropy of 0.98, 0.88, and 0.70, respectively.

Strains

The particle displacements obtained from the particle tracking can be used to construct a displacement eld inside the specimen. This comes as a reaction to the external load increment between two instants and can be used to compute the incremental deformation.

Strain involves the relative displacement between two, or more points inside the specimen, excluding any rigid-body motions. Local strains are computed through the transformation gradient tensor F coming from continuum mechanics. To dene the local element over which a strain tensor is to be computed, two dierent approaches can be used. First, a grain-based approach is based on building a tetrahedral mesh using the centre of mass of each particle as a vertex. Then, for each tetrahedron, the transformation gradient tensor is computed from the relative displacement of each grain. Further details on this method, along with its implementation can be found in [START_REF] Bagi | Stress and strain in granular assemblies[END_REF]. In this work, a dierent approach is used, where the displacement vectors are projected onto a regularly spaced 3D grid, following the technique discussed in [START_REF] Desrues | Strain localization in sand: an overview of the experimental results obtained in grenoble using stereophotogrammetry[END_REF]. The size of the mesh has a strong eect on the resulting strain eld, due to over or under-sampling, and thus needs to be chosen with care. First, a tetrahedral mesh is built similarly as to [START_REF] Bagi | Stress and strain in granular assemblies[END_REF], to respect the grain-based nature of the deformation. The spacing of the mesh is then taken as the edge of a cube with the same volume as the mean volume of the tetrahedra. For each cubic element, the projected displacement vectors u at the nodes are used to compute F at the centre of the element as:

F = I + ∇u (3. 39 
)
where I is the identity tensor and ∇u is the gradient of the measured displacement vector.

As stated before, a right Cauchy polar decomposition is applied to discern the deformation from the stretching as:

F = R • U (3.40)
where U is the symmetric right stretch tensor that represents the local change of shape, while R is the orthogonal rotation tensor representing the change of orientation. The volumetric and deviatoric strain are obtained by partitioning the stretch tensor into its isotropic (U iso ) and deviatoric (U q ) components, by using the determinant of the trans- formation gradient tensor J. Specically, the decomposition is computed as:

U iso = J 1 /D • I (3.41) U q = 1 J 1 /D • U (3.42)
where D corresponds to the spatial dimension -3 for the case of this doctoral work. The volumetric strain of each cubic element is dened as the rst invariant of the strain tensor ε V = J -1, while the deviatoric strain corresponds to the euclidean norm of the deviatoric part of the strain tensor ε q = ∥U q -I ∥.

3.8 Macro-scale measurements

Specimen geometry

The measurement of the macroscopic morphology of the specimen requieres the recovery of the space that lies in between the upper and lower caps, and inside the membrane, including both solid and void phases. A rst approach could be to directly isolate the membrane from the x-ray images. However, for the images acquired in this work, the greyscale value of the membrane is similar to the one of the solid phase, and the separation of the membrane is not straightforward. A method based on the labelled images is sought, since the geometry of the grains inside the specimen is already known (Fig. 3.30(a)). First, a binary image is generated from the labelled image (Fig. 3.30(b)) and is submitted to a series of 5 consecutive 3D binary dilations to attempt the lling of all the intra-specimen void. Then, a 3D hole-lling algorithm is applied to permeate any remaining opening, which generates a lled 3D binary image. However, as can be seen from the inset of Fig. 3.30(c), the resulting image extends into the membrane area. The previous binary image is then subjected to 5 3D binary erosions, allowing the edge of the specimen to return to its original position, while preserving a lled core (Fig. 3.30(d)). At this point, the volume of the specimen at a given scan can be measured simply as the total number of voxels segmented. The macroscopic volumetric strain can be computed as:

ϵ V = V 0 -V i V 0 (3.43)
where V 0 and V i are the volume at the initial and current scan, respectively. Additionally, the height of the specimen is computed using the centre of mass of the particles and specically using the particles that have the highest and lowest z-coordinate. The axial shortening of the specimen measured from the images can be computed as:

ϵ a = H 0 -H i H 0 (3.44)
where H 0 and H i correspond to the height at the initial and current scan, respectively.

3.9. Field measurements are a valuable tool from cartography that allow probing the possible coherence between two variables [START_REF] Teuling | Bivariate colour maps for visualizing climate data[END_REF][START_REF] Elmer | Symbol considerations for bivariate thematic maps[END_REF].

To build it, each variable is bined into classes (e.g., into Lower, Medium and High classes), and the units of the bivariate eld are classied according to their joint frequency. The bivariate eld uses a colour matrix, instead of the traditional linear colour scale that is used for any univariate spatial representation, that represents the relation between the variables. Fig. 3.31(c) shows the bivariate eld for the porosity and the incremental deviatoric strain eld. It allows the immediate visualisation of the spatial coherence of higher porosity and deviatoric strain (dark brown), as well of lower porosity and deviatoric strain (light grey). This proves that strain localisation is characterised by high values of incremental deviatoric strain, as well as high values of porosity. The eld measurements are useful to visually inspect the spatial coherence of variables.

Spatial autocorrelation is a technique that allows the quantication of clusters or organized patterns within the measured eld. In this work, the Moran's I metric [START_REF] Waldhör | The spatial autocorrelation coecient moran's i under heteroscedasticity[END_REF][START_REF] Getis | Spatial autocorrelation[END_REF] is used to measure the global spatial correlation of a given eld, dened as:

I = n S 0 n i=1 n j=1 w ij (x i -x)(x j -x) n i=1 (x i -x) (3.45)
where n is the number of total measurements of the eld, x is the measured variable, x is the mean value of x, w ij is a matrix of spatial weights, and S 0 is the sum of all w ij . There are several possible denitions for the spatial weight matrix. In this work, the minimum number of neighbours to be considered is constrained to the direct neighbours of each cell of the eld, i.e., if the cell j shares a face with the unit i, then w ij = 1, otherwise w ij = 0, and w ii = 0. To simplify the analysis the spatial weight matrix is normalized so that the sum of each row is equal to 1, so that S 0 = n. The values of Moran's I metric range from -1 to +1, and measure whether a distribution has clusters, and patterns, or is random. For example, Fig. 

Image processing workow

The previous sections discussed the details of the image analysis, and how it is here applied to granular materials to understand their behaviour at multiple scales. This section details the workow used in this work, detailing how the various operations are linked together.

Flow charts are used to represent the dierent steps used, showing the required inputs and the obtained outputs. Within them, the processess, functions, or group of functions are represented with the symbol , while the data generated at each step are represented with the symbol . Additionally, the processes that are repeated over a group of images are enclosed by a dashed grey line. For each ow chart, the overall inputs are coloured in green, while the main output is coloured in blue. First, the general ow chart is detailed, depicting the main process performed, followed by a detailed presentation of each process.

Figure 3.33 shows the global image processing ow chart, from the triaxial compression test execution, and ending with the measurements at dierent scales. First, the triaxial compression test is performed in-situ, imaging the specimen at dierent instants using

x-ray tomography. This results in a collection of 3D images that represent the raw input of the analysis. Using the greyscale image of the initial scan, the particles are identied to generate a golden-standard, i.e., a labelled image that represents the shape, position, and orientation of the particles as close to reality as possible. Once the initial labelled image is obtained, it becomes the input of the particle tracking process. The tracking process consists in following the particles using the greyscale images from a reference state into a deformed state, using the labelled image of the previous state to mask the greyscale domain of each particle, as stated in Sec. 3.6.3. Two opposite approaches can be used to perform the particle tracking and to generate the labelled images of the future scans.

A total approach always uses the initial image at t = 0 as the reference state, while the deformed state is varied from t = 1 to t = N . One of the main advantages of this approach is that the labelled image that masks the domain of each particle is kept constant along the tracking, meaning that the quality of the initial segmentation is preserved, avoiding any propagation of segmentation errors. This is also true for the propagation of possible This approach is preferred for datasets where the texture and morphology of the particles hinders the segmentation, and it is desirable to only perform the segmentation at the beginning. This is the case of the in-situ triaxial compression test performed in [START_REF] Pinzón | Fabric evolution and strain localisation in inherently anisotropic specimens of anisometric particles (lentils) under triaxial compression[END_REF],

where the specimens are composed of natural lentils, and given the internal porosity and texture of the particles, segmentation is particulary challenging. However, this technique has some important drawbacks, since the reference state is kept constant. Given that DVC 3.10. Image processing workow 81 is performed between the initial scan and any subsequent scan, the particles should be characterised by some important texture to aid the tracking, as discussed in Sec. 3.6.3. If this is not the case, the domain of each particle needs to be expanded to include some of the information of the edges as well as the neighbouring particles. This is nonetheless only benecial if the structure of the neighbourhood around the particle does not have strong changes. Moreover, the total tracking requires an adequate initialisation of Φ, which can be dicult to obtain for relatively large deformations. For the particles and experiments used in this work, the total approach is not used for several reasons. First, the particles are industrially made and do not have any texture inside them, as can be seen from Fig.

2.1. Additionally, since the particles are subjected to relatively large displacement and rotations, and there is strain localisation as briey introduced in Fig. 3.31(b), the local neighbourhood is varying considerably making the total approach impractical for this work.

The second tracking methodology, which is the one used in this work, corresponds to the incremental approach where the reference state is always updated. This means that instead of performing the tracking 0 → 1, 0 → 2, 0 → 3, it is performed as 0 → 1, 1 → 2, 2 → 3. This approach has two main advantages. First, the tracking procedure is easier to perform, since the local neighbourhood between the scan t and t + 1 is more similar than between 0 and t + 1. This also means that the identity tensor can be used to initialise Φ since it can be assumed that the position of the particles at t + 1 is rather similar to its position at t. The success of the incremental tracking relies on the fact that multiple scans are taken along the test, at suciently short intervals. Moreover, the reference labelled image needs to be updated before each tracking step, making it prone to the propagation of segmentation errors. In this work, all the scans are performed at an interval of 0.5 % of axial shortening, which proves suciently small to help the tracking. Special care is taken when generating the new labelled images, as detailed in the labelled image generation ow chart in Fig. 3.37.

Once all the particles are tracked successfully, the labelled image at t + 1 is generated.

To do this, the rst option is to apply the same algorithms as for the segmentation of the initial image. However, this implies that the segmentation errors need to be corrected at each step and, more importantly, that the labelling of the image t + 1 may not be consistent with the labelling of image t. This means that the same particle may have a dierent label ID in two images. To avoid such an issue, the resulting kinematic eld of t → t + 1 is used to generate a labelled image at t + 1, by applying the measured Φ of each particle. This creates a moved labelled image that reects the particle movement and rotation for the given increment, which is used both as a mask and a seed to constrain the segmentation process. The tracking and label generation procedure is performed for all t → t + 1 until all the labelled images are obtained.

The rst operation is the execution of the in-situ triaxial compression test. Figure 3.34 shows the ow chart of the process, which starts with the preparation of the specimen and measures the macroscopic load-displacement response of the specimen, as well the 3D greyscale images. The specimen preparation procedure follows the procedure detailed in Chapter 3. Image analysis Sec. 2.4, while the scanning details are discussed in Sec. 2.5. In brief, during each scan several radiographs are generated as the specimen is rotated at dierent radial positions, and a 3D image is built using a ltered back projection reconstruction algorithm. Once all the radiographs are acquired, the piston is moved until an axial shortening of the specimen of 0.5 % is achieved. Then, the motor is halted and a new scan is performed. Along the process, the axial load is measured along with the displacement of the piston. The next X-ray source X-ray detector Radiographs

Reconstruction

Record load and displacement

3D greyscale image

Increase motor position and halt

Specimen preparation

For any scan N This binary mask is used to isolate the region around the edge from the greyscale block, and a threshold of 0.65 is used to remove the membrane without aecting the shape of the neighbouring grains. Once a clean (i.e., without the membrane) binary image is obtained, a watershed segmentation is performed to obtain the corresponding labelled image of the block. The previous process is repeated for all the blocks, and the original labelled image is rebuilt by merging the individual label blocks. The resulting labelled image is inspected for possible under and over-segmentation problems and corrected accordingly. Finally, a manual correction is performed to x any possible minor imperfections left, to ensure a high-quality initial segmentation.

Figure 3.36 displays the ow chart for the particle tracking process, where the goldenstandard labelled image is used as an input for the initial tracking step from 0 → 1, as well as the corresponding greyscale images. These images are rst normalised using the procedure discussed above, to ensure that the greyscale values are similar between the two images. The tracking is performed using the script spam-ddic, and for the rst iteration, the identity tensor is used to initialise Φ. Once the script has tracked the particles, the convergence status is used to identify diverged particles. For these, the initial guess of Φ is improved by interpolating a displacement vector from the converged neighbours and the tracking script is repeated.

Once all the particles are found, the kinematics of each particle from 0 → 1 is used to generate the new labelled image at t = 1. Figure 3.37 presents the main steps, which can be divided into two separate groups. First, the measured kinematic eld is applied over the particles to create a moved labelled image. The volume of each moved particle is computed and compared to its initial value, to detect overlaps. Then, the moved image is eroded to create a seed for the forthcoming segmentation. The greyscale image at t = 1 is normalised and split into 16 smaller blocks. For each block, the morphological reconstruction and the LoG lter are applied, and a threshold of 0.5 is used to obtain a binary block. All the blocks are then merged and the upper and lower platens are removed automatically by using the centre of mass of the particles from the moved labelled image. The membrane is removed from the corrected binary image following the same procedure as for the initial segmentation, i.e., creating a binary mask around the edge of the specimen, which is used to isolate the membrane and a threshold of 0.65 is used to extract it. To minimise the propagation of segmentation issues, the moved labelled image is dilated once and it is used to mask the domain that is to be segmented. The obtained clean binary image is used as an input for the watershed algorithm, along with the seed labelled image. This is of utmost importance to ensure the preservation of the labelling between dierent images. The previous two processes (particle tracking and labeling) are repeated for all the increments t → t + 1 until all images are analysed. It is important to note some of the minor dierences between the tracking of the initial interval and some further increments. First, the initialisation of Φ may be constructed using the macroscopic registration t → t + 1

and decomposing it at the centre of mass of each particle, as explained earlier. Additionally, dierent approaches can be used to improve the Φ guess to deal with diverged particles. Increasing the number of iterations, performing a non-rigid correlation, or even computing the gradient ∇g of Eq. 3.19 after each iteration are just some of the solutions that can be taken to track the diverged particles. All of the previous options are easily accessible from the spam script spam-ddic. If after running the tracking algorithm with the previous Φ updates there are still diverged particles, an additional manual tool can be used: spam-ereg-discrete. It provides a graphical interface where the individual components of Φ can be modied manually to obtain a close resemblance between the two greyscale images. The result of this is fed to spam-ddic as an initial guess to track only the diverged particles. It is extremely important to note that in this work all the particles are tracked for every strain increment and every specimen. Since the generation of new 

Comparison of macroscopic behaviour

The macroscopic response under triaxial compression of a specimen can be expressed in terms of the ratio between the deviator and the mean normal stress q/p. shows the evolution of stress ratio as a function of axial shortening for the dierent specimens tested. To simply the comparison between the dierent particle shapes and friction scenarios, only the tests for which tomography was performed are detailed here -the results from the backup tests (those performed with no x-ray imaging) for each friction-shape couple are discussed in detail in the next section.

The multiple, regularly spaced drops of axial stress ratio correspond to the stress relaxation that occurs during the stages at which the loading is halted, and the x-ray scans are performed. It can be observed that the specimens have a stress-strain response evolution typical of dense granular packings. As the specimen is subjected to deviatoric loading, the stress ratio increases monotonically until it reaches a peak stress ratio ((q/p) peak ).

Afterwards, it shows a steady decrease, generally referred to as stress softening, until it reaches a steady value (q/p) ss . This response is observed in most of the specimens, independently of the characteristics of the particles. It can be seen that the decrease of friction produces an overall decrease of both (q/p) peak and (q/p) ss , for any given particle shape. Additionally, it can be observed that the aspect ratio of the particles has a clear eect over the peak and residual values of the stress ratio. For the cases of rough surface, (q/p) peak = 1.47 for at particles, (q/p) peak = 1.34 for the medium particles, and (q/p) peak = 1.30 for the rounded particles. It is to be expected that for a frictional interaction between a pair of particles, peak stress ratio increases with the aspect ratio, due to a higher interlocking between the particles as observed in [START_REF] Oda | Stress-induced anisotropy in granular masses[END_REF][START_REF] Lin | A three-dimensional discrete element model using arrays of ellipsoids[END_REF][START_REF] Ting | Eect of particle shape on the strength and deformation mechanisms of ellipse-shaped granular assemblages[END_REF][START_REF] Rothenburg | Numerical simulation of idealized granular assemblies with plane elliptical particles[END_REF][START_REF] Salot | Inuence of relative density on granular materials behavior: Dem simulations of triaxial tests[END_REF]. A similar result is observed for the residual state, where (q/p) ss = 1.09, 0.97, and 0.91, for the at, medium, and rounded particles, respectively. However, this trend is inverted for the case of smooth particles, since the EFS (specimens with at and smooth particles), EMS specimens with medium and smooth particles) and EOS (specimens with rounded and smooth particles) specimens show (q/p) peak = 0.90, 1.07, and 1.10, and (q/p) ss = 0.69, 0.72, and 0.96 respectively. This opposing eect of inter-particle friction and particle shape over the strength may point to a competition of dierent deformation mechanisms Chapter 4. Experimental results at the particle scale (i.e., particle sliding and particle rotation), and is discussed in detail in the following sections. It is important to note that in the case of the smooth rounded particles no pronounced strain softening is observed, with the peak strength and the residual strength diering by only 0.14, while this dierence is higher than 0.21 for all the other specimens. This dierence corresponds to a singular behaviour of the EOS specimen and is discussed in detail in the next section. It is also important to note that the EMR specimen does not show a smooth evolution of q/p as observed for the other specimens, since strong uctuations are measured. This may be due to a stick-slip response of the material and is only observed for the specimens with medium rough particles.

One of the major dierences among the specimens is the maximum axial shortening achieved at the end of the test. It is important to note that the triaxial compression test is performed until the sliding mechanism comes into contact with the inner walls of the cell. While specimens with at particles can reach 30 % of axial shortening, the other tests are stopped at 15 %. Given that all the specimens are brought to failure through a major strain localisation region, due to the presence of the sliding system, the dierence in maximum axial shortening points to a variation in the inclination of the ultimate failure region. This is proved in Section 4.3.2. In addition, an important dierence in the overall pre-peak stage is observed between the specimens: while q/p continuously increases before reaching the peak for the specimens with medium and rounded particles, the specimens with at particles reach a q/p plateau and then slowly attain the peak. This points to the contrast between the deformation mechanisms and plastic strain that each specimen can accommodate in the vicinity of (q/p) peak , and is discussed in detail in the following chapters.

Complementary to the evolution of q/p, the volumetric strain evolution characterises the macroscopic response. The volume of the specimen at each scan is measured directly from the x-ray tomography images. The method is explained in detail in Section 3.8.1. The volumetric strain at each scan is computed as:

ε V = V 0 -V i V 0 (4.1)
where V 0 and V i correspond to the volume of the specimen at the initial scan and the scan i, respectively. Given that the soil mechanics convention is used, volume decrease (contraction) is taken as positive volumetric strain. increases and by the end of the test reaches a constant value for all the specimens. As observed in the literature [START_REF] Oda | Stress-induced anisotropy in granular masses[END_REF][START_REF] Lin | A three-dimensional discrete element model using arrays of ellipsoids[END_REF][START_REF] Ting | Eect of particle shape on the strength and deformation mechanisms of ellipse-shaped granular assemblages[END_REF][START_REF] Rothenburg | Numerical simulation of idealized granular assemblies with plane elliptical particles[END_REF][START_REF] Salot | Inuence of relative density on granular materials behavior: Dem simulations of triaxial tests[END_REF], assemblies with particles of higher aspect ratios have higher nal volumetric strain due to particle interlocking. This is observed as well for the lower friction assemblies, in contrary to the observations of the peak and residual strength, where a negative correlation with the aspect ratio is observed. However, it can be observed that a lower value of friction generates a decrease in the maximum To further understand the dierences and similarities regarding the dilative behaviour of the specimens, Fig. 4.2(a) shows the evolution of the dilatancy angle Ψ computed as [START_REF] Schanz | Angles of friction and dilatancy of sand[END_REF]:

Ψ = arcsin dε V /dε a dε V /dε a -2 (4.2)
where ϵ a corresponds to the axial shortening. The dashed line shows the overall evolution of Ψ to better visualise the general behaviour. The dilatancy angle starts to increase from an early stage for all the specimens, reaching a peak value and then decreasing towards 0 • . Independently from inter-particle friction, the medium particles have the maximum dilatancy angle. Although it can be expected that assemblies with particles with higher aspect ratio show a higher dilatancy, the rounded particles have a higher Ψ max than the EFR and EFS specimens. This disparity that emerges only from the aspect ratio of the particles points to a dierence in the deformation mechanisms that take place. As mentioned earlier, the relative movement between two particles can be performed by two dierent mechanisms: either the particles i) rotate, or ii) slide on top of one another.

If it is assumed that the rotation of the particles is the dominant mechanism for all the specimens, then the assemblies with particles of higher aspect ratios should undergo a higher increase of volumetric strain and dilatancy, relative to the specimens with particles of lower aspect ratios. However, the results of Fig A second hypothesis is that particle sliding is the leading deformation process. Considering that the small axis of the particles is initially aligned with the vertical axis (as it will be discussed in the following sections), the relative height that a given particle needs to achieve to overpass another particle is higher for the rounded particles (small axis of 3.2 mm), than for the medium (small axis of 3.0 mm), or the at (small axis of 2.2 mm). This implies that the increase of volumetric strain and dilatancy would be greater for the round particles specimens than for any other test, partially contradicting the observed results.

These considerations strongly suggest that the dominant deformation mechanism is different from one specimen to another. Given the aspect ratio of the particles, it is possible to assume that particle rotation is the dominant deformation mechanism for lower aspect ratios, while particle sliding controls the deformation process on particles with higher aspect ratio, which would agree with the volumetric strain and dilatancy angle results. The presence of both mechanisms can be easily quantied and will be discussed in detail in the following sections.

Although the stress-strain and volumetric response have been described separately, it is important to understand the stress-dilatancy relation to fully characterise the macroscopic response of a specimen. Figure 4.2(b) shows the evolution of Ψ as a function of q/p, and it can be seen that independently of the particle shape or friction characteristics, 4.1. Comparison of macroscopic behaviour 91 the overall behaviour can be described by three stages. The rst stage corresponds to the pre-peak evolution, where both variables increase monotonically. Then, the second stage corresponds to the neighbourhood around the peak of Ψ and q/p. Given that the amplitude of the peak of the latter is broader than the former (i.e., for a given axial shortening increment, Ψ increases faster than q/p), the slope increases. Finally, after both variables reach their corresponding peaks, they start to decrease towards a value of Ψ = 0 and q/p = (q/p) ss . It can be observed that Ψ max occurs slightly before, if not at the same time, than (q/p) peak . Even though some clear trends can be observed, the eects of particle shape and friction over the macroscopic response can be analysed more clearly by presenting the variation of (q/p) peak , (q/p) ss , and Ψ max as a function of the aspect ratio (AR) and the friction angle (ϕ µ ) of the particles. For convenience, the stress ratio q/p can also be expressed in terms of a mobilised friction angle Φ as [START_REF] Wood | Soil behaviour and critical state soil mechanics[END_REF]:

sin(Φ) = 3(q/p) 6 + (q/p) (4.3)
Note that the previous discussion was based only for the specimens 01, i.e., those where a full x-ray tomography campaign was performed. However, the backup scans (specimens 02, 03, and 04 ) can also be used to provide an insight on the variability of macroscopic friction. Figure 4.3(a) shows the evolution of Φ peak and Φ ss for each group of particles and friction values, where the error bars correspond to their variability. For the rough particles (ϕ µ =10 • ) the values of Φ peak and Φ ss increase with the aspect ratio, possibly due to a higher particle interlocking. As observed before, this is not true for the smooth particles, where a decrease of only 5 • induces a negative correlation between the shear strength and the shape of the particles. This drastic change in the relation between Φ and AR is discussed in Sec. 5.1.1.

The observed stress softening, characteristic of dense granular assemblies, can be described by comparing the peak and steady state strength, using the excess friction Φ ex [START_REF] Xiao | Eect of particle shape on stress-dilatancy responses of medium-dense sands[END_REF]:

Φ ex = Φ peak -Φ ss (4.4) Figure 4.3(b)
shows the evolution of Φ ex as a function of AR and ϕ µ . For the case of rough particles, a positive correlation can be seen as the aspect ratio of the particles is increased. This can be assumed to be linked to the strong eect that the particle shape has on Φ peak , compared to the moderate inuence over Φ ss . On the other hand, the smooth particles have a dierent behaviour, where an increase of Φ ex is observed for the small increase of AR from 1.05 to 1.13. However, a further increase in the aspect ratio generates a decrease in the excess friction. This may point to a modication of the leading deformation mechanism that takes place inside the granular assembly.

Regarding the eect of particle shape and friction on the volumetric response of the specimen, Fig. 4.3(c) shows the relation between the aspect ratio and Ψ max for both friction scenarios. Since the evaluation of volume changes relies on the x-ray tomography images, the backup scans are not used in this case and there is no assessment of the variability of the measurement. For a given value of ϕ µ , the medium particles have the highest value of peak dilatancy for the given range of tests, while the at particles have the lowest.

To understand this dierence, it is important to recall that the specimens consist of a monodisperse set of particles, and thus are prone to crystallization. Lower aspect ratios favour the creation of regular packings, which require a higher dilation to overcome the geometrical constraints of the crystalline structure. Although monodispersity can also be found for the specimens composed of at particles, the higher aspect ratio inhibits the organisation of regular structures, and thus generates a more disorganised structure, where deformation between particles requires a smaller amount of volumetric increase.

The previous variables that characterise the macroscopic response of the granular assembly under deviatoric loading can be described with:

Φ peak = χΨ max + Φ ss (4.5)
where χ denotes the contribution of the peak dilatancy on the peak strength. This equation was rst proposed by [START_REF] Bolton | The strength and dilatancy of sands[END_REF] and can be seen as a linear relation between Φ peak and Ψ max , where the shear strength corresponding to the case of shear at constant volume corresponds to the steady state friction angle (Φ ss ). Given that these parameters can be easily measured from any triaxial compression test, the validity of Eq. 4.5 has been extensively studied for several natural sands (see [START_REF] Xiao | Eect of particle shape on stress-dilatancy responses of medium-dense sands[END_REF][START_REF] Arda | Inuence of grain shape on stress-dilatancy parameters[END_REF][START_REF] Bolton | The strength and dilatancy of sands[END_REF][START_REF] Vaid | The strength and dilatancy of sand[END_REF] and references therein). In these works, is shown that the parameter χ is independent of the particle shape, and is thought to only depend on the interparticle friction. Figure 4. 3(d) shows the value of χ computed using Eq. 4.5 for each of the specimens. Two main observations can be made: i ) χ has a positive correlation with the particle aspect ratio, and ii ) χ does not depended on ϕ µ .
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While these observations directly contradict the experimental observations found in the literature, the results in this work cannot be compared directly with the literature. First, it is important to note that even though natural sands have some characteristic morphology, such as angularity or roundness, they show some variability at the particle scale. As shown in the previous gures, small changes in the shape generate a strong uctuation in the peak and residual strength, as well as in the peak dilatancy angle. This implies that for natural sands, the uctuations in particle shape may generates that the overall response of the bulk shows an invariant relation between χ and the particle morphology.

The variations of shape at the particle scale determine their local interactions and generate a shear resistance that is represented at the macroscopic scale using the Mohr-Coulomb criterion. Given the previous arguments, the results of Fig. 4.3(d) do not contradict the results observed in the literature, since they are performed under dierent conditions.

If the variables at the particle scale are controlled, as in this work, the coecient χ is observed to be independent of the inter-particle friction angle ϕ µ but depends heavily on the aspect ratio of the particles. However, for natural materials, the aspect ratio of the sand grains has some variability that homogenises at the bulk level, thus, presenting a relative invariance of χ to the average shape metric of the particles.

To summarise the macroscopic response of the specimens, Tab. 4.1 shows the main macroscopic parameters with their respective variability, except for the case of Ψ max , where only the tomography specimens can be used. (q/p) peak
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[ • ]
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Ψ max scalar that can be used to compare the actual void ratio (or density) to the maximum and minimum possible values of void ratio. Given that the particles can be represented as ellipsoids and that all the specimens have a monodisperse distribution, the range of possible void ratios can be computed analytically [START_REF] Yuan | Universality of jammed frictional packing[END_REF]. For the case of oblate particles with an aspect ratio of 1.5, the values of e min and e max are 0.4188 and 0.8130, respectively. For all the EFR specimens, D r has a mean value of 74.74 %, with a standard deviation of 0.52 %, showing that the initial assemblies correspond to a dense conguration for all the cases, as expected. Moreover, the small values of the standard deviation conrm the repeatability of the specimen preparation method. The evolution of the stress ratio (q/p), expressed as the relation between the mean stress p = (σ a + 2σ r )/3 and the deviator stress q = σ a -σ r , is shown in Fig. 4.4. To compute the axial stress (σ a ), the mean cross-sectional area is measured directly from the labelled image of the initial scan. The additional scans that are performed at the end of the test for the backup scans (test 02, 03, and 04) are visible at an axial shortening of 24 %. All the specimens show an initial linear response between 0 % and 0.1 % of axial shortening, as can be seen in the inset. This is characterised by an initial stiness, which has a distribution of 22.24 MPa ± 2.75 MPa, and after this point, the response becomes non-linear. As the axial strain increases, the stress ratio continues to increase until it reaches a maximum value. However, it is important to note that this increase is not monotonic. It can be seen that between 0.1 % and 2.0 % of axial shortening, the stress ratio increases sharply and then it slowly increases up to the peak value of (q/p) peak = 1.42 ± 0.02, at 7.01 % ± 1.28 % of axial shortening. After reaching the peak value, the stress ratio starts to decrease towards a steady-state value. This residual state is characterised by a value of (q/p) ss = 1.04 ± 0.08. It is important to recall that the tests are performed until the sliding system contacts the internal walls of the triaxial cell, and for the case of the EFR specimens the maximum axial shortening is 27 %. The evolution of q/p is shown in Fig. axial shortening. This means that a reduction of almost 36 % on the initial stiness is measured due to the reduction of 5 • on the interparticle friction when comparing the previous results to the measurements of EFR. As the specimens are compressed, the stress ratio increases until it reaches a maximum of (q/p) peak = 0.91 ± 0.01 at 10.75 % ± 0.76 % of axial shortening, and then decreases towards a constant value of (q/p) ss = 0.70 ± 0.01.

Two main dierences can be noted from the stress-strain evolution of EFS and EFR. First, q/p increases monotonically until it reaches (q/p) peak for smooth particles, while for rough a small plateau is observed. Second, the strain softening for EFS is not as marked as for EFR. Although this was already observed from the behaviour of Φ ex , the evolution of q/p shows a mild strain softening after the peak resistance. The void ratio has a mean value of 0.567, with a standard deviation of 0.0011.

The minimum and maximum void ratios are 0.457 and 0.790, respectively ( [START_REF] Yuan | Universality of jammed frictional packing[END_REF]). The relative density of the specimens, has a mean value of 66.49 %, with a standard deviation of 0.35 %. Although the mean value of the distribution is slightly lower than for the EFR and EFS experiments, the specimens still correspond to dense assemblies. The macroscopic evolution of the stress ratio is shown in Fig. 4.6. Contrary to what is observed for the EFR and EFS specimens, the evolution of q/p does not have a smooth response, and rather multiple quasi-periodic drops can be seen for all the specimens.

Such decays on the stress response do not correspond to the scanning periods, since they are visible even for the backup tests (EMRGP02, EMRGP03, EMRGP04). These drops correspond to stick-slip events, due to the frictional behaviour of the particles and the monodispersity of the system. Stick-slip events can be seen as the sudden release of energy due to an instability characterised by: i ) a swift decrease of q (slip) and a decrease of the volume of the specimen (contraction), and ii ), a quasi-static regime (stick) where the material recovers its strength and behaves similar to a dilatant dense assembly [START_REF] Doanh | Stick-slip behaviour of model granular materials in drained triaxial compression[END_REF].

Although stick-slip has been studied extensively (see [293299] and references therein), its physical origin is still unknown. However, several parameters have been identied to play a key role, such as particle shape, inter-particle friction and strain rate. It is important to note that even if the EFR specimens have the same characteristics as the EMR specimens in terms of inter-particle friction coecient and monodispersity, it is conceivable that the higher aspect ratio of the at particles prevents the existence of stick-slip events. No possible explanation is found to understand the occurrence of this behaviour only for the EMR specimens. The occurrence of individual events can be seen in detail in the inset of Fig. 4.6, and as expected, the rst events occur after the end of the initial linear domain (≈ 0.1 % axial shortening), which is characterised by an initial stiness of 24.01 MPa ± 1.81 MPa, presenting slightly higher values as measured for the EFR specimens. As the specimen is compressed, the stress ratio increases until it reaches a peak value (q/p) peak of 1.35 ± 0.004 at 3.31 % ± 0.53 % of axial shortening. Afterwards, the q/p response decreases towards a residual state at (q/p) ss =0.99 ± 0.10 and the tests are stopped at an axial shortening of 15 %. The stress ratio evolution for the EMS specimens is shown in Fig. 4.7. Unlike what is observed for the EMR specimens, the q/p response only shows the regularly-spaced decays corresponding to instants where the scans are performed. This points to the fact that the decrease of inter-particle friction (from 9.06 • to 5.25 • ) is sucient to inhibit the occurrance of stick-slip events. The EMS specimens show an initial linear domain until 0.05 % of axial shortening, with an initial stiness of 17.74 MPa ± 2.30 MPa. The initial stiness reduces of 26 % relative to the EMR specimens, due to the lower interparticle friction. The stress ratio reaches a peak value of 1.07 ± 0.02 at an axial shortening of 3.56 % ± 0.33. After this point, q/p decreases towards a steady state characterised by (q/p) ss = 0.84 ± 0.05.

Ellipsoid Medium Smooth -EMS

Similar to the EMR specimens, the maximum axial shortening for most of the specimens is 15 %. .566 kN m -3 with a standard deviation of 0.027 kN m -3 . Compared to the expected density ( μ = 8.588 kN m -3 and σ = 0.0288 kN m -3 ), it can be seen that all specimens are within the expected range of variability. The specimens have a mean void ratio of 0.629, with a standard deviation of 0.005. The minimum and maximum void ratios are 0.536 and 0.788, respectively, resulting on average relative density of 62.95 % ± 2.04 %. The macroscopic evolution of the stress ratio q/p is shown in Fig. 4.8. The response is non linear from the very beginning, with an initial stiness of 16.54 MPa ± 2.40 MPa.

Stress ratio increases monotonically until it reaches a peak value (q/p) peak = 1.24 ± 0.04, at 2.82 % ± 0.28 % axial shortening. Afterwards, q/p decreases towards a constant value (q/p) ss = 0.94 ± 0.05. the specimen preparation method replicability. Additionally, the mean void ratio of the specimens is 0.617 ± 0.001, which can be understood in terms of relative density, where the same values of e min and e max of EOR can be used. For all the specimens, the relative density varies between 67 % < D r < 68 %, presenting a narrow distribution similar to the one observed for the EOR specimens. The mechanical behaviour of the granular material being studied is dictated by the initial microstructure and its evolution. Two specimens of the same granular material with the same particle size and shape will respond dierently if their particles are arranged in a dierent structure. An example of this is the low-order metric of macroscopic void ratio: it is well known that a dense granular packing will behave drastically dierently than a loose specimen. Before examining the response of the specimen under deviatoric loading, it is important to examine the particle arrangement (fabric) at the initial state. As discussed before, fabric can be evaluated at dierent scales: at the grain neighbourhood scale, where several particles interact among them, and at the particle scale, looking at their orientation of the particles or at the inter-particle contacts orientation.

The spatial arrangement of particles and voids can be explored using porosity elds as detailed in Sec. 3.7.1. 1D eq for most of the specimens, where D eq is the equivalent diameter of the particles, except for EFRGP01, where the size is 1.4D eq , and is selected following the procedure detailed in Sec. 3.7.1. A region with high porosity can be observed for all the specimens at the boundaries, which corresponds to an edge eect of the grid elements that are half lled with particles. It can be stated that no clear patterns are observed from the porosity elds, i.e., the distribution is homogeneous within the specimens. This is veried by computing Moran`s I to quantify the degree of spatial autocorrelation, as detailed in Sec. 3.9.2. Moran's I ranges between -1 (for a perfectly heterogeneous distribution) and 1 (for a perfectly clustered distribution), where the value of 0 corresponds to the case of a perfectly random distribution. (medium particles), the value of I increases to a value near 0.18, suggesting the creation of small regions, or clusters, that have similar values of porosity. Similar behaviour is observed as the aspect ratio increases to AR = 1.50 (at particles), reaching a nal value of 0.22 and 0.21 for the EFR and EFS specimens, respectively. These results show that for a monodispersed system of spherical particles, as in the case of the EOR and EOS specimens, the degree of spatial autocorrelation is rather small, suggesting that particles do not arrange on predened structures or patterns. However, small deviations from the spherical shape produce a strong increase in the degree of spatial clustering of the particles, since anisometric particles tend to arrange with their orientation vector parallel to gravity.

It is important to note that the previous relationship suggests that particle shape has a strong inuence on I for small deviations from AR = 1, but not for higher aspect ratios. Additionally, it can be seen that for higher values of ϕ µ the degree of spatial clustering is only slightly larger than for lower ϕ µ values, indicating the interparticle friction has only The previous analysis proves that the specimens do not have the same initial microstructure and that anisometry creates strong eects in the manner particles arrange. These observations can be extended to the particle scale, taking into account the way particles arrange in space by using their orientation vector. Figure 4.11 shows the spherical histogram of the orientation vectors of the particles at the initial state. For the case of the EFR specimen, it can be seen that the distribution is rather anisotropic, with an elongated shape aligned with the vertical axis. Additionally, a lower density of vectors is observed for the directions along the XY plane. Although it was stated that oblate particles tend to orient with their orientation vector parallel to gravity, the spherical histogram of the EFS specimen proves that the previous statement cannot be applied to any scenario. In fact, contrary to EFR, the distribution does have a more homogenous spread of vectors, although the main orientation remains visible. This suggests that in the case of lower friction, the particles are able to ll more voids by rotating in dierent orientations as needed. This is consistent with the higher density observed for the EFS specimens (9.236 kN m -3 ) compared to that of the EFR specimens (9.194 kN m -3 ). For the case of the medium particles, the orientation vectors have an anisotropic distribution for both friction values.

Although it is not as pronounced as for the EFR specimen, a concentration around the main orientation aligned with the z-axis is still visible. In addition, both distributions show a rather similar morphology, both in shape and concentration. This suggests that the change in friction is not a relevant factor for the organisation of particles. However, it is important to note that the previous statement only refers to the orientation of particles themselves, and not to the compacity of the granular assembly, since the EMS specimens have a slightly higher density than the EMR specimens (8.926 kN m -3 and 8.896 kN m -3 , respectively). The spherical histogram of particle orientation for the rounded particles has a more homogenous distribution in the case of higher friction. This suggests that the anisometry of the particles is not a decisive factor and that particles can arrange without a predened orientation. However, the distribution of the EOS specimen has a dierent morphology. A main orientation aligned with the vertical axis can be observed, and although it is not as pronounced as for the other cases, it suggests some type of alignment of the particles. This is consistent with the higher values of density for the EOS specimens (8.64 kN m -3 ), compared to measurements of the EOR specimens (8.58 kN m -3 ), implying that the reduction of friction allows the particles to organise into a denser packing, where the small anisometry of the particles becomes relevant.
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Counts 0 120 Although the orientation of the particles has some eect over the initial microstructure of the specimens, it is important to review the characteristics of the contact network as well, since this corresponds to the structure that transmits the forces among particles and allows them to withstand the external load. Figure 4.13 shows the spherical histogram of the contact vectors for the initial state of the tested specimens. It can be seen that for the case of the EFR specimen, the initial contact network has an elongated shape with a mild concentration of vectors along the vertical axis. As expected, the contact network has a more homogenous distribution of orientation than the particle orientation. This is a direct consequence of the isostasticity required for the contact network, where contacts must organise in a wider range of orientations to sustain the external load. While particles can achieve a perfect distribution, where all the orientation vectors are aligned along the same direction, the contact network cannot have a perfectly anisotropic distribution. For the EFS specimen, it is observed that the decrease of friction produces a denser granular 106 Chapter 4. Experimental results packing, as a consequence of a more homogenous distribution of particle orientation. This has strong eects on the contact network since a rather isotropic distribution of contacts can be observed for the EFS specimen, having as well a slight concentration around the vertical axis. For the case of the medium particles, also the contact network of the EMR specimen shows a homogenous distribution with no evident mean orientation. Also the remaining specimens show a rather homogeneous distribution, with few local high counts in some directions that do not represent any important morphological feature. While the former displays a main orientation with a mild concentration around it, the latter shows a more isotropic distribution of orientation vectors.
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A further measure of the initial microstructure is the degree of anisotropy of each fabric tensor. Inclination and anisotropy of the particle and contact fabric tensor at the initial state function of the aspect ratio of the particles. For the case of the rounded particles, the EOR specimen has a smaller anisotropy than the EOS specimen. This is expected due to the better alignment of particles in the case of lower friction. As for the medium particles, the degree of anisotropy increases to a value of ζ P = 0.14, since a main orientation can be observed for both distributions. For the case of the at particles, ζ P increases for EFR as particles align strongly with their orientation vector parallel to gravity. For the case of the smooth particles, the degree of anisotropy decreases considerably, up to similar values as for the EOR specimen. To quantify the mean orientation of each subset, the eigenvector corresponding to the major eigenvalue is decomposed into an inclination (θ) and an azimuth. While the azimuth is arbitrary since it depends on the angular orientation of the specimen relative to the x-ray detector, the inclination oers some insights into the microstructure of the packing. It can be seen from Fig. 4.16(b) that for lower aspect ratios, the inclination is closer to θ = 0 • , i.e., more aligned with the vertical axis, and as the aspect ratio of the particles increases, the value of θ rises. It is important to note that even though it is still reported, the inclination of EOR does not represent any morphological feature of the distribution, since it corresponds to the local events of high counts as observed 
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.17: Average coordination number as a function of aspect ratio

Complementary to the fabric-based analysis, the contact network can also be characterised by the average number of contacts that each particle holds. This is known as the average coordination number ( Z), and parametrises the bulk connectivity of the specimen. Figure 4.17 shows Z as a function of the aspect ratio of the particles. It can be seen that friction has a strong role, since lower values of ϕ µ allow higher connectivity among particles. As the aspect ratio increases from 1.05 to 1.13, the mean coordination number increases to 6.8, as a result of denser packing. Finally, EFR and EFS have diametrically dierent results.

While the latter increases the value of Z to 7.0, the former decreases the connectivity to Z = 6.58, as a result of a higher degree of anisotropy of the particle orientation, as observed previously. While in EFS particles arrange with multiple orientations, as noted in the spherical histogram and ζ P , the particles inside EFR arrange in a more organised manner, with their orientation vectors parallel to gravity. This produces on average a lower count of contacts per grain than the more homogenous assembly of EFS.

Investigating the dierent initial states of the EOS specimens

As shown in Fig. 4.9, the specimens of EOS show two dierent macroscopic response after reaching the peak at q/p = 1.24: tests 02 and 04 have a stronger strain softening towards a steady state value of q/p ≈ 0.88, while tests 01 and 03 show a milder strain softening, reaching a residual value of only q/p ≈ 1.02. Additionally, the nal strain localisation region shows two dierent patterns: a steeper shear band for the 02 and 04 specimens, than for the other two. The variation is discussed in detail in Sec. 4.3.2. The initial bulk characterisation of the specimens (Tab. 4.7) did not reveal any strong dierences of the initial state, it can be expected that the reason for the strong macroscopic and mesoscopic dierence can be found on the initial fabric of the specimens.

A rst level comparison is the porosity elds of each specimen, as shown in Fig. 4.18(a).

It can be seen that there is no striking dierence between the specimens, and the spatial distribution of porosity is rather homogenous. The mean porosity (Fig. 4.18(b)) of 01 and 03 is slightly lower than 02 and 04. This is in agreement with the initial relative density of the specimens, where 01 and 03 have D r = 68.32 % and 67.74 %, while specimens 02 and 04 have 67.47 % and 67.44 % The presence of clusters in the porosity eld can be quantied through the use of Moran`s I, and shows that it is higher for the 02 and 04 specimens, than for the 01 and 03. This suggest that the initial arrangement is denser and more randomly distributed for specimens 01 and 03, while specimens 02 and 04 have a lower initial density with some clusters of porosity.

Although these dierences in initial density and spatial distribution may seem insignicant, they are likely the cause of the strong macroscopic and mesoscopic dierence between the specimens. It is important to note that the EOS specimens do not have the highest values of spatial autocorrelation among the dierent specimens tested in this work, see Fig. 4.10.

However, the monodispersity of the assembly and the fact that the particles have an almost spherical shape with lower friction, create a crystallisation of the initial assembly of the EOS specimens. In addition, the presence of clusters for tests 02 and 04 may facilitate the creation of a well-dened shear band (as will be discussed in the following sections), and thus a stronger strain softening than for tests 01 and 03. 

Evolution of incremental strain elds

As discussed in Sec. 3.7.3, the displacement of the particles can be projected onto a regular grid, and a strain tensor is then computed for each cubic element. Since the particle tracking, and thus the displacement vector, is incremental (i.e., from scan t to scan t + 1), the resulting strain tensor reects the incremental local changes and is useful to understand the evolution of transient deformation mechanisms along the test. A right Cauchy polar decomposition is used to obtain the strain tensor from the transformation gradient tensor of each element, and it can be decomposed into its volumetric (ε v ) and deviatoric (ε q ) components. While the former accounts for the changes in the volume of the element, the latter represents the changes in shape. Although the strain elds are computed for all the increments along the test, only four selected increments will be described herein. Figure 4.20(a) shows a sketch of the macroscopic stress-strain response observed for the specimens. Four key increments along the test are selected to describe the evolution of the deviatoric and volumetric strain elds. First, increment A is selected in the pre-peak regime, representing the strain hardening phase and the build-up towards the stress peak (increment B). Increment C is selected in the post-peak regime, during the strain softening phase. Finally, increment D is selected during the steady state observed at Chapter 4. Experimental results the end of the test. In all cases, the strain increment corresponds to 0.5 % axial shortening, i.e., two consecutive scans.

Axial shortening [%]

q/p [-] for the selected increments. All the strain elds correspond to a vertical slice taken at the middle vertical section of the specimen. The pre-peak regime for EFR and EFS is characterised by a diuse pattern with higher values of ε q located in the central region of the specimen. This pattern is composed of multiple simultaneous deformation mechanisms with two main conjugated orientations. Especially for the case of EFR, two conical regions at the specimen ends are visible, displaying considerably lower values of deviatoric strain. The fact that the multiple deformation mechanisms are equally active at this point of the test, and no dominant direction is observed. On the other hand, EFS does not have these static conical regions at the ends of the specimen, since the diuse pattern show a mild orientation, running from the upper-right corner to the bottom-left corner.

For both specimens the regions with high deviatoric strain also have moderate values of volume increase (ε v < 0), which is consistent with the macroscopic dilative response of the specimens, see Fig. 4.1.

For the case of the medium particles, a dierent response is observed in the pre-peak regime. A strong concentration of ε q is observed on the lower half of both specimens. The Incremental maximum deviatoric and volumetric strain elds for selected instants of the test distribution of deviatoric strain for EMS is mainly located at the lower end, possibly due to local contractive events, while for the case of EMR the region of higher ε q shows a slight inclination towards the bottom left corner. Both specimens show comparatively higher Chapter 4. Experimental results deviatoric strain than EFR and EFS, and concentrate along a predened direction. The dilative response corresponds to regions of high deviatoric strain. For EMR and EMS, the spatial distribution is wider and shows higher values than EFR and EFS, as expected due to the greater amount of macroscopic dilation. Some local events of contraction (ε v > 0)

can be seen near the lower end of EMS, which can be explained due to the lower local initial void ratio as observed in Fig. 4.10. Finally, a clear dierence between the two rounded particle specimens can be observed. While for the higher friction specimen (EOR) there is a mild concentration of deviatoric strain along the middle section, for the lower friction specimen (EOS) there is a strong concentration of higher values of ε q along the lower end. Additionally, the localisation region of EOR displays a mild inclination towards the bottom left corner, while the EOS specimen shows an almost horizontal distribution of deviatoric strain. Similarly, as for the other specimens, the volumetric strain eld shows a correspondence between the regions of high values of ε q with regions of strong dilation. In addition, some local events of compaction can be seen near the bottom of the specimen.

Increment B is selected so it represents the strain eld at the moment of the peak stress ratio. For EFR and EFS there is a well-dened strain localisation pattern, with an inclination towards the bottom left corner of both specimens. Both specimens have locally higher values of ε q than at increment A, showing an increase in concentration and magnitude of deviatoric strain along the incipient shear band. Similarly, the incremental volumetric strain eld shows higher values of dilation which are localised in the same region as the deviatoric strain. In contrast, the EMR and EMS specimens show a less concentrated pattern, where ε q is starting to localise along a shear band. Additionally, the values of deviatoric strain are considerably higher than for EFR and EFS. However, EMR has a more clear pattern than EMS. At the same time, the volumetric strain elds show a more diuse pattern, with regions of strong dilation with a slight inclination towards the bottom left corner. Interestingly, some local compaction events are observed for EMR inside the emerging shear band, pointing to some local rearrangement of particles. Lastly, the observed dierences for the rounded particle specimens at increment A are still seen at the peak strength increment. While EOR shows a more organised pattern where the forming shear band can be observed, EOS still shows a sparse, unstructured distribution of deviatoric strain near the lower end of the specimen. As for the volumetric strain eld, a concentration of high values of dilation is observed along the shear band of EMR, while for the EMS specimen some compaction and dilation processes take place in dierent regions near the lower portion of the specimen.

As the specimens are compressed beyond (q/p) peak , the stress ratio decreases (strain softening) towards a residual value. For both EFR and EFS specimens, a shear band is clearly visible during the shear softening phase. High values of ε q are observed inside it, along with a wide transition of deviatoric strain towards the non-deforming region (ε q ≈ 0). In contrast, the incremental volumetric strain eld shows a decrease in the number of dilative events inside the shear band, presenting a higher count of local contractive events as well.

This suggests that inside the shear band there are local events of particle rearrangement, as they slide or rotate past each other. However, outside the shear band, the overall volumetric strain is near 0. As the specimens reach a constant value of q/p (increment D), the 4.3. Strain localisation 115 incremental deviatoric strain eld shows a well-dened shear band across both specimens.

In both cases the values of ε q are higher than 4 %, and present a sharp transition to the outside region. Inside the shear band the occurrence of dilative and contractive events is equally distributed, corresponding to the strong particle movement. For the case of the EMR and EMS specimens, the post-peak regimes is also characterised by a visible shear band with high values of ε q . Nonetheless, it can be seen that the shear band is not well-dened yet, since an intermediate transition region is observed contiguous to it with medium values of deviatoric strain. The volumetric strain eld reveals that inside the strain localisation region, dilation is still the dominant mechanism, although some local events of contraction can be observed. It is important to note that the amount of dilative events for EMR is higher than for EMS, as expected given the higher macroscopic dilatancy observed previously (Fig. 4.2(a)). At the nal stage of the test, both specimens show a well-dened shear band, while the outside region presents almost no deformation.

The volumetric strain eld shows a concentration of ε v inside the shear band, with less dilative and more contractive events than in the strain softening phase. Finally, for the EOR specimen, the post-peak regime is characterised by the development of the incipient shear band observed at increment B. As expected, the incremental volumetric strain eld shows a higher concentration of dilative events inside the strain localisation region, due to the macroscopic increase of volume of the specimen at that stage of the test. However, some punctual events of contraction are observed dispersed inside the shear band, pointing to some internal rearrangement of the particles. As the specimen is compressed towards a steady state, the deviatoric strain eld evolves towards a well-dened shear band, with a pronounced dierence between the ε q values inside and outside. A higher count of contractive events during the strain softening regime is observed, consistently with the macroscopic constant volume at the end of the test.

Contrary to all the previous specimens, the incremental deviatoric strain eld of the EOS specimen does not show any emerging shear band during the strain softening phase. Instead, it displays a horizontal region of high deviatoric strain near the bottom of the specimen. Although at increment B (peak stress ratio) the region with high values of ε q shows a slight inclination towards the upper right corner, it is maintained during the post-peak phase, presenting a similar morphology. The volumetric strain eld shows a higher occurrence of contractive events near the top of the specimen than at the previous increment. Finally, at the end of the test (increment D) a well-dened shear band can be observed from the incremental deviatoric strain eld. It is important to note that the creation of the shear band takes place along a short strain increment between the strain softening and the steady state, contrary to the other specimens where the shear band starts to develop even before the peak stress ratio.

As noted in the previous section, the dierence in the strain localisation pattern between the EOSGP01 and the other specimens might be understood in terms of the interplay between the monodispersity of the system, the almost spherical shape, and the lower interparticle friction, which promotes the creation of crystalline structures. To further understand this dierence, Fig. 4.22 shows the incremental deviatoric and volumetric strain eld at the end of the test for all the EOS specimens, including both the tomography 

Morphology of the nal shear band

At the end of the test all the specimens show a shear band pattern, which can be characterised by an inclined band with a given orientation and thickness. To analyse the features of the shear band, the given strain localisation region needs to be rst isolated by applying a threshold over the nal incremental deviatoric strain eld. Afterwards, a plane is tted through a singular value decomposition (SVD), from which the characteristic orientation vector of the band, and thus the inclination and azimuth of the shear band, can be retrieved, as shown earlier in Fig. 4.20(c). However, it is clear that the obtained results are aected by the threshold used to determine the extent of the strain localisation region. Figure 4.23 shows the evolution of the inclination of the shear band (θ SB ) for all the specimens, including the backup test, as a function of the incremental deviatoric strain threshold used. The main test, for which the complete x-ray tomography campaign is performed, is shown with a continuous line, while the backup tests are shown with a dashed line. Regardless of the shape, and the interparticle friction of the particles, the inclination rapidly evolves as the threshold is slightly increased from T = 0 %, and as the threshold is further increased, θ SB reaches a constant value. For some specimens, such as EMR or EMS, the measured inclination of the shear band has a variation for values of T > 4 %, since only a few elements are selected and thus the singular value decomposition becomes highly sensitive to individual events and does not represent the overall orientation.

It is important to note that the variability of the shear band inclination is not always the same from one set of experiments to the other. EFS and EOR specimens all have a rather consistent orientation, but a higher variability is observed for the other specimens. The bimodal macroscopic and mesoscopic response of the EOS specimens, which translates into two separate groups of failure patterns, is evident from the evolution of θ SB . While the main specimen (test 01) and test 03 show a bulging failure that converges towards a mild shear band at the end of the test, tests 02 and 04 show a well-dened shear band, which likely evolves similarly to those observed for the other specimens discussed in this work.

This distinction is clear as the two patterns have distinctly separate inclinations. For this reason, results for the specimens of the EOS group are shown separately for each failure pattern. To delimit the extension of the main shear band, a threshold of 1 % is selected in this work, it captures the highest amount of elements within the strain localisation region, while showing a constant value of θ SB . Both the inclination (θ SB ) and azimuth (α SB ) are retrieved by the SVD, but only the inclination is reported. This is due to the fact that the azimuth depends on the angular orientation of the specimen relative to the x-ray detector, and does not represent any mechanical feature of the assembly. Nonetheless, it is measured and used such that the vertical slices of all the specimens are perpendicular to α SB , thus easing the visualisation of strain localisation. The reported values correspond to the mean measurement observed in the dierent tests performed, while the error bars represent the standard deviation of the measurements.

Rough Smooth

The overall inclination ranges between 45 • and 55 • for all the tests, except for tests 01 and 03 of the EOS specimen, which have a lower inclination of only 30 • . Additionally, it can be seen that although the mean values are slightly dierent between the rough and smooth particles for a given particle shape, the variability of the measurements does not allow establishing any strong eect of ϕ µ over θ SB for the range of parameters used in this work.

It is important to remember that the interparticle friction values used are relatively low when compared to typical friction values found for geomaterials. Regarding the relation of the aspect ratio over θ SB , a positive correlation between them can be observed, suggesting that as the particles deviate from a sphere, the nal shear band is characterised by a higher inclination.
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Flat Medium Round where ϕ is to the mobilised friction angle at the peak stress ratio, and θ C is measured from the direction of the minimum principal eective stress. The Coulomb solution states that the inclination of the shear band corresponds to the direction of maximum stress obliquity, and thus corresponds to a solution that takes into consideration only the stress state (statics ), and no deformation parameter is used. In contrast, Roscoe [START_REF] Roscoe | The inuence of strains in soil mechanics[END_REF] noted that during simple shear tests, failure takes place along the direction of zero-extension, and not along the plane of maximum stress obliquity. Thus, the inclination of the shear band can be expressed as:

θ R = π 4 + ψ 2 (4.7)
where ψ is the maximum dilatancy angle, and θ R is measured along the direction of the major principal strain increment. The previous equation suggests that the shear band takes place along the direction of the maximum strain obliquity, and thus corresponds to a solution that considers only the strain increment (kinematics ), and no shear strength parameter is used. In the case of associated plasticity, the direction of the maximum stress obliquity and the maximum strain obliquity coincide (i.e., ϕ = ψ), and thus the two solutions converge to the same value. However, associativity does not hold for granular materials.

An additional solution is proposed by Arthur [START_REF] Arthur | Plastic deformation and failure in granular media[END_REF], which takes into consideration the inherent discontinuities of granular assemblies. During the pre-peak phase, it is suggested that isolated local simple-shear failures occur, with a symmetrical distribution about the major principal stress direction. These local failures can be understood as local events of strain softening, as the load supported by the grains is transmitted to their neighbours.

The local rearrangements, induce strain hardening and the material can sustain higher stress ratios without macroscopic failure. The proposed failure criterion combines both Coulomb and Roscoe solutions by stating that ... a local simple shear increment is initiated by strain softening (local failure) on a maximum stress-obliquity line and arrested by inter-locking (strain-hardening) centred in a local no-extension direction, which may also be a no-extension direction for the total plastic strain increment [START_REF] Arthur | Plastic deformation and failure in granular media[END_REF]. The direction of the macroscopic principal failure plane, i.e., the inclination of the shear band, is then understood as a combination of simple shear events which, statistically, occur along the noextension direction of the total strain increment and the maximum stress-obliquity plane, with equal probability. The criterion assumes that the triggering simple shear events are equally distributed in orientation and magnitude, and thus the inclination of the main shear band can be expressed as:

θ A = π 4 + 1 4 (ϕ + ψ) = 1 2 (θ C + θ R ) (4.8)
where θ A is measured from the direction of the absolute minimum principal stress.

Using the previously discussed solutions, the orientation of the shear band can be predicted by using the macroscopic measurements of Tab. 4.1. Delimitation of the regions inside and outside the shear band at the end of the test and 03 of EFS do not have a well-dened localisation pattern through the test, they are omitted from the following analysis. For the Coulomb solution (θ C ), it can be observed that for ϕ µ =10 • the inclination of the shear band is expected to increase steadily, while for ϕ µ =5 • it shows a continuous decrease. This is a direct consequence of the evolution of Φ peak , as shown in Fig. 4.3. When compared against the measured inclinations (θ SB ) it can be observed that there is an overal dierence, computed as θ C -θ SB , ranging between 15 • and 5 • . It is important to note that as the aspect ratio of the particles increases, the relative dierence between the measured inclination and θ C decreases, suggesting that as the specimens behave less crystalline, the direction of the failure approaches the assumption of maximum stress obliquity. It should also be noted that the Coulomb solution predicts a strong eect of the interparticle friction, due to the dierence in Φ peak -which, is not observed from the measurements.

In contrast, the Roscoe solution predicts a linear decrease of the inclination of the shear band with the aspect ratio, as a result of the decrease of ψ shown in Fig. 4.3. In this case, the measurements have an error (θ R -θ SB ) of 5 • for the case of AR = 1, which decreases to -5 • for AR = 1.5. As before, the results suggest that as the particles become less spherical, and thus the assembly behaves less crystalline, the orientation of the shear band is closer to the orientation of the maximum strain obliquity. Although Eq. 4.7 predicts a small dierence between the two friction scenarios, it is not as extreme as for the Coulomb solution and shows a better agreement with the measurements. Finally, given that the Arthur model involves both θ C and θ R , its evolution shows a small decrease of θ A as the aspect ratio of the particles increases. However, interparticle friction is still expected to give rise to some dierence in the inclination of the shear band, via Φ peak .

Particle kinematics 121

The shear band morphology is also characterised by its thickness 2d, following the convention used in literature, measured along the direction of θ SB . To compute this, the strain localisation region is rotated such that it has the main orientation of θ SB = α SB = 0, and thus its width can be measured with ease. Each measurement is normalised by the equivalent diameter of each assembly (D eq ), computed as the diameter of a sphere with the same mean volume as the particles. Figure 4.25 shows the width of the shear band as a function of the aspect ratio of the particles for both inter-particle friction values. As observed in literature [START_REF] Finno | Shear bands in plane strain compression of loose sand[END_REF][START_REF] Roscoe | The inuence of strains in soil mechanics[END_REF]301304], the thickness ranges between 10 and 14 D eq for all the specimens. As expected, no eect of the interparticle friction, or the aspect ratio of the particles, on the width of the shear band can be observed, agreeing with the statement of [START_REF] Mühlhaus | The thickness of shear bands in granular materials[END_REF]: ... the width of shear bands is not aected by any geometrical dimensions of a soil other than its grain sizes . Only the case of tests 01 and 03 of the EOS specimens show a strong deviation from the measurements, because of their diuse deformation pattern.

As described in this section, strain localisation is a key feature of the experiments and dominates the strain eld across the specimens. In this work each subset is analysed separately to compare the evolution of particle kinematics and fabric inside and outside shear band. The same threshold of ε q > 1 % is applied to the last incremental deviatoric strain eld, to isolate the strain localisation region. The particles that have their centre of mass inside it are identied and stored in a list. As an example, Fig. 4.26 shows the outline of the two regions at the end of the test for all the specimens.

Particle kinematics 4.4.1 Particle rotation

The previous section described the evolution of strain localisation along the test, which can be mainly understood as a consequence of strong particle rearrangements. To further understand the origin and development of strain localisation, it is important to consider the kinematics of the particles themselves. It has been previously observed that the particle rotation shows a strong relationship with the regions of high deviatoric strain [START_REF] Andò | Experimental micro-mechanics of granular media studied by x-ray tomography: recent results and challenges[END_REF][START_REF] Iwashita | Rolling resistance at contacts in simulation of shear band development by dem[END_REF][START_REF] Oda | Micro-structure developed in shear bands of dense granular soils and its computer simulationmechanism of dilatancy and failure[END_REF]. In this work, the rotation of particles is computed through the rotation of the orientation vector and is represented using a vector-angle system. This follows Euler's rotation theorem, which states that an arbitrary rotation of a body (ω) can be reduced as a single rotation along a given axis, thus ω = ∥ω∥e ω . Given two orientation vectors of the same particle at dierent instants of the test (v 1 and v 2 ), the axis of rotation is e ω = v 1 ⊗ v 2 , where ⊗ is the cross product; while the magnitude is computed as respectively. For the at particle specimens, some regions have wide areas of high particle rotation, especially around the middle section of the specimen, during the strain hardening For EMR and EMS, no particular pattern is observed during the hardening phase. Although some small clusters of high particle rotation can be seen near the upper cap of the specimens, there is no strong correlation between the deviatoric strain and ∥ω∥. This suggests that for these specimens, particle rotation is not as determinant for ε q at this point of the test as for the EFR and EFS specimens. At the peak state, the EMR specimen show a concentration of ∥ω∥ along an inclined plane, which can be related to the emerging shear band. Contrarily, the EFS specimen does not show any strong concentration of particle rotation, and only a diuse distribution of ∥ω∥ is observed. As the specimens enter the strain softening phase, particle rotation focuses along the incipient shear band. For EMS, in particular, it can be seen that the particles outside the strain localisation region still show some medium values of ∥ω∥, which is not the case for the EMR specimen. Although in both specimens there is a concentration in the regions with high ε q , the dierence in ϕ µ hinders the particle rotation outside the shear band. At the residual state, both specimens show a clear concentration of ∥ω∥ along the shear band. However, there is a clear dierence in the width of the concentration region, since it is wider for EMS than for EMR. The previous observation on the dierence of particle rotation outside the shear band is still applicable, since for EMR is near 0 • , while for EMS is close to 2 • . Finally, the rotation elds of the EOR and EOS specimens shows a dierent evolution than the previous test. During the hardening phase, some particles with high rotation are observed, but they do not have any structured spatial distribution. This is also observed at the peak state, where despite the presence of regions with high ε q no correlation can be seen. As the specimens are further compressed, a slight concentration of particle rotation is noted in both cases along the strain localisation region, although it is not as marked as for the other specimens. At the residual state, the particles inside the shear band have high ∥ω∥.

∥ω∥ = cos -1 ((v 1 • v 2 )/(∥v 1 ∥∥v 2 ∥)).
Nevertheless, several particles outside the strain localisation region also have high values of rotation as well. This can be explained due to the relation between the particle aspect ratio and the disturbance to the neighbouring grains. For nearly-spherical particles, a local rotation can take place without strongly aecting the nearby particles, thus easing the kinematic constraints of particle rotation. However, for more elongated particles, the rotation is highly restricted, since even small degrees of ∥ω∥ produce a larger impact on the surrounding grains.

In summary, inside the shear band there is a higher concentration of particle rotation than the outside of it, and thus it is important to understand the evolution of each subset separately For this, the denition of the strain localisation region given in Fig. 4.26 is used to separate the particles into the two groups. Then, for each strain increment, the rotation of the particles is measured individually, yielding two distributions that can be characterised by their mean value ( ∥ ω∥) and standard deviation (σ(∥ω∥)). The upper row of Fig. 4.28 shows the evolution of the mean rotation inside and outside the shear band, while the bottom row shows their standard deviation. To mark the dierent phases of the test, the occurrence of the peak stress ratio is marked with a cross symbol. It can be seen that for the EFR and EFS specimens, the particles inside the strain localisation region start to rotate during the strain hardening phase. For the outside subset, an initial increase can also be observed, but not as strong as for the rough scenario. At 5 % of axial Chapter 4. Experimental results

shortening, the particles inside the shear band increase their mean rotation, while the outside subset decreases. As the specimens are compressed past their peak stress ratio, the rotation of particles inside increase continuously, reaching a maximum value of ∥ ω∥ = 1.4 • . No strong dierence can be seen between the two friction scenarios inside the shear band. However, for the outside subset, there is a higher rotation of particles for the ϕ µ = 5 • specimen. Regarding the spread of the particle rotation distribution, it can be seen that inside the shear band it continuously increases along the test, while for the outside it remains rather constant. This suggests that inside the shear band the rotation of the particles is not homogeneous. Similarly, as before, both specimens show a similar response, suggesting that the interparticle friction does not aect the particle rotation distribution for this aspect ratio. shortening, inside the shear band, the mean rotation reaches a constant value of ∥ ω∥ = 2.4 • . For these specimens, interparticle friction plays a stronger role than for EFR and EFS. For both subsets (inside and outside the shear band), the mean rotation is higher for the ϕ µ = 5 • specimen than for the ϕ µ = 10 • specimen. Additionally, it is important to mention that the magnitude of ∥ ω∥ is almost twice that on EFR and EFS, likely due to the lower degree of particle interlocking. The spread of the distribution shows a similar response to the at particle specimens. Inside the shear band, σ(∥ω∥) increases along the test, reaching a constant value near the end of the test, but outside the variability decreases continuously. The scattering is considerably higher for the EMR and EMS specimens than for the EFR and EFS specimens. This may be due to the fact that for higher aspect ratios, the particles need to rotate coherently to their neighbours, while for lower aspect ratios, local events of high rotation can take place without strongly aecting their surroundings.
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Finally, for the rounded particle specimens, the mean rotation inside the shear band increases at the beginning of the test, and reaches a constant value during the strain softening phase, while for the outside subset it decreases. In both cases, the residual value is reached at roughly 5 % of axial shortening and is considerably higher than for the previous specimens. Additionally, a strong eect of interparticle friction can be observed. The mean rotation is higher for the ϕ µ = 10 • specimen than for the ϕ µ = 5 • specimen. This can be explained due to the dierent patterns that govern the failure of each specimen. While EOS shows a diuse failure, EOR has a well-dened shear band that evolves continuously throughout the test. For both specimens, σ(∥ω∥) is almost constant value along the test, but a clear dierence can be observed between the inside and the outside subset since the former shows a considerably higher spread than the latter. It is important to note that in both EOS and EOR, the measured values of mean rotation and standard deviation are signicantly higher than for any other specimen, supporting the inverse relationship observed between the particle rotation and aspect ratio.

While the analysis of ∥ ω∥ provided some answers regarding the particle rotation that takes place inside the specimen, it is also important to examine the axis of rotation (e ω ). It might be expected that the rotation of the particles takes place along a specic plane, which could be related to the orientation of the shear band, as seen in [START_REF] Ando | Experimental investigation of microstructural changes in deforming granular media using x-ray tomography[END_REF]. The vectors e ω are rotated along the XY plane by a magnitude of α SB , i.e., the azimuth of the shear band, to simplify the comparison. This implies that the directions Orientation of the rotation axis for the particles inside the shear band at the end of the test. All the vector are rotated by α SB , such that α =0 • is the azimuth of the shear band process, where the particle rotates mainly in the plane normal to the shear band. This behaviour is also observed for the EFS specimen, but with a wider spread around the two main directions. This can be explained partially due to the lower friction of the assembly, which imposes fewer constraints on the rotation of the particles. For the EMR specimen there is also a concentration along the same two directions, but with a broader distribution than for EFR. This might suggest that the particle shape does not play as strong role in the rotation inside the shear band as for the EFR and EFS specimens. In contrast, for the EMS specimen the two main directions are no longer visible, and the dispersion of e ω is such that one major range θ =90 • , 90 • <α<270 • concentrates the rotation vectors. Finally, for the rounded particle specimens, no clear concentration of e ω can be seen for either of the friction scenarios. As observed from the particle rotation elds, at the EMR and EMS specimens the particles have a rather unrestricted rotation, since local events of high values of ∥ ω∥ do not aect their surroundings as much as for the other specimens. This translates into a dierent distribution of the rotation vectors, as seen from the orientation plots, as well as a less spatial concentration, as observed from the rotation elds. These results show that the particle shape and interparticle friction control the alignment of the rotation vectors along an axis aligned with the shear band. This coaxiality is stronger for higher aspect ratios and higher ϕ µ . Analogously to particle rotation, the incremental displacement of each particle can be used to describe the kinematics of the specimen as it is subjected to deviatoric loading.

[θ =90 • , α =90 • ] and [θ =90 • , α =180 • ] correspond
It is thus important to understand how the displacement eld evolves through the test, and more importantly, how it relates to strain localisation. For this, the magnitude of the incremental displacement (δd) of each particle along the height of the specimen is retrieved for each strain increment, and detailed in Fig. 4.30. Given that the driving load is applied at the lower part of the specimen, it can be seen that the initial incremental displacement of the particles at the minimum specimen height is near 7 pixels for all of the tests, which corresponds to the imposed axial increment of 700 µm. Additionally, a linear trend is observed at the rst strain increment, where the magnitude of the incremental displacement gradually decreases reaching a value of 0 at the top of the specimen, with an inexion point near the middle section. As the specimens are compressed, and the minimum height increases, the magnitude of the particle's displacement at the lower part increases as well, suggesting that the incremental displacement vector has non-zero components along the X and Y axis, addition to the imposed 7 pixels along the Z axis. However, this increase of δd at the lower part is not monotonic since there is a sudden increase during the early stages of the test, which might point to the onset of the shear band. Moreover, the curvature around the inexion point dramatically increases, resulting in a steep sigmoid curve, evidencing the presence of strain localisation. As the specimens are further compressed, the maximum incremental displacement of the particles increases, reaching a maximum value of δd = 10 pixels for some tests, without any changes to the shape of the prole. Further compression of the specimens leads to the decrease of δd, reaching a static prole at the end of the test.

Due to the presence of a well-dened shear band at the end of the test, the incremental displacement eld of the specimens can be simplied by using a model of two sliding blocks, along a plane with an inclination of θ SB . This simplication relates the magnitude of the incremental displacement with the imposed vertical incremental displacement δy at any point of the test as:

δd = δy csc(θ) (4.9)
Although this model is rather a strong simplication, it enables the description of the evolution of the incremental displacement at the lower part of the specimens. At the beginning of the test, the strain eld can be considered homogenous, and thus no sliding occurs between the two blocs (i.e., θ = 90 • ), meaning that the magnitude of the incremental displacement is equal to the imposed vertical incremental displacement (csc(90 • ) = 1). However, as the shear band starts to emerge, the magnitude of the displacement starts to increase, as a consequence of θ <90 • . As observed from the deviatoric strain elds of Fig. 4.21, as the shear band emerges it shows a rather diuse pattern with a less steep inclination than θ SB , and thus explains the higher values of δd. As the specimens are further compressed and the shear band evolves towards its nal morphology,
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Strain increment a mild positive correlation between the aspect ratio of the particles and the inclination of the shear band is found, without any eects of interparticle friction. By comparing the nal proles for any given particle shape, it can be seen that no strong dierence can be found for each friction scenario, agreeing with the predictions of the model. Furthermore, it can be seen that the nal maximum incremental displacement for the EFR and EFS specimens is lower than for the medium and rounded particle specimens, due to the lower inclination of the shear band.
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Nonetheless, it is also of interest to understand the directional features of the particle incremental displacement, i.e., to determine if the particles are moving along a specic direction. Given that strain localisation is strongly related to the kinematics of the test, it is straightforward to project the incremental displacement vectors along a characteristic hardening phase (increment A), the incremental displacement eld is not homogenous, and a clear gradient is seen for all the specimens. The incremental displacement along x ′ ranges between 0 to 4 pixels, and the gradient shows an inclination towards the lower right corner. Even though the shear band is not yet well developed at this point of the test, the incremental displacement eld already shows the predominant direction of the emerging strain localisation region. Although an inclined gradient can be seen for EFR, it is not as marked as for the other specimens. This is due to the multiple deformation mechanisms active at the same time, as observed from the incremental deviatoric strain elds of Fig.

4.21.

As the stress ratio reaches its maximum value at increment B, the incremental displacement along the direction of the shear band increases, and the two-block system starts to develop. A clear transition zone between the lower block, with values of ∥d x ′ ∥ = 8 pixels, and the static upper block is visible for most of the specimens. Specically, there is a strong gradient for the EFR, EFS, and EMR specimens, while for the EMS, EOR, and EOS specimens the spatial variation of incremental displacements is not as pronounced.

In contrast, during the strain softening phase, the two-block system can be observed for all the specimens: the lower block slides as a rigid body along x ′ over the upper block, which remains static. The transition zone between them has decreased its width, as a result of the shear band evolving towards its nal shape. The dierence in the failure patterns of EOS, a diuse failure rather than a well-dened shear band, is evident at this point of the test. Although it shows a mild gradient with a slight inclination towards the lower right corner, the values of ∥d x ′ ∥ are in the order of 4 pixels, and the gradient is not comparable to the one observed for the rest of the specimens. Finally, at the end of the test (increment D) the transition zone narrows its width and contains only a few grains, as the shear band reaches its nal morphology. For all the specimens, except for EFS, the incremental displacement inside the lower block is rather homogeneous, with a value of ∥d x ′ ∥ > 8 pixels. As expected, the residual state is characterised by a concentration of particle incremental displacement along the direction of the shear band, with a clear separation of the two kinematic blocks. A small horizontal gradient is observed for the lower block of EFS, which suggests that there is a slight rotation of the bottom cap.

As the shear band corresponds to the transition zone between the two sliding blocks, it is of interest to compare the magnitude of the incremental displacements that take place inside of it among the dierent specimens. As expected, the location of the rst peak is similar among all the specimens, given that it corresponds to the static block. In contrast, the location of the second peak varies according to the particle shape and interparticle friction. Due to their elongation, it might be expected that the at particles have a higher magnitude of incremental displacement since their shape promotes the sliding of particles along their long axis. Moreover, between the two interparticle friction values, it is expected that the smooth particles display a higher δd, given the lower shear resistance at the contact. Surprisingly, the distributions show a dierent result. The highest value of particle incremental displacement is found for the EMR specimen, followed by EFR, EOR and EOS. In contrast, the EFS specimen shows the lowest value of δd. These dierences can be explained by the degree of interlocking for a given particle shape. For the case of at particles, sliding is strongly enhanced when the particles are parallel to each other, otherwise, their aspect ratio forces them to rotate and allow displacement. Their high aspect ratio also implies a strong interlocking among the neighbouring particles, suggesting that particle rotation is hindered, as it was previously observed from the particle rotation results of Fig. 4.28. The deformation process inside the shear band forces the particles to rotate, and even if the EFR specimen has the highest degree of initial particle alignment, the magnitude of the incremental displacement is strongly restrained by their interlocking. In contrast, the high value of δd of EMR suggests that its mild aspect ratio enhances the sliding of particles along their long axis, while the interlocking is decreased. Histogram of incremental displacement magnitude (δd) for the particles inside the shear band at the last strain increment of the test However, the previous analysis does not explain the dierences between the rough and smooth scenarios, since a higher incremental displacement is observed for specimens with higher interparticle friction. To understand these contradictory results, it is important to recall the initial particle alignment of the specimens. As observed from Fig. 4.16, the initial arrangement is more isotropic for assemblies with lower friction. As particles are no longer aligned, the incremental displacement is highly restricted due to particle interlocking. This not only explains the dierences between the rough and smooth specimens but also the fact that EFS shows the lowest value of δd. It not only shows a considerably lower value of initial particle arrangement but also the higher aspect ratio of the at particles strongly obstructs particle sliding. It is important to note that in this previous displacement analysis, the movement of the centre of mass of the particles can be due to sliding or rotation.
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Fabric evolution 4.5.1 Porosity evolution

The evolution of microstructure, or fabric, is of utmost importance to understand the behaviour of granular materials since it links the behaviour of individual particles to the macroscopic response of the specimen. As detailed before, porosity (n) is the simplest descriptor of fabric and can be computed with ease directly from the labelled images at each point of the test. It was observed from Fig. 4.10 that the initial porosity eld of the specimens can be considered homogeneous. However, it might be expected that during deviatoric loading the spatial distribution of n becomes heterogeneous, as a result of particle rearrangement.

Figure 4.33 shows the overview of the porosity elds for the selected strain increments, along with the bivariate maps that correlate the spatial distribution of n and incremental deviatoric strain (ε q ). As introduced in Sec. 3.9.1, the bivariate maps enable the quanti- cation of the spatial correlation between two discrete elds by classifying their occurrences.

For the following analysis, the low, medium and high categories correspond to n < 0.2, 0.2 < n < 0.3, n > 0.3 for the porosity eld, while for the incremental deviatoric strain eld is: ε q < 1%, 1% < ε q < 2%, ε q > 2%. For the EFR and EFS specimens, during the pre-peak regime porosity is rather homogeneously distributed, and no clear pattern can be observed. At the peak state, a slight concentration of high porosity values can be seen in the middle section of the specimen, possibly due to the emergence of the shear band. This concentration becomes clearer as the specimens are sheared towards a residual state, where high values of n concentrate along the middle section, imitating the shape and orientation of the shear band. The bivariate maps show that during the strain hardening phase, the porosity eld is not homogenous, as previously stated since medium and high values of porosity are spatially correlated with medium and high values of ε q . The correlation becomes more evident at increment B, where only the region that comprises the emergent shear band has medium/high values of n. As the shear band evolves and the specimens reach their residual state, a spatial correlation between high values of porosity and deviatoric strain can be seen, while outside the shear band the values of n tend to be near in the order of 0.2-0.3. Similar behaviour can be observed for the EMR and EMS tests. Until the specimens reach their peak strength, the porosity eld seems to be homogeneous, without any clusters. However, as the specimens enter the strain softening phase, high values of n start to concentrate along a plane inclined towards the bottom left corner. The bivariate maps reveal that during the strain hardening regime there is a gradient of n since the emergent shear band concentrates high values of porosity. During the post-peak phase, porosity further concentrates along the shear band, similarly for EFR and EFS. Finally, the evolution of n for the EOR and EOS specimens shows no indication of localisation during the early stages of the test. However, at the peak strength, some concentration can be seen at each specimen imitating their failure pattern: while EOR shows some localisation of n on the middle section along an inclined plane, EOS has a strong concentration of porosity near the upper cap. As the specimens enter the strain softening regime, the localisation of n becomes clearer, while at the residual state it seems that the 4.5. Fabric evolution 133 two shear bands concentrate high values of porosity. Similarly to the other specimens, the bivariate maps show that the porosity eld is strongly correlated with the evolution of the incremental deviatoric strain. From the early stages of the test, medium and high values of n are concentrated along the regions with medium and high values of ε q . The spatial correlation of porosity follows the failure patterns of each specimen. On one hand, EOS shows a strong evolution of n near the upper end of the specimens for most of the test, pointing to the strong deformation processes that take place near the cap, and eventually converge into a shallow shear band at the residual state. On the other hand, EOR shows a spatial correlation of porosity and ε q directly from the hardening phase, which follows the emergence of the shear band and its evolution towards its nal morphology.

These results show that if only the porosity eld is taken into consideration, it may seem homogenous during the early stages of the test. However, the use of bivariate maps reveals that n is spatially heterogeneous even from the start of the compression test. The high values of porosity are spatially correlated with the zones of strain localisation, as a result of strong particle rearrangement that takes place inside them.

The previous porosity elds can be used to compute the evolution of the bulk porosity at each point of the test. Additionally, their spatial autocorrelation, i.e., the presence of cluster, can be assessed through the computation of Moran's I, as explained in Sec. 3.9.2

In brief, a value of I = 0 corresponds to a perfectly random distribution of n, while a value of I = 1 represents a perfect clustering of porosity inside the specimens. a constant value at the end of the test. However, some dierences can be seen depending on the shape of the particles and the interparticle friction. For the case of ϕ µ =10 • (rough), EFR has a nal value of n = 0.311, while EMR and EOR have a higher nal porosity of 0.375 and 0.368, respectively. This values translate into a relative increase of 15 % for the case of EFR, while for EMR and EOR is in the order of 6 %. This dierence can be explained due to the dierent deformation mechanisms at the particle scale that take place inside each specimen. Although higher values of particle rotation are measured for EMR and EOR (as seen Fig. 4.28), the impact of local events of rotation on their neighbours is not signicant due to their lower aspect ratio. In contrast, EFR shows a maximum mean particle rotation of only 1.4 • , but given their higher aspect ratio, a local rotation event has a greater impact, further deforming its surroundings and thus having a higher relative increase of porosity. Nonetheless, the magnitude of rotation is still higher for EMR and EOR, and thus has a higher value of porosity. For the case of the smooth particle specimens, similar overall behaviour is observed. While EFS has a nal bulk porosity of 0.336, EMS and EOS have 0.35 and 0.36, respectively, which translates into a relative increase of 7 %, 6 %, and 6.1 %. However, the relative increase of EFS is almost half compared to EFR. This can be understood as coming from the dierences in particle displacement along the direction of the shear band. As described previously in Fig. 4.31, EFR concentrates a higher amount of particle displacement inside the shear band than 3, respectively, while deviatoric strain are classied as: ε q < 1%, 1% < ε q < 2%, ε q > 2%.

4.5. Fabric evolution 135 EFS, and thus the particle rearrangement is higher for the rst case. This causes also a higher relative increase in terms of porosity at the bulk scale. Additionally, it can be seen that the transient phase between the initial and nal value of porosity is aected by interparticle friction. The amount of axial shortening required to achieve the nal value of n increases substantially as interparticle friction is decreased, as a result of a slower evolution of strain localisation.
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Moran's I The evolution of Moran's I follows a similar trend as the bulk porosity, presenting a transient phase between an initial and nal value. It is important to note that the higher values of I at the end of the test point to the presence of porosity clusters, as a result of strain localisation. Surprisingly all the specimens reach a similar nal value of 0.22 independent of their initial value, except for EFR, which might be related to the consistency of the shear band thickness at the end of the test. Moreover, it can be seen that for a given interparticle friction scenario, the aspect ratio has an eect on the axial shortening needed to start the transient regime. While for the EOR and EOS specimens the value of Moran's I starts to increase from the early stages of the test, the EFR and EFS specimens only display an increase of I after 8 % of axial shortening. This can be understood as a result of the delayed emergence of the shear band for the specimens with higher aspect ratio, due to a greater interlocking between particles.

Chapter 4. Experimental results

The evolution of the bulk porosity oers some insight into the development of the compacity of the specimens, the strong dierence between the inside and outside the shear band imposes important constraints on the representativeness of the bulk measurements. It is thus important to evaluate the evolution of n for each subset. As observed previously, the shear band dissects the specimen into three regions with dierent local values of porosity:

an upper static block, a dynamic strain localisation region, and a lower static block. To evaluate the local evolution of n inside each of these regions, the delimitation detailed in Fig. 4.26 is used, and for each scan, a local cubic subset of 100 3 pixels is extracted to measure the porosity. The size of the cubic element is set such that it is bigger than the representative element volume of porosity, set at 40 3 pixels according to Fig. 3.27, but small enough such that it ts inside each region without measuring outside of it. The centre of each cubic subset is located a the centre of each region (upper block, shear band, lower block), and thus it moves accordingly to the test.

Inside Upper block

Lower block are subjected to shear, there is a dierent response in each region. For the two subsets outside the strain localisation region, there is a slight increase of n at the beginning of the test, but it reaches a constant value shortly after. This shows that the two subsets are rather static, and only have a small evolution during the initial increments of the test. It should be noted that the upper region of the EOS specimens does not follow the previous observation. This can be explained by the fact that the failure pattern does not correspond to a well-dened shear band that evolves continuously. This causes the local porosity of the upper blocks to increase drastically along the test, while the porosity inside the lower block remains almost constant. Inside the shear band, it can be seen that right after the beginning of the compression n starts to increase rapidly, reaching a constant value near the end of the test. Despite showing similar trends, some dierences can be observed between each specimen. First, the test with ϕ µ =10 • (rough scenario) has a higher porosity inside the shear band than the specimens with ϕ µ =5 • (smooth scenario), as expected due to the higher macroscopic dilatancy. For the case of the rough friction scenario, all three specimens reach a similar value at the end of the test, independent of their aspect ratio. On the contrary, the specimens with lower friction display a nal value of n that decreases as the aspect ratio of the particle increases.
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Coordination number

A further description of the microstructure of the granular assemblies is their connectivity, which is represented by the coordination number (z), i.e., the number of contacts that each particle has at a given instant. Using the methods described in Sec. 3.6.4, the coordination number is computed for each scan directly from the labelled images. To visualise the spatial distribution and homogeneity of z, the measurements are projected onto a regular mesh of cubic elements of 40 3 pixels in size for most of the specimens (35 3 pixels for the EFR specimen). The coordination number of each element of the mesh is computed as the mean z of the particles whose centre of mass is inside the cubic element, whereas the size of the mesh is selected to be equal to that of the porosity and strain elds, to facilitate their comparison.

Figure 4.36 shows the overview of the coordination number eld at the beginning of the selected strain increments, along with the bivariate maps that correlate the spatial distribution of z and the incremental deviatoric strain (ε q ). The low, medium and high categories are set as z < 4, 4 < z < 6, z > 6 for the coordination number, and ε q < 1%, 1% < ε q < 2%, ε q > 2% for the deviatoric strain. For the case of the EFR and EFS specimens, some concentration of lower z along the middle section can be observed during the strain hardening phase. The bivariate maps show that there is a spatial correlation between intermediate values of z and ε q along the upper half of each specimen, with some strong concentration of higher ε q and lower z on the centre region, due to the emergent shear band. As the specimens reach their peak stress ratio, the middle section increases its concentration of lower coordination number. This is stronger for EFR than for EFS, possibly due to the higher values of ε q achieved for EFR as observed in Fig. 4.21. Although the bivariate maps show that there is a spatial correlation between high deviatoric strain and low coordination numbers, it can be observed that some regions outside the emerging shear band also have lower and intermediate values of z. As the specimens are further sheared, the extent of the lower z region increases along the middle section, and a strong spatial correlation between the shear band and lower coordination numbers can be observed. However, the regions that are outside the strain localisation zones also show some intermediate and low values of z. This can be explained due to the microstructural changes that occur inside these regions while the shear band develops through the test, aecting dierent regions of the specimens. However, once strain localises along the shear band these regions remain static. At the residual state, lower values of z are observed inside the shear band, as well as outside of it, as a product of the progressive decrease in thickness of the strain localisation zone.

Regarding the EMR and EMS specimens, the strain hardening phase shows some internal variation of the coordination number, but not as concentrated as for EFR and EFS. The bivariate maps show that there is a correlation between regions of medium z and medium ε q on the upper half of the specimens. At peak stress ratio, lower values of coordination number concentrate along the middle section of the specimens, and the bivariate maps display a relation between lower values of z and the regions where the shear band is starting to emerge. During the post-peak phase, the coordination number in the middle section decreases, while there is a strong spatial correlation with high values of deviatoric strain. Similar to the EFR and EFS specimens, the EMR and EMS specimens have lower values of z outside the main strain localisation zone at the end of the test, revealing that those regions were aected by the development of the main shear band at some point of the test. Finally, EOR and EOS appear to have a rather random spatial distribution of coordination numbers during the hardening phase. However, the bivariate maps show that there is a concentration of intermediate and lower values of z near the upper region of the specimens, especially in the zones where the values of ε q are intermediate and high. As the specimens reach their peak stress ratio, the spatial occurrence of lower coordination number increases for both specimens, without any clear pattern. The bivariate maps reveal that the regions of high deviatoric strain concentrate lower values of z as well. Nonetheless, the adjacent zones show lower and intermediate coordination numbers, pointing to previous deformation processes. Along the post-peak phase, the overall concentration of lower z increases around the middle section of both specimens, and similarly to the other test, the shear band is characterised by a lower coordination number as a product of particle rearrangement.

These results show that while there is a strong spatial correlation between the coordination number and strain localisation, it does not have such a strong spatial gradient as the previous variables, such as ε q , ε v , n, or particle rotation. Two main reasons can explain this dierence. First, the coordination number is measured at a given point of the test, and thus corresponds to a punctual measurement, in contrast to the incremental nature of strain or particle kinematics. This implies that the measurements of z at a given point of the test convey the history of that particle, whereas it is not the case for incremental measurements.

Thus, the regions outside the main shear band may have lower and intermediate values of z, due to the presence of past deformation processes, either at the initial part of the 4.5. Fabric evolution 139 test -as dierent deformation mechanisms are active -or during the post-peak phase, as the shear band evolves towards its nal morphology. Secondly, the measurement of z is highly sensitive to small changes in the contact network, since the contact detection process yields binary results, i.e., either two particles are in contact or not. In contrast, porosity, deviatoric and volumetric strains are not as sensitive to local fabric changes and require stronger particle rearrangements to reveal microstructural changes.

To quantify the evolution of the global connectivity of the specimens, Fig. 4.37 shows the mean coordination number as a function of axial shortening. It can be seen that during the strain-hardening phase, there is a strong drop in the average coordination number, as a result of particle rearrangement. Additionally, it can be seen that z evolves towards a constant value for most of the specimens. Although this could suggest that contacts are no longer lost between particles, it was observed that after the onset of strain localisation, the particle rearrangement inside it is a continuous process. Thus, the contact loss is balanced by the creation of new contacts, such that the average coordination number, or analogously the number of contacts in the system, remains constant. Moreover, some dissimilarities can be observed between the dierent specimens. Independently from the value of interparticle friction, it appears that the medium and rounded particles specimens reach a constant value of z after only 5 % of axial shortening, while the at particle specimens have a slower decrease of coordination number. Even at the end of the test, the average z appears to continue to evolve towards a constant value. This dierence in the evolution of the average connectivity is partially due to the dierent evolution of the shear band for each test. Strain localises faster for the rounded and medium particle specimens than for the at particles. Additionally, the particle shape plays a strong role in the maximum number of contacts that a given particle can support. It has been shown

that as the particle shape deviates from the sphere, the average coordination number rapidly increases, as a result of higher rotation degrees of freedom [START_REF] Donev | Improving the density of jammed disordered packings using ellipsoids[END_REF]. This aects the variability of these measurement, as implied by the jumps of z for EFR and EFS, and hinders the convergence towards a stable state.

In contrast, interparticle friction has a milder eect on the coordination number, especially on the amount of axial shortening that is required to achieve a constant value. For the rough surface specimens, there is a sharp reduction in the average coordination number which rapidly reaches a constant value, while for the smooth surface specimens a larger amount of axial shortening is required. This is especially evident for EFR and EFS, where the former shows a slow convergence towards a constant value of z, while the latter shows a continuous decrease. The residual value of coordination number is lower for the rough specimens than for the smooth surface specimens, suggesting that the spacing between particles is higher for the former than for the latter, as a product of a lower average number of contacts. This agrees with the results of the macroscopic strain observed previously in Fig. 4.1, where the rough surface specimens show a higher maximum volumetric strain, as well as a higher dilatancy than their smooth surface counterparts. The coordination number elds show that z does not localise as strongly as other variables. However, for the sake of completeness, the evolution of Moran`s I, as a measurement of spatial autocorrelation, is shown as well in Fig. 4.37 as a function of axial shortening. As Evolution of coordination number (z) eld and bivariate map with incremental deviatoric strain along the test. Low, medium and high values of z are classied as: z < 4, 4 < z < 6, z > 6, respectively, while deviatoric strain are classied as: ε q < 1%, 1% < ε q < 2%, ε q > 2% To further examine the evolution of connectivity inside the specimens, the average coordination number is computed separately for the particles inside and outside the main shear band and is described in Fig. 4.38. It can be seen that both regions have similar initial values, and as the specimens are compressed, both subsets display a pronounced decrease towards a constant value. It can be seen that outside the shear band the average coordination number converges faster to a residual value, while the particles inside the shear band decrease faster their average number of contacts, and reach a lower value of z. While a constant average coordination number is achieved in both subsets, it does not represent the same phenomena. On one hand, the constant value for the outside region is due to the almost inexistent particle rearrangement due to strain localisation, and thus the contact network remains rather static. On the other hand, inside the shear band, there is a strong particle rearrangement and thus the constant value corresponds to an equilibrium between the number of lost contacts, and the amount of created contacts for a given strain increment. While the evolution for the medium and rounded particle specimens is rather similar, presenting just an oset on the initial and nal values of z, there is a strong dierence with the at particle specimens. A constant average coordination Chapter 4. Experimental results number is achieved after only 5 % of axial shortening for the case of the medium and rounded particle specimens, while for the EFR and EFS test the connectivity inside the shear band continues to decrease even at the end of the test. Finally, the comparison between the rough and smooth specimens suggests that beyond aecting the initial and nal values of z, interparticle friction does not have any strong eect on the evolution of the connectivity of the contact network for the specimens used in this work. 

Flat

Fabric tensor evolution

A further description of the internal structure of the specimens involves the orientation of the individual components, both particles and contacts between them. As detailed in Sec. 3.7.2, a distribution of vectors can be represented through a 2nd-order fabric tensor N [START_REF] Ken-Ichi | Distribution of directional data and fabric tensors[END_REF], which encapsulates information such as the shape, the mean orientation, and the degree of concentration around the latter. However, before analysing the evolution of N it is important to visualise the raw vectors, to better grasp the morphology of the distribution and understand the evolution of the fabric tensor. Since the objective is to perform a quantitative analysis of the nal morphology of the distribution, the colour scale represents the minimum and the maximum number of counts, which varies among specimens and subsets. It can be seen that at the end of the test, there is a clear dierence in the morphology of the particle orientation distribution which appears to be related to the aspect ratio of the particles. For the EFR and EFS specimens, a non-spherical shape with a clear vertical orientation can be observed for both subsets.

However, it seems that the main orientation inside and outside the shear band is not the same, as the former is more inclined than the latter. Additionally, outside the shear band, there is a wider spread of vectors around the mean orientation than inside. In the EMR and EMS specimens, similar results can be observed, with the main dierence that the concentration of vectors around the mean orientation is lower when compared to the previous specimens. Finally, the EOR and EOS specimens show a rather isotropic distribution of particle orientation vectors, both inside and outside the shear band. Although a mean orientation can be computed mathematically, it lacks physical meaning, since the result will be inuenced by local events of high counts and not by the morphology of the distribution. Fig. 4.40 shows the distribution of contact normal vectors at the end of the test, for both inside and outside the shear band. The count range is expressed in terms of the minimum and the maximum number of counts for each distribution. As expected, the overall spread of the distributions is higher than for the particle orientation results, due to the isostasticity of the contact network. For EFR and EFS, a vertical alignment of contacts can be observed for both subsets, while the concentration around the mean orientation is higher inside than outside the shear band. The spread of the distributions increases as the interparticle friction decreases since more counts can be observed along the directions perpendicular to the main orientation. As the aspect ratio of the particles decreases, the overall spread of the distributions increases considerably, as the EMR and EMS specimens show a lower concentration around their principal orientation. Additionally, for the outside subset, the spread becomes such that it dees the denition of a mean orientation. It could be expected that the contact vectors of the EOR and EOS specimens show a rather isotropic distribution, as observed previously for the particle orientation vectors, but it is not the case, since both specimens show a slightly elongated distribution, with a mean orientation aligned with the vertical axis. However, several local peaks can be seen, which might induce a wrong measurement of the mean orientation. i.e., particle-based and contact-based, and for each of the subsets of interest -inside and outside the shear band. Additionally, dierent symbols are added to point to key instants of the test. A circle is used to denote the starting point, while a triangle shows the end of the test. The occurrence of the peak stress ratio is denoted with a cross symbol, to simplify the analysis of the strain hardening and strain softening phases, as well as the eect of the emergence of the shear band, which can be assumed to be present at (q/p) peak .

Regarding the particle-based fabric inside the shear band, it can be seen that the starting point for all the specimens is in the range 0.87 < S/I < 0.98, and 0.65 < I/L < 0.85, near the interface between the regions II and III. However, as the specimens are subjected to deviatoric loading, there is a clear dierence in the evolution of each distribution.

Specimens EFR and EFS start to decrease their I/L ratio towards region II, meaning that the long axis of the distribution becomes more dominant as the specimens are compressed.

Their S/I ratio decreases as well, suggesting a slight increase of the intermediate axis, but not as strong as for the long axis. The occurrence of the peak stress ratio seems to mark a change in the rate of S/I since it decreases faster during the strain softening phase.

Interestingly, both specimens show an inexion point where the intermediate axis starts to decrease, and thus S/I increases. Further inspection reveals that the occurrence of this key point coincides with the arrival to a constant value of macroscopic shear strength, i.e., δq/p = 0. Even though both specimens depart from dierent starting points, the overall trend and their nal values are rather similar. This suggests that although interparticle friction aects the initial arrangement of the particles, it does not play a strong role in the shape of the particle-based fabric at the residual state.

EMR and EMS become more axially symmetric along the test, increasing the dominance of the long axis of the distribution. Nonetheless, the decrease of I/L is not as pronounced as for the EFR and EFS specimens. The EMR specimen shows a slight decrease in its S/I ratio, which is less pronounced for the EMS specimen. Additionally, the occurrence of the peak stress ratio does not coincide with a marked change in the rate of evolution. As discussed previously in Sec. 4.4.1, as the aspect ratio of the particles increase, so does the inuence of the rotation of single particles on its neighbours, or in other terms, the degree of particle interlocking is proportional to the aspect ratio. Thus, the particles of the EMR and EMS specimens are more free to rotate than the particles of EFR and EFS, decreasing the predominance of the long axis of the distribution, and thus presenting higher values of I/L. No inexion point of S/I is observed, which can be explained since the q/p residual state for EMR and EMS is not as developed as for EFR and EFS, as is shown in Fig. 4.1.

It could be presumed that if the compression of the specimens is continued, EMR and EMS may show a similar inexion point as well.

Finally, the EOR and EOS specimens show radically dierent behaviour between themselves, and relative to the other specimens. On one hand, EOR initially increases its isotropy by increasing its I/L ratio. As the specimen reaches its peak stress ratio, the shape of the particle orientation distribution shifts towards a slightly more at morphology, where there is a principal plane of concentration rather than a principal direction.

This can be observed as well from the spherical histograms of Fig. 4.39, where a rather spherical distribution of particle orientations can be observed. For this case, the calculation of a mean orientation lacks any physical meaning, and should not be taken into account for further analysis. In contrast, EOS becomes more isotropic by increasing its S/I ratio, and once the peak stress ratio is achieved, a slight predominance of the large axis of the distribution starts to develop, as the ratio I/L decreases. This can be observed also from the spherical histograms of Fig. 4.39. However, the calculation of a mean orientation can be heavily aected by local events of high counts, rather than corresponding to the morphology of the distribution, and thus should be interpreted with care.

The particle-based fabric outside the shear band shows an overall behaviour similar to the inside subset. However, the evolution is not as strong as for the latter. EFR and EFS decrease their I/L ratio, the rate of evolution is not comparable to the one of the inside subset, where a faster evolution is observed. Moreover, it can be seen that after reaching the peak stress ratio, there is a slight decrease in the S/I ratio, making the distribution slightly more isotropic than inside the shear band. Both specimens have a similar nal value, which suggests that interparticle friction does not play a strong role in the shape of the particle-based fabric for this aspect ratio. In contrast, EMR and EMS have almost no evolution of shape, keeping a relatively constant value of I/L and S/I along the test. A similar result is observed for the EOS specimen, which remains rather isotropic. Finally, the outside subset for the EOR specimen has a similar result as for the inside subset, becoming more isotropic by increasing its I/L ratio and then decreasing its S/I ratio after reaching the peak stress ratio.

The contact-based fabric inside the shear band, starts for all the specimens is in the range 0.97 < S/I < 0.98, and 0.82 < I/L < 0.95, well above the interface between regions II and III. As the specimens are compressed, the contact network evolves by becoming more anisotropic, as their long axis becomes more dominant. However, some dierences can be observed between the specimens. For EFR and EFS, there is a monotonic decrease of the I/L ratio during the strain hardening phase, but contrary to the evolution of the particlebased fabric, there is almost no change in the S/I ratio. This suggests that contacts are organised mostly along a preferred direction. After the peak stress ratio, there is a change in the morphology of the contact fabric, as the intermediate axis starts to increase its signicance, and thus the spread along the main orientation increases as well. Nonetheless, the overall shape is still axially-symmetric and has a mean orientation, as observed from the previous spherical histograms. The EMR and EMS specimens show a similar behaviour during the strain hardening phase, becoming more anisotropic by decreasing their I/L ratio, possibly due to an organisation of contacts along a preferred direction. During the strain softening phase the morphology of the distributions changes by decreasing their S/I ratio, similar for EFR and EFS, but also show an increase of I/L. that after reaching the peak stress ratio, the spread of the contact distribution increases as more contacts are organised along directions dierent from the main orientation, and thus the long axis becomes less dominant. This can be observed also from the spherical histograms, where despite the fact that the distribution is still axially-symmetric along the z-axis, there is a development of contacts along dierent directions. As for the particle orientation distribution, the EOR and EOS specimens have dierent behaviours. Both specimens increase their anisotropy during the strain hardening phase, by a decrease in their I/L ratio, but the evolution along the strain softening regime is dierent. While EOR decreases its S/I ratio and increases its I/L ratio, similar to the EMR and EMS specimens, EOS only displays an increase of I/L. This dissimilarity suggests that for the EOR test there is a higher presence of contacts along directions perpendicular to the main orientation, while for EOS this is comparatively lower. Nonetheless, in both cases, the main orientation is still dominant at the end of the test, as can be observed from the spherical histograms.

Chapter 4. Experimental results

The morphology of the contact network outside the shear band shows a similar evolution as for the inside during the strain hardening phase. It can be seen that for all the specimens there is a decrease in the I/L ratio, reecting how contacts are organised along a dominant direction. As the specimens reach their respective peak stress ratio, two dierent behaviours can be seen. On one hand, EFR and EFS have a slight decrease in their S/I ratio, suggesting that the dominance of the main orientation is reduced as more contacts organise along dierent directions. Nevertheless, it should be noted that this decrease is not as marked as for the inside subset. On the other hand, during the strain softening phase all the other specimens remain rather static, and no noticeable changes in shape can be observed. This may suggest that once the shear band dominates the failure pattern of the specimens, the contact network outside of it remains almost static.

The previous results show that as the specimens are compressed, each fabric tensor becomes more anisotropic by developing a main orientation. However, as they overcome their peak stress ratio, and thus the shear band progressively evolves, there is a change in the evolution of the morphology, as more vectors organise along dierent orientations.

Additionally, the results show that independently of particle shape or friction, fabric outside the shear band mimics the evolution of the inside subset during the strain hardening phase, but in a lower extent. This points to the fact that the microstructural changes that take place inside the emerging strain localisation region are stronger even if the shear band hasn't fully developed yet. Once strain fully localises along the shear band, there is a marked change in the shape of the fabric tensor, for both particle-based and contactbased, characterised by a slight increase of predominance of the intermediate axis of the distributions. A clear eect of particle shape on the morphology of the fabric tensor can be observed, as for higher aspect ratio the change in shape is stronger. In contrast, interparticle friction seems to not have such a strong impact, aecting the rate of change of the S/I and I/L ratio, but presenting similar results at the end of the test.

Although the Zingg diagram describes the evolution of the morphology of the fabric tensor N , it is not straightforward to quantify its degree of anisotropy. For this, it is opted to use Eq. 3.38, which relates the magnitude of the eigenvalues (e 1 , e 2 , e 3 ) of N . Briey, a value of ζ = 0 corresponds to a perfectly isotropic case where e 1 = e 2 = e 3 , and thus I/L = S/I = 1, and a value of ζ = 1 corresponds to the perfectly anisotropic case of e 1 = 1, e 2 = e 3 = 0. Figure 4.42 shows the evolution of the anisotropy of the particlebased fabric tensor (ζ P ) inside the shear band as a function of the axial shortening of the specimens. As per the Zingg diagrams, the occurrence of the peak stress ratio is marked with a cross symbol to simplify the analysis of the strain hardening and strain softening phases. For EFR and EFS, there is a strong dierence in the initial value since particles can organise along multiple orientations as a product of the lower friction, as detailed previously on Sec. 4.2. As the specimens are subjected to deviatoric loading, the value of ζ P starts to increase rapidly, with a constant increase rate. Contrary to the behaviour observed from the Zingg diagrams, the peak stress ratio does not mark a change in the evolution of anisotropy, and it rather occurs at the middle part of the constant increase phase. Near the end of the test, both specimens show a decrease in the rate of evolution of ζ p , converging towards a constant value.
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A similar behaviour can be seen for EMR and EMS. Starting from a similar ζ P value, the anisotropy rapidly increases and enters a constant increase phase. During the strain softening phase, the increase of anisotropy decelerates and tends towards a constant value at the end of the test. It can be seen that this is more evident for EMR and for EMS, where there is still a progressive convergence. This is also observed for the EFR and EFS specimens, suggesting that interparticle friction plays a role in the convergence to a constant value of particle-based anisotropy, as well as in its magnitude of it. As expected from the morphology results, the EOR and EOS specimens have a dierent evolution of ζ P . As the specimens are compressed, the particle anisotropy decreases in both cases, reaching considerably lower values. As the peak stress ratio is reached, a slight increase in the anisotropy is observed, reaching similar values as at the beginning of the test. This strong dierence in the evolution of anisotropy, and fabric morphology, can be understood as the result of the lower interlocking between particles, due to the lower aspect ratio.

Given that the particles can rotate along dierent axes without aecting their neighbours, the particle orientation distribution tensor does not have a strong anisotropy. Although it has a smaller increase, the overall trend of the particle-based fabric tensor outside the shear band mimics the evolution of the inside subset. However, it should be noted that once the peak stress ratio is reached, ζ P is constant. This suggests that once strain starts to localise, the arrangement of particle outside the shear band remains static. Nonetheless, due to the high interlocking of the at particles, the outside region continues to evolve while converging to a constant value for the EFR and EFS specimens. Finally, it should be noted that for all the specimens, and at any point of the test, particle anisotropy is always higher inside the shear band than outside of it. This is rather expected and comes as a result of a higher amount of reorganisation due to strain localisation.

The anisotropy of the contact network (ζ C ) inside the shear band shows a relatively similar behaviour during the strain hardening phase across the specimens. For the EFR and EFS specimens, there is a continuous increase in contact anisotropy, pointing to a higher degree of alignment of contacts along the main orientation. As the peak stress ratio is reached, ζ C converges towards a constant value for both specimens, in the order of 0.25. There is a clear eect of interparticle friction on the evolution of the anisotropy of the contact network, as EFS evolves considerably slower than EFR. This is a consequence of the higher alignment of particle kinematics inside the shear band for the rough specimens, as highlighted Fig. sphere, there is an increase in the peak and the residual value of contact-based anisotropy.

Conversely, lower values of inter-particle friction show a decrease in the overall evolution ζ C . However, it should be noted that at the end of the test the anisotropy tends towards a constant value, which seems to be the same for a given particle shape independent of friction.

The anisotropy of the contact network outside the shear band has a similar response as the inside subset during the strain-hardening phase. As the specimens are compressed, the contact vector organises along the main orientation, but with a smaller concentration than those inside the shear band. Nonetheless, as the peak stress ratio is reached the organisation of the contact network remains static, presenting a constant value of ζ C for the rest of the test. The results suggest that once the shear band dominates the failure patterns of the specimens, there is a clear division in the isotropy of the contact network inside and outside of it. While outside the shear band the particles undergo almost no rearrangement, and thus the contacts remain static, inside the shear band there is a 4.5. Fabric evolution 151 change of concentration of the contact distribution, due to the strong particle kinematics that takes place.

These observations are in agreement with previous measurements of fabric inside the shear band of natural soils with x-ray tomography [START_REF] Wiebicke | Measuring the evolution of contact fabric in shear bands with x-ray tomography[END_REF]. Besides to showing the constant value of anisotropy outside the shear band after the onset of strain localisation, and the similarity between ζ C and q/p for the inside subset, [START_REF] Wiebicke | Measuring the evolution of contact fabric in shear bands with x-ray tomography[END_REF] also has some signicant dierences in the evolution of contact anisotropy inside the shear band for particles with dierent morphology. Analogously to the results discussed in this work, rounded particles show a higher similarity between the evolution of contact anisotropy and stress ratio than irregular particles. For the latter, the resemblance only occurs during the strain-hardening phase, since during the post-peak phase these measurements deviate from each other.

For the non-spherical particles, the evolution of ζ C during the strain softening phase is not the same between [START_REF] Wiebicke | Measuring the evolution of contact fabric in shear bands with x-ray tomography[END_REF] and this work. For the former, contact anisotropy has a mild decrease, while for the latter there is a further increase along the post-peak regime towards a constant value. This dierence can be explained due to the morphology of the particles, and specically, by the dierent metrics used to express particle shape. On one hand, the non-spherical particles in [START_REF] Wiebicke | Measuring the evolution of contact fabric in shear bands with x-ray tomography[END_REF] are Hostun sand, an angular natural soil. There the metric used to quantify particle shape is roundness, which is related to particle angularity, and corresponds to the average ratio of the local radius of curvature of the surface to the radii of the largest inscribed sphere [START_REF] Tafesse | Evaluation of image analysis methods used for quantication of particle angularity[END_REF]. On the other hand, in this work the particles are regular ellipsoids, and thus the metric used to describe shape is the aspect ratio, which takes into account the axial dimensions of the grains. For non-convex geometries, this can be expressed in terms of true sphericity, which corresponds to the ratio between the surface of the particle and the surface of a sphere with the same volume as the particle [START_REF] Wadell | Volume, shape, and roundness of rock particles[END_REF].

While both Hostun sand and the oblate particles deviate strongly from a perfect sphere, the variations reside at dierent scales. For the former the change in shape is expressed at the local scale of surface curvature, while the latter has a change in shape that modies the axis of the particles themselves. Given that neither metric considers the same scale of measurements, the results of [START_REF] Wiebicke | Measuring the evolution of contact fabric in shear bands with x-ray tomography[END_REF] and this work are not directly comparable for the nonspherical particles. However, both studies show that, as the particle's shape gets closer to a sphere either from a local or global perspective, the evolution of contact anisotropy inside the shear band follows the evolution of the macroscopic shear strength.

It is useful to understand the evolution of the main orientation of fabric. Given that the shape of the distributions is mainly axially-symmetric, as shown from the Zingg diagrams, the orientation vector is taken as the main axis of the distributions. Even though in some cases the shape of the distribution is located inside region II of the Zingg diagram, which corresponds to the case where all three eigenvectors have a small dierence between them, the large axis is still selected as the characteristic orientation, and thus it should be taken with caution.

Although the analysis of a 3D vector can be simplied by decomposing it into its inclination (θ), i.e., the angle with the Z axis, and azimuth (α), i.e., the angle of the projection along the XY plane, it is important to observe the overall development of the vector to have an Regarding the main orientation of the particle-based fabric (θ P , α P ) inside the shear band, it can be seen that during the strain hardening phase both specimens show a rotation towards an alignment with the Z axis (θ 0 ). This occurs by a continuous decrease of θ, while the azimuth is constant. Although the specimens have a dierent initial inclination, at the peak stress ratio they have a relatively similar value of θ P . This suggests that the rate of evolution is not the same between the specimens, and might be related to the interparticle friction. It has already been proved that the rate of alignment of fabric with the vertical axis depends on the initial value of θ [START_REF] Pinzón | Fabric evolution and strain localisation in inherently anisotropic specimens of anisometric particles (lentils) under triaxial compression[END_REF]. For assemblies that have a higher value of θ 0 , their inclination decreases faster than assemblies with lower values of θ 0 . As the specimens reach the peak stress ratio, and the shear band dominates the failure pattern, there is a sudden change in the trend. Instead of continuously decreasing 4.5. Fabric evolution 153 towards the centre of the plot, the main orientation shifts towards α =0 • , and starts to increase its inclination. At the end of the test, both specimens show an azimuth similar to the one of the shear band, and an inclination in the order of 15 • . Meanwhile, the outside subset shows an overall similar trend as the inside subset, but with a less pronounced evolution. Even though the initial orientation of the outside subset is not the same as that of the inside subset for the EFS specimen, it should be noted that the initial anisotropy is rather low, and thus the computation of the main orientation is prone to events of local high counts. Along the strain hardening phase, there is a rotation of the main orientation towards the centre of the plot, as the particle aligns with the direction of the vertical axis.

As the peak stress ratio is reached, the inclination is similar to the inside subset for both specimens, in the order of 4 • . Finally, the strain softening phase is characterised by a sudden increase of θ, and a milder convergence of the azimuth towards α =0 • .

The main orientation of the contact-based fabric has a similar behaviour to the particlebased one. Although both specimens start from dierent orientations, during the strain hardening phase the contact-based fabric tensor rotates towards the vertical axis. As before, the rate of evolution is higher for EFS than for EFR, given that the initial θ C of the former is greater than one of the latter. This pre-peak evolution is characterised by a change of the inclination, while the azimuth is constant. At the peak stress ratio, both specimens show similar values of inclination, in the order of 2.5 • . As the shear band dominates the failure pattern during the strain softening phase, there is a change in the evolution of the main orientation, as both specimens display a rotation of their azimuth towards α =0 • , and increasing their inclination. At the end of the test, the nal orientation of the contact network inside the shear band is in the order of α ≈ 0 • , and θ ≈ 10 • . In contrast, the contact network outside the shear band shows a similarity with the inside subset only during the pre-peak phase of the test. As the specimens are compressed, there is a decrease of θ while the azimuth is kept constant. However, as the specimens are sheared beyond their peak stress ratio, the orientation of the contact network remains static, both in terms of inclination and azimuth.

Although Fig. 4.43 is shown only for illustrative purposes, it shows that there is a dierence in the evolution of the main orientation between the strain localisation region and the rest of the specimen. It reveals that the emergence of the shear band produces a strong rotation of the main orientation for both fabric tensors. Thus, it is important to analyse the evolution of the main orientation for all specimens in terms of its components (θ, α). The particles outside the shear band follow a similar pattern as the inside subset but less pronounced. For the EFR and EFS specimens, there is a decrease towards an alignment with the vertical axis. Nonetheless, there are some dierences in the minimum value of θ P , unlike inside the shear band. As the shear band emerges and controls the failure pattern, the inclination starts to increase slightly going back to its initial value. In contrast, the particles of EMR and EMS show a constant value during the strain hardening phase.

Once the peak stress ratio is reached, EMS shows a mild decrease of θ P , while for EMR it remains almost constant. As expected, the inclination of EOR varies strongly along the test, reaching values up to 60 • . However, given that the values of ζ P for the outside subset are lower than for the inside subset, the distribution is even more isotropic and thus a measurement of θ P is not objective. Conversely, EOS displays a rather constant evolution of inclination, independent of the dierent phases of the test.

Even though the initial and nal values of the azimuth can be arbitrary, the rotation of the vectors along the XY plane by α SB enables the identication of possible trends in the orientation of the particles, especially along the direction of the shear band. As observed before, the inside subset of the EFR and EFS specimens show a clear convergence towards α =0 • . Along the initial stage of the test, the azimuth shows an initial constant value for the case of EFS or a slight increase for the case of EFR. Nonetheless, as the shear band emerges and controls the particle kinematics, there is a strong attraction towards α SB . It should be noted that the initial azimuth of EFS is farther from α SB than EFR, and thus has a faster decrease. Additionally, the change of the evolution takes place before (q/p) peak , contrary to what is observed for the inclination, where the peak stress ratio marks the change of trend. As it is observed from the vertical slices of ε q (Fig. 4.21), for EFR and EFS the shear band emerges before the peak stress ratio, which suggests that the evolution of azimuth is more sensitive to strain localisation than the inclination. A similar evolution of α P is observed for the EMR and EMS specimens. In both cases, there is a constant value during the initial stages of the test, after which the azimuth starts to decrease towards α =0 • . As observed before, the rate of evolution of EMR is higher than for EMS, solely due to the higher initial value of azimuth for the former than for the latter. At the end of the test, both specimens are still decreasing their value of α P , contrary to EFR and EFS, where a constant value of 0 • is observed. Since there is a clear evolution towards α SB , it could be expected that if the specimens are further compressed, the azimuth of the particle-based fabric would eventually reach a constant azimuth similar to the one of the shear band. Surprisingly, both EOR and EOS have a similar response to the other test: as the specimens are compressed, α P rotates towards an alignment with α SB . This is rather unexpected, given that both distributions are isotropic, as previously observed.

This suggests that in both cases there is a slight rotation of the distribution, which is representative in terms of the azimuth, but not in terms of the inclination. The results

show that while the former is aected by the orientation of the shear band, which becomes a strong attractor for particle kinematics, the latter is aected only by the emergence of the strain localisation region, but not by its orientation, making it more sensitive to local events of high counts.

Finally, the azimuth variation of the outside subset shows a dierent evolution than the inside subset. During the strain hardening phase, the azimuth of EFR and EFS remains constant, and after the peak stress ratio, there is a slight increase towards α =0 • . A similar response is observed for EMR and EMS, where α P remains constant during the pre-peak phase, and then rotates towards the azimuth of the shear band. In contrast, the EOR and EOS show radically dierent results. While for the former there is no clear pattern, the latter shows a rather constant value along the test. These results are expected, since the shear band does not aect the outside regions for these specimens, and thus the particle-based fabric remains insensitive to strain localisation. • at the end of the test. The EMR and EMS specimens show a similar response during the strain hardening phase, decreasing their inclination towards θ =0 • . However, after reaching a minimum value of 2 • near the peak stress ratio, both specimens display a rather constant value of inclination. Although these results may seem contradictory to the observations made for EFR and EFS, it should be recalled that this steady state of θ C occurs as the contact anisotropy decreases, as observed in Fig. 4.42, while for the case of EFR and EFS ζ C continues to increase after (q/p) peak . This dierence in the evolution of the contact network anisotropy inside the shear band, which emerges solely from the aspect ratio of the particles, decreases the relevance of the main orientation of the distribution.

While for a strongly anisotropic distribution, such as EFR or EFS, the main orientation is a predominant feature, for a rather isotropic distribution as EMR or EMS, it is less signicant. A similar response can be observed for the EOR and EOS specimens. During the strain softening phase the inclination rapidly decreases, reaching a minimum value of 2 • near the occurrence of the peak stress ratio. Moreover, in both cases, the inclination of the contact-based fabric tensor remains almost constant during the strain-softening phase.

Similar to EMR and EMS, a decrease of ζ C after reaching (q/p) peak is also observed for these specimens, and thus the main orientation becomes less signicant. Analogously, the contact network outside the shear band shows an overall similar response to the inside subset. As the specimens are compressed, the inclination decreases towards a minimum value of 2 • for all the tests, and once the peak stress ratio is reached, θ C remains constant along the test.

Regarding the azimuth of the contact network inside the shear band, EFR and EFS display a constant value of α C for the rst increments of the test. Then, it starts to rotate towards α =0 • , overpassing the peak stress ratio increment and reaching a constant value at the end of the test. Given that the initial azimuth of EFS is farther away from α SB than EFR, the rate of evolution for the former is higher than for the latter. Moreover, EMR and EMS show a similar response to before, with the main dierence being that the initial constant phase is present along the entire strain hardening regime, after which, the azimuth starts decreasing towards α =0 • . Additionally, it can be seen that in both cases α C is still 4.5. Fabric evolution 157 evolving at the end of the test, which suggests that the rate of convergence is lower than for EFR and EFS, possibly to the fact that ζ C decreases during the strain hardening phase.

In EOR and EOS the azimuth remains almost constant along the test, barely showing an attraction towards the azimuth of the shear band. It should be noted that the anisotropy is lower for both specimens. Finally, the azimuth of the contact network outside the shear band shows a rather constant value along the test. Although there is a slight rotation during the strain-hardening phase, once the peak stress ratio is reached, the azimuth remains constant for all the specimens. The data of α C shown for the outside subset corresponds to the raw measurements of azimuth, i.e., without applying the rotation of α SB along the XY plane. This is due to the fact that the rotated measurements of α are near +180

• , and given that there are some small oscillations around it, the results jump between +180

• and -180

• , hindering the analysis of the results. The previous results reveal that both fabric tensors are in constant change along the test, and there is a strong eect of the particle shape, and a more modest one of friction, on the evolution of each distribution. For specimens with particles of higher aspect ratio, both distributions evolve towards an axially symmetric shape, while for the specimens with particles of lower aspect ratio the distributions show a more homogeneous distribution.

The degree of morphological change can be described by the anisotropy factor ζ, and it is observed that there is a continuous increase of anisotropy for the particle-based fabric tensor. This is strongly related to the particle shape, as specimens with particles of higher aspect ratio show higher values of ζ P at the end of the test. In contrast, the eect of particle shape on the anisotropy of the contact network is radically dierent. While for EFR and EFS there is a continuous increase of ζ C towards a constant value, the rest of the specimens show an initial increase of anisotropy during the strain hardening phase, reaching a maximum value near the peak stress ratio, and then decreases its anisotropy along their strain softening phase. Similarly, the aspect ratio of the particles seems to aect the evolution of the main orientation of the distributions. This is especially observed in the development of the inclination of both fabric tensors, where θ shows stronger and faster decreases during the strain hardening phase for specimens with particles of higher aspect ratio. After reaching the peak stress ratio, the inclination starts to increase at a rate that depends on the shape of the particles. Conversely, the azimuth seems to not be aected by the characteristics of particles, since its evolution seems to be rather determined by the distance between its initial value and the azimuth of the shear band.

In contrast, the eects of interparticle friction are not as strong over the fabric development as particle shape. The evolution of the distributions seems to be relatively similar between the two friction scenarios, eventhough the initial values of anisotropy are strongly related to the interparticle friction. As shown before, both friction scenarios converge to similar values of ζ at the end of the test. The maximum value of anisotropy of the contact network appears to be inuenced by the interparticle friction, as the EMR and EOR have 13 % and 23 % higher values of ζ C than EMS and EOS, respectively. For the case of EFR and EFS, it appears that both specimens tend to have a similar value of contact anisotropy. However, the evolution of EFS is considerably slower than that of EFR. Interparticle friction has an indirect eect on the evolution of θ and α, as the evolution of both components seems to depend on their initial value, which depends on friction. Finally, the results show that the development of fabric inside and outside the shear band has some signicant dierences.

While the former displays strong changes in shape, anisotropy and orientation, the latter shows a milder response, which in some cases, is completely halted after reaching the peak stress ratio. The greatest dierence between the two is in the development of the main orientation. In the case of the particle-based fabric, inside the shear band, there is a signicant attraction towards the azimuth of the shear band, as well as an increase of the inclination during the strain softening phase. This is not observed for the outside subset, where the change on θ P and α P is rather gradual. An even greater dierence occurs for the contact network, where inside the shear band there is a continuous shift of inclination and azimuth, while outside of it is rather static, and remains almost constant along the test.

One of the most striking results is the similarity between the contact anisotropy and the stress ratio. Not only it has a similar evolution along the test, with respective fabric strain hardening and strain softening phases, but it also shows the same dierences in 4.5. Fabric evolution 159 terms of particle shape and friction as q/p. This similarity is rst observed and discussed by Oda [START_REF] Oda | Deformation mechanism of sand in triaxial compression tests[END_REF][START_REF] Oda | Initial fabrics and their relations to mechanical properties of granular material[END_REF][START_REF] Oda | The mechanism of fabric changes during compressional deformation of sand[END_REF][START_REF] Oda | A mechanical and statistical model of granular material[END_REF] in the triaxial compression test of natural sands. By using polyester resin to x the fabric at several stages, and with the aid of optical microscopy, the contact-based fabric is measured from thin slices at dierent points of the test. The results show that at the peak stress ratio, there is a higher proportion of contacts aligned with the vertical direction than at the beginning of the test. Oda proposes that during the strain hardening phase, the contacts are aligned with the Z axis since it is the direction of the major principal stress. Similarly, horizontal contacts which are perpendicular to the direction of the minor principal stress are lost during the process given that they are more unstable. It is then proposed that the main orientation of the contact network follows the direction of the major principal stress. This is observed even for cases where there is a rotation of the principal stresses, as the case of simple shear [START_REF] Oda | Microscopic deformation mechanism of granular material in simple shear[END_REF][START_REF] Oda | Rotation of principal stresses in granular material during simple shear[END_REF].

Oda proposes that the similarity between the contact-based fabric tensor and the stress tensor goes beyond the direction of the main orientation, and includes their anisotropy.

While for the case of the stress tensor it can be expressed as the ratio between the major and minor principal stress (σ 1 /σ 3 ), for the case of contact fabric it is computed in terms of the ratio between the projected areas of contact surfaces along the YZ and XY planes (S Z /S X ). Specically, this ratio is computed as [START_REF] Oda | The mechanism of fabric changes during compressional deformation of sand[END_REF]:

S Z S X = 1/2π 0 2π 0 E(θ, α) sin θ cos θdαdθ π 0 1/2π -1/2π E(θ, α) cos α sin 2 θdαdθ (4.10)
where θ and α corresponds to the inclination and azimuth angles, and E(θ, α) is the probability density of contact orientation, which is related to the fabric tensor. For a given vector n with an orientation of (θ, α), the value of the probability density is computed as [START_REF] Ken-Ichi | Distribution of directional data and fabric tensors[END_REF]:

E(θ, α) = 1 4π 1 + 15 2 N ij - 1 3 δ ij n i n j (4.11)
where δ ij is the Kronecker delta, and N ij is the fabric tensor. Equation 4.10 shows a similarity with ζ C , in the sense that it quanties the divergence from an isotropic state.

Oda [START_REF] Oda | The mechanism of fabric changes during compressional deformation of sand[END_REF] suggest that the mobilized stress ratio at failure (σ 1 /σ 3 ) f must be determined directly by the maximum value of S Z /S X . A direct relation between the anisotropy of the stress tensor and the fabric tensor is proposed by the authors, assuming that the deformation of the specimens is a consequence of particle sliding without rolling at contacts [START_REF] Oda | Deformation mechanism of sand in triaxial compression tests[END_REF], in the following form:

σ 1 σ 3 = S Z S X tan 2 π 4 + 1 2 ϕ µ (4.12)
where ϕ µ correspond to the interparticle friction angle. Although there is a good agreement between the results and Eq. 4.12 for [START_REF] Oda | Deformation mechanism of sand in triaxial compression tests[END_REF], this is not the case for the experiments used in place as a result of sliding between particles, and particle rotation does not play a strong role. This can explain the dierences between the results of this work and the model, since particle rotation is a strong key component of the kinematics of the specimen, as observed previously. Additionally, the fact that a higher interparticle friction angle seems to show a better agreement, suggests that interparticle friction is not the only factor that plays a role in the maximum value of contact anisotropy, and other parameters, such as particle shape, should be considered as well.
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Flat Medium Round Rough Smooth Inside Outside Figure 4.46: Relation between the stress ratio and contact fabric anisotropy based on [START_REF] Oda | Deformation mechanism of sand in triaxial compression tests[END_REF] The previous model proposed by Oda is focused solely on the relation between the peak stress ratio and the maximum value of anisotropy. However, the comparison should be extended to include the evolution of the anisotropy of both tensors, since it is observed that the behaviour of ζ C mimics that of the stress ratio. To this end, Fig. 4.47 shows the relation between q/p and ζ C for inside and outside the shear band. It shows no unique relationship between the two parameters, since the evolution does not collapse along a straight line.

Instead, three main regimes can be observed for all the specimens. First, at very low strains (i.e., axial shortenings below 0.5 %) there is a rapid increase of the stress ratio, while the anisotropy shows only a slight increase. In this initial phase, the microstructure of the specimens remains rather unaltered, due to an almost negligible particle rearrangement, and the evolution of ζ C is due to a slight reorientation of contacts, as proposed by [START_REF] Thornton | Computer simulated deformation of compact granular assemblies[END_REF].

As the specimens are further compressed, the axial shortening becomes signicant, and 4.5. Fabric evolution 161 there is a rearrangement of particles within the granular assemblies. This second phase is characterised by a notable increase in contact anisotropy, as more contacts are reoriented towards the vertical axis, while horizontal contacts are removed from the distributions. As expected, these strong microstructural changes are more active within the regions of high deviatoric strain. Finally, the strain softening phase is accompanied by a decrease of ζ C for most of the specimens, except for EFR and EFS, where the anisotropy of the contact network increases slightly.

It can be observed that not only there is a relation between the peak stress ratio and peak anisotropy, but also the evolution of both tensors is related. To explain this, Rothenburg and Bathurst [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF][START_REF] Rothenburg | Analytical study of induced anisotropy in idealized granular materials[END_REF][START_REF] Bathurst | Observations on stress-force-fabric relationships in idealized granular materials[END_REF] propose that fabric should be extended beyond the contact normal vectors, including the contact force and tangential force vectors. Using numerical experiments of biaxial compression, the authors propose a stress-force-fabric relation in the following form:

σ t σ n = 1 2 (a + a n + a t ) (4.13)
where a, a n , and a t correspond to the anisotropy of the contact normal distribution, contact force distribution, and tangential force distribution, respectively. Their results show that the proposed model faithfully describes the evolution of the stress ratio along the test.

During the strain hardening phase, the contact normal fabric and contact force fabric increase their anisotropy and alignment with the direction of the major principal stress.

Given that the particles have no cohesion, during this phase of the test the contacts along the direction of maximum tensile strain are lost more easily than in other orientations, and thus the proportion of contacts along the direction of σ 1 increase -which leads to an increase of anisotropy. However, as the peak stress ratio is reached, the anisotropy decreases as the lateral support of the particles that have high contact forces is lost, and thus the overall resistance decrease. This interplay between fabric and stress is summarised by the authors as: The capacity of a cohesionless granular assembly to carry deviatoric loads is due to its ability to develop anisotropy in contact orientations or to withstand directional variation of average contact forces [START_REF] Rothenburg | Analytical study of induced anisotropy in idealized granular materials[END_REF].

Although the previous analysis explains the decrease of anisotropy for the specimens with medium and rounded particles, the EFR and EFS specimens show a constant increase of ζ C along the test, which may seem like a contradiction. Nonetheless, this dierence can be explained by the eect of the aspect ratio on the connectivity of the particles. The number of contacts that a single particle can have increases drastically with its elongation [START_REF] Donev | Improving the density of jammed disordered packings using ellipsoids[END_REF],

which produces two main eects on the mechanical response of the assemblies. Firstly, larger loads can be sustained by each grain due to the higher number of contacts per particle, increasing the overall shear strength of the assembly [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF], as can be observed from the macroscopic response of Fig. 4.1 for the rough specimens. Secondly, a larger number of contacts also suggests that the force distribution among the contacts is wider, implying that there are more contacts that carry lower forces and can be removed from the network without threatening the overall stability of the assembly. Due to this, the possible values of contact anisotropy that can be reached are higher, since more contacts can be lost, created or rotated. As proposed by [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF], the anisotropy potential of the assembly, i.e., the amount of anisotropy that can be induced through shearing, is related to the number of contacts that can be disrupted without losing stability. As the EFR and EFS are subjected to shear, more horizontal contacts are removed from the contact network, and thus the concentration along the vertical direction increases. In contrast, the specimens with rounded and medium particles have a lower coordination number and thus the force distribution among the contacts is narrower, implying that fewer contacts carry lower values of low forces and can be easily removed from the system. This eect is further augmented by the monodispersity of the specimens, which further limits the connectivity of the assemblies.
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Evolution of interparticle contacts 4.6.1 Contact dynamics

The contact network inside the shear band is in constant evolution during the test, as a consequence of particle rearrangement. For a given strain increment, this change is due to contact creation, loss, and preservation. To further understand the development of 4.6. Evolution of interparticle contacts 163 the contact network, it is important to isolate each of these subsets and analyse their evolution along the test. To this end, the contact network inside the shear band at each scan is compared to the one at the previous scan, classifying the contacts accordingly, and comparing them. It is important to note that for the following analysis, the reported axial shortening corresponds to the value at the beginning of the strain increment. Although the analysis could be extended to the contacts outside the shear band, it is opted to not discuss them, due to the lower fabric evolution in this region. the comparison of the dierent stages, the occurrence of the peak stress ratio is marked with a cross symbol. Even though the extent of the strain increment used has a direct eect on the exact number of contacts within each subset, the overall trend shows that contact preservation is the dominant mechanism for all the specimens, with more than 95 % of the contacts of the contact network inside the shear band. It should be noted that contact preservation does not imply that the contact between two particles remains static during the strain increment, and rather points to the fact that the two particles remain in contact. This implies that the contact normal vector may rotate during the increment, isotropic distributions), and region III (i.e., the lower right region for axially symmetric distributions). In this case, contacts are mostly aligned along the main orientation. Finally, the preserved contacts subset starts inside region II with a more isotropic distribution, where the notion of a main orientation, or symmetry plane, lacks any physical meaning.

As the specimens are subjected to deviatoric loading, each subset evolves dierently. As expected, the preserved subset evolve as the overall contact network inside the shear band, since it contains most of its contacts. In contrast, the created subset rapidly increases its I/L ratio, entering region I towards a spherical shape. This evolution occurs mainly during the strain hardening phase, as for all the specimens the location of (q/p) peak is well inside region II. Similarly, the lost contacts subset increases its S/I ratio during the test, approaching the upper right corner of the diagram, thus becoming more isotropic.

However, its evolution is not as fast as for the created subset, since the occurrence of the peak stress ratio is near the interface between regions I and II. It should be noted that the higher variability in the shape evolution of the created and lost subsets is due to the comparatively lower number of contacts, which generates a higher sensitivity to local events of high counts. In contrast, the preserved contacts subset shows a smooth evolution since it contains more than 1000 contacts at each increment.

Contrary to the evolution of the preserved contacts subset, there is no clear evidence that the arrival to the peak stress ratio, or the onset of strain localisation, marks a change in the shape of the distribution, for the created and lost subsets. Moreover, the morphological evolution of the subsets shows no dierence among the tests, neither in terms of particle shape or interparticle friction. This suggests that the morphology of contact creation and loss is not determined by the local geometry, and may be more strongly linked to the evolution of the stress tensor instead.

Given that the created and lost subsets tend towards an isotropic shape, the evaluation of their main orientation is not relevant. However, it is worth inspecting both distributions at the initial state, to understand the spatial orientation of the principal direction or plane. Fig. 4.50 shows the spherical histograms of the created and lost contacts at the initial strain increment. On one hand, it can be observed that for all the specimens the lost contacts are located along a symmetry plane that seems to be aligned with the global XY plane. On the other hand, the created contacts show an axially-symmetric distribution aligned with the vertical axis. These results suggest that as the specimens are sheared, contacts along the direction of the minor principal stress are lost during the strain hardening phase, while new contacts are created along the direction of the major principal stress. This is in agreement with the observations of [START_REF] Calvetti | Experimental micromechanical analysis of a 2d granular material: relation between structure evolution and loading path, Mechanics of Cohesive-frictional Materials[END_REF][START_REF] Oda | The mechanism of fabric changes during compressional deformation of sand[END_REF]312314] This anisotropy is not maintained along the test, as the created contacts subset evolves rapidly towards an isotropic distribution, where there is no dominant direction for the creation of new contacts. In contrast, the lost subset shows a slower change in shape, and at the end of the test, it still has a at morphology. Further inspections show that the plane of symmetry is maintained throughout the test, and seems to not change its orientation. However, the lower anisotropy and the low number of vectors prevent the proper calculation of the orientation plane. following the same evolution as the overall contact network inside the shear band. A similar behaviour can be found in all the specimens for the evolution of the lost and created contact subsets. Both distributions start from a anisotropic states, as observed from the Zingg diagram and the spherical histograms, but rapidly decrease ζ during the strain hardening phase. Although there was no visible eect of (q/p) peak on the evolution of the distribution shape, it is clear that the anisotropy is aected by the occurrence of the peak stress ratio. As the specimens enter the strain softening phase, and the shear band starts to develop and control the failure pattern, both subsets show a change in their evolution. For the case of the created contacts, the anisotropy remains rather constant around very low values, suggesting that there is no preferential direction for the creation of new contacts, regardless of particle shape or friction. In contrast, the lost subset shows behaviour that varies for the dierent particle shapes. On one hand, for the EFR and EFS specimens, the post-peak evolution of anisotropy for the lost subset is rather constant, at similar values as the contact creation subset. On the other hand, for the specimens with medium and rounded particles the anisotropy decreases at a slower rate after (q/p) peak . It should be noted that no signicant dierence can be found between the rough and smooth test, suggesting that the anisotropy of contact dynamics is dominated by particle shape, rather than interparticle friction. 
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Contact kinematics

As shown by the previous sections, the contact network inside the shear band is in constant evolution through the test and is done mainly by the reorientation of contacts. This can be further understood by coupling the preservation of contacts to the kinematics of the corresponding particles. For a given strain increment two particles may displace and rotate while preserving the contact between them. However, the rotation of the contact vector comes as a result of dierent deformation mechanisms at the contact point, which depend on the motion of the particles relative to each other. As detailed in Sec 3.6.5, these deformation mechanisms are known as contact kinematics and correspond to contact indentation, contact translation, contact twisting, and contact rolling.

Contact indentation (dε indentation ) represents the case of particle deformation due to com- pressive forces. Given that the size of the particles is dierent for each specimen, the indentation distance is normalised by the equivalent diameter (D eq ), which corresponds to the diameter of a sphere with the same volume as the particle. Figure 4.52 shows the histograms of contact indentation along the test. Each histogram is normalised such that its integral is equal to one, allowing the comparison of the results of dierent tests. It can be observed that for all the specimens, the amount of indentation is almost negligible, below 2 % of the equivalent diameter of the particles. This validates the supposition of rigid particles, made at the beginning of this doctoral work. However, some slight dierences can be observed between the specimens. It appears that, as the aspect ratio of the particles decreases, the amount of indentation per particle increases. Two main hypotheses can be drawn to explain this result. First, as the aspect ratio of the particles deviates from a spherical shape, the average coordination number increases from 5.8 to 9.6 [START_REF] Donev | Improving the density of jammed disordered packings using ellipsoids[END_REF]. Given the lower number of contacts per particle, the force at each contact increases, and thus the amount of indentation increases as well. The second hypothesis takes into account the manufacturing defects of each set of particles. As it was shown in Fig. 2.1, an internal void is located at the centre of each particle, and it seems that the size of the defect decreases as the particle aspect ratio increases. These two hypotheses are not mutually exclusive and together may explain the dierences in the contact indentation. Nevertheless, the amount of indentation observed for all the specimens is relatively small and can be neglected. Additionally, no strong variations on the histogram prole are observed along the test, suggesting that contact indentation is not a relevant deformation mechanism for these tests. compare the results between dierent specimens, the resulting translation distance is added over all the contacts inside the shear band and is normalised by the equivalent diameter (D eq ) of each particle shape. As discussed in Sec. 3.6.5, contact displacement is computed from the particles displacement (dε trans,disp ) and rotatioon(dε trans,rot ). Fig 4 .53 shows the comparison of the total contact displacement from each instance for all the specimens. It can be seen that the participation of particle rotation is considerably higher than particle displacement throughout the test, independent of particle shape or interparticle friction.
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As observed previously in Sec. 4.4.2, the movement of a particle is strongly hindered due to interlocking, which is proportional to the aspect ratio of the particles. As particle rotation is favoured over particle displacement, the displacement of contact is mainly produced by the rotation of contacting particles, making dε trans,rot the dominant factor. Regarding the magnitude of contact translation, Fig. 4.54 shows the evolution of the normalised total contact translation (dε trans,tot ) as a function of axial shortening. The occurrence of the peak stress ratio, which marks the transition from a strain-hardening phase to a strain-softening phase, is denoted with a cross symbol. Given that particle rotation is the dominant deformation process at the particle scale, the overall evolution of dε sliding,tot follows the same behaviour as the mean rotation of the particles, discussed previously in Fig. 4.28. During the rst increment of the test, there is a considerably higher contact translation, especially for the EOR and EOS specimens, due to an initial rearrangement of particles. However, for the following strain increment, the amount of contact translation shows a sharp decrease, as a consequence of a drop in particle rotation.
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During the strain hardening phase, dε sliding,tot increases continuously, reaching a maximum
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.54: Magnitude of total contact translation for the contacts inside the shear band value near the occurrence of the peak stress ratio. In contrast, the strain softening phase is characterised by a constant magnitude of contact translation. Some clear dierences can be observed between the tests. Firstly, specimens with particles of a lower aspect ratio show a higher amount of contact translation, as a direct consequence of a higher degree of rotation.

Conversely, as the particle shape deviates from a sphere, the interlocking between particles increases, and thus the magnitude of particle rotation decreases considerably. This directly translated into a lower magnitude of dε sliding,tot , as observed from the results of the at and medium particles. Moreover, a slight dierence can be observed between the inter-particle friction scenarios. Especially during the strain hardening phase, the specimens with a smooth surface display a greater magnitude of contact translation, due to lower resistance at the contact point. It should be noted that the previous two contact deformation modes do not describe scenarios where friction is mobilised. Although contact translation due to particle translation does account for it, its contribution to the overall deformation process is minor, since particle rotation is the dominant mechanism. For this end, two additional contact deformation mechanisms, i.e., contact twist and contact rolling, are used to examine the events of friction mobilisation. While the former corresponds to the rotation of particles along an axis parallel to the contact vector, the latter corresponds to the rotation along an axis perpendicular to the contact vector. Some clear dierences can be observed between the dierent specimens. For the case of EOR and EOS, the distribution shows a positively skewed shape with a mode in the order of 5 • , with a range up to 25 • . No clear variation of the distribution is observed along the test, suggesting that contact twist is not aected by the onset of strain localisation. In contrast, the specimens with at and medium particles have an initial distribution with 

• , for the case of the medium particles. However, as the specimens are compressed, the spread of the distribution increases, while the mean value is maintained. At the end of the test, the EMR and EMS specimens have a spread up to 20 • , while the EFR and EFS display a maximum value of 10 • . There is a negative correlation between the amplitude of the histogram and the shape of the particles. As the aspect ratio decreases, the spread of the distribution shows a considerable increase. This is a direct consequence of the interlocking of the particles that arise from their anisometry. While spherical particles can rotate more freely without aecting their neighbours, the elongated particles have a stronger impact over their direct neighbours, and thus their rotation is more restrained.

Nevertheless, the average magnitude of dε twist is below 5 • throughout the test, suggesting that this deformation mechanism is not principally responsible for friction mobilisation.

The nal contact deformation mechanism corresponds to contact rolling (dε rolling ), and it is based on the relative rotation between contacting particles. Although dε rolling is a vectorial quantity, it is interesting to rst review the evolution of its magnitude. For this end, Fig. 4.56 shows the evolution of the total amount of dε rolling for all the contacts inside the shear band along the test. The occurrence of the peak stress ratio is denoted with a cross symbol. For the EFR and EFS specimens, there is an increase in contact rolling for the rst increments, reaching a temporary constant value. This behaviour corresponds to As the specimens are sheared past their peak stress ratio, and the main shear band emerges, dε rolling increases. This evolution continues until the end of the strain-softening phase. At this point, contact rolling has a maximum value, followed by a slight decrease at the end of the test. A minor dierence can be observed between the two friction scenarios, where EFS displays a higher magnitude of contact rolling than EFR, as a result of a lower mechanical resistance at the contacts. Regarding the EMR and EMS specimens, the strain hardening phase is characterised by an increase in the magnitude of contact rolling. Given that for this specimen the main shear band emerges from the early stages of the test, the evolution of dε rolling does not show an intermediate constant value, as in EFR and EFS, but instead displays a continuous increase until (q/p) peak . Afterwards, the amount of contact rolling remains rather constant until the end of the test. A big dierence can be observed between the rough and smooth specimens, where the latter displays a higher degree of rolling than the former. Finally, the specimens with rounded particles show a sharp decrease of dε rolling for the rst increment of the test, which corresponds to an initial rearrangement of particles. However, as the specimens are further compressed, there is a slight increase in contact rolling during the strain-hardening phase. In contrast, there is a dierence between the two specimens during the strain-softening phase. While for EOS the magnitude of contact rolling remains rather constant, for the EOR specimens it decreases until it reaches a constant value at the end of the test. Similarly to the previous specimens, there is a larger amount of contact rolling for EOS than for EOR, due to the dierence in shear resistance at the contacts.

It should be noted that there is a strong eect of particle shape on the magnitude of contact rolling. Specimens with rounded particles have almost twice as high dε rolling than the specimens with at or medium particles. Small deviations from a spherical shape 4.6. Evolution of interparticle contacts 173 generate a strong decrease in contact rolling, as can be observed from the dierences between EOR and EMR, with an aspect ratio of 1.05 and 1.13, respectively. Conversely, further increments on the aspect ratio have a lower impact on the decrease of dε rolling , as in the case of EFR (AR = 1.5). This points to the strong role that particle interlocking, which rises from their anisometry, has on particle rotation. Moreover, the role of interparticle friction is directly aected by the shape of the particles. For the cases where particles are freer to rotate without greatly aecting their neighbours, there is a clear dierence in the amount of contact rolling between rough and smooth scenarios. However, as particle interlocking becomes dominant due to the increase of aspect ratio, and particle rotation is restricted, the dierence between the friction scenarios becomes minor. To study the orientation of dε rolling , each contact rolling vector is decomposed along the axis of the shear band (z ′ , y ′ , x ′ ), to measure if its orientation inuences the direction of contact rolling. Figure 4.57 shows the contribution of each of the contact rolling components along the test. It can be observed that contact rolling along y ′ is the dominant direction for all the specimens. This can be expected, given that it is aligned with the main orientation of particle rotation, as seen previously in Fig. 4.29. Nonetheless, it is important to note that along z ′ and x ′ there is a non-negligible contribution. Some dierences can be observed regarding the eect of particle shape. In the rst place, as the aspect ratio of the particles is increased, there is a greater dierence between y ′ and the other components. This can be related to the direction of particle rotation, which is more dominant for anisometric than for spherical particles. Moreover, the evolution of each component seems to have a relation with the shape of the particles. For the case of EOR and EOS, there is a slight variation in the contribution of each component during the strain hardening phase, after which they remain constant until the end of the test. In the case of EMR and EMS, the initial variation is more pronounced, and similarly, after reaching the peak stress ratio, the contribution of each component remains unaltered.

Flat

Finally, the EFR and EFS specimens show an increase of y ′ during the strain hardening phase, which reaches a maximum value at (q/p) peak . Afterwards, it remains constant for the rest of the test. In contrast, z ′ and x ′ decreases constantly during the strain-hardening phase. However, as the specimens enter their strain-softening phase, there is a dierence in the evolution of each contribution. While contact rolling along z ′ displays a continuous decrease, the contribution along x ′ starts to increase. Finally, no dierences are found between the two friction scenarios. This can be explained since the morphology of the shear band, in terms of orientation and thickness, is controlled only by the particle shape, and not by interparticle friction, as discussed previously.

Chapter 5

General discussion, main conclusions and perspectives

Discussion

Throughout this doctoral work, the eects of particle shape and interparticle friction on the mechanics of granular media have been investigated. It has been seen that the response of a specimen can be separated under two main phases along the test. On the one hand, the strain-hardening phase is characterised by the increase of the stress ratio (i.e., the mobilization of macroscopic friction), the development of anisotropic fabric, and the onset of strain localisation. On the other hand, the subsequent strain softening phase is characterised by the emergence of a main shear band, the rotation of fabric, and a strong particle rearrangement. To summarize and discuss all the relationship between the results detailed in this study, the following section is divided into two main parts, corresponding to the two main phases of the test.

Strain-hardening phase

The strain hardening phase corresponds to the initial stage of the triaxial compression test, where there is a continuous increase of stress ratio [START_REF] Vermeer | Non-associated plasticity for soils, concrete and rock[END_REF]. For a dense granular material, the end of this phase is marked by the maximum value of the stress ratio (q/p) peak , after which any further strain increment will produce a decrease in the stress ratio. Figure 5.1(a) shows the maximum stress ratio for the dierent specimens. As discussed in Sec.

4.1, there is an increase of the stress ratio with the aspect ratio of the particles for the rough scenario. This behaviour is observed in literature [START_REF] Oda | Stress-induced anisotropy in granular masses[END_REF][START_REF] Lin | A three-dimensional discrete element model using arrays of ellipsoids[END_REF][START_REF] Ting | Eect of particle shape on the strength and deformation mechanisms of ellipse-shaped granular assemblages[END_REF][START_REF] Rothenburg | Numerical simulation of idealized granular assemblies with plane elliptical particles[END_REF][START_REF] Salot | Inuence of relative density on granular materials behavior: Dem simulations of triaxial tests[END_REF], and is explained due to the geometrical interlocking between the particles that arise from their anisometry.

However, an inverse relation is observed for the smooth friction particles: as the aspect ratio of the particles increases from 1.05 to 1.50, (q/p) peak decreases from 1.10 to 0.91.

This result contradicts the previous argument for the relation between particle shape and shear strength. Given that the smooth particles have the same anisometry as the rough particles, and the only dierence is the value of interparticle friction (ϕ µ ), it is expected that the stress ratio shows lower values. Nonetheless, the correlation with the aspect ratio of the particles should be the same, since the amount of geometric interlocking is the same.

Chapter 5. General discussion, main conclusions and perspectives

To understand this nding, the results at the mesoscopic scale need to be taken into account. It is observed that there is a resemblance between the response of the stress ratio and the evolution of contact fabric anisotropy during the strain-hardening phase.

As mentioned in Sec. 4.5.3, previous studies by Oda suggest that the peak stress ratio is determined by the maximum value of contact fabric anisotropy [START_REF] Oda | The mechanism of fabric changes during compressional deformation of sand[END_REF]. Although their proposed model shows good agreement with their experimental results, the measurements performed in the present doctoral work seem to contradict their statement. As observed from Fig. 5.1(b), the contact fabric anisotropy at failure (ζ peak ), i.e., the anisotropy at the instant when the stress ratio reaches its peak value, shows a positive correlation with the shape of the particles. As the aspect ratio increases, the value of ζ peak increases continuously. Moreover, it can be observed that there is an eect of the interparticle friction on the evolution of peak anisotropy. A decrease of ϕ µ produces a decrease of ζ peak while maintaining the positive correlation with the aspect ratio of the particles. It is important to note that the overall trend of contact fabric anisotropy at failure is similar to the expected behaviour of (q/p) peak : a decrease in shear resistance for a lower value of interparticle friction, with a positive correlation with particle shape. If this were the case, then the relation between ζ peak and (q/p) peak predicted by Oda [START_REF] Oda | The mechanism of fabric changes during compressional deformation of sand[END_REF] would agree with the present experimental results. The interplay between fabric and stress is described by Rothenburg and Bathurst as The capacity of a cohesionless granular assembly to carry deviatoric loads is due to its ability to develop anisotropy in contact orientations or to withstand directional variation of average contact forces [START_REF] Rothenburg | Analytical study of induced anisotropy in idealized granular materials[END_REF]. It is then clear that the peak stress ratio is related to the degree of contact alignment. However, it should be underlined that their evolution through the strain-hardening phase is not the same. In fact, while the stress ratio at the beginning of 5.1. Discussion 177 the test is the same for all the specimens ((q/p) = 0), the degree of anisotropy is directly dependent on the shape of the particles. Figure 5.2(a) displays the initial contact fabric anisotropy (ζ 0 ) for the tests performed in this work. It can be seen that for the specimens with higher interparticle friction, there is a positive correlation between the aspect ratio of the particle and ζ 0 . As the particles become more anisometric, their symmetry plane becomes more dominant, compelling the particles to organise with their orientation vector parallel to gravity. This produces highly organised assemblies, which result in higher initial anisotropy of the contact network. However, an inverse relation is observed for the specimens with lower interparticle friction: as the aspect ratio of the particle increases, ζ 0 displays a continuous decrease. This discrepancy rises from the shear resistance at the contact point. Given that the smooth particles are less constrained than the rough particles, there is a higher number of possible congurations that the particles arrange into. In other terms, it is easier for particles to rotate and slide during the specimen preparation process, lling the voids as evidenced by the higher values of relative density for these specimens. However, this denser packing implies that the organisation of the particles is broken, as they need to organise in dierent orientations to ll in the voids.

Flat Medium Round

If it is suggested that the development of shear strength is related to the development of contact anisotropy, then the initial value of contact fabric anisotropy can be expected to have a direct relation with (q/p) peak .

This development of fabric, hereafter referred to as anisotropy potential , can be understood as the dierence between the initial and peak value, i.e., ∆ζ = ζ peak -ζ 0 . Figure 5.2(b) displays the relationship between the anisotropy potential for the specimens with smooth particles (∆ζ S ) and the specimens with rough particles (∆ζ R ). An equality line is added to simplify the comparison between the development of anisotropy for each friction scenario. The measurements of ∆ζ corresponding to the whole contact network are represented with circular symbols. It can be observed that for a given particle shape, the anisotropy potential is essentially independent of interparticle friction. This suggests that particle shape is the main factor that controls the development of fabric. This is because particles with higher aspect ratios have a higher initial coordination number, which reects on a higher availability of contact per particle than can be modied. This is expressed by

Rothenburg and Bathurst as the potential to induce anisotropy is related to the number of contacts that can be disrupted. The greater the initial number of contacts, the more contacts that can be disrupted without loss of stability [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF]. Even if a dierent subset of the contact network is used, the aforementioned relation is still observed. The anisotropy potential for the contact inside and outside the shear band is represented using crossed and triangular symbols, respectively. It can be observed that in all cases, ∆ζ S and ∆ζ R are rather similar, pointing to the eect of the coordination number on the development of fabric. The fabric-connectivity relation is easier to observe in Fig. 5.2(c), where the anisotropy potential is plotted against the aspect ratio of the particles. It is evident that there is a positive correlation between the two variables, and more importantly, that interparticle friction does not play a major role in the fabric potential. Moreover, it can be seen that there is a dierence in the increase of anisotropy magnitude, depending on the subset of the contact network that is taken into consideration. Contacts that are inside Chapter 5. General discussion, main conclusions and perspectives the shear band have a higher increase of anisotropy than contacts outside of it, due to the higher amount of deviatoric strain, and thus particle rearrangement, that this region undertakes. However, the relation between ∆ζ and the aspect ratio of the particles is maintained. According to [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF], the maximum stress ratio is directly related to the initial number of contacts. Figure 5.3(a) shows the average initial coordination number (Z ) for the dierent specimens. As expected, the amount of contacts that a particle can accommodate is higher as its aspect ratio increases. Studies have shown that this relation is concave downwards, with a maximum of Z = 10 for oblate ellipsoids of AR = 2.5 [START_REF] Yuan | Universality of jammed frictional packing[END_REF][START_REF] Donev | Improving the density of jammed disordered packings using ellipsoids[END_REF]. However, the initial coordination number cannot be directly correlated with (q/p) peak , since for both friction scenarios Z 0 increases with the aspect ratio of the particles. As interparticle friction decreases, there is an increase in the average initial coordination number for all the specimens. This result is rather expected since a denser array implies a higher degree of connectivity.

Given that a higher increase of anisotropy is possible due to a higher amount of contacts per particle, it might be expected that the decrease of coordination number (∆Z ) shows a similar response as ∆ζ. The decrease is dened as the dierence between the initial value and the value at the instant when the stress ratio reaches its peak value. describes the relation between the decrease of coordination number for the specimens with smooth particles (∆Z S ) and the specimens with rough particles (∆Z R ). Similar to before, an equality line is added to compare the two cases. However, there is no clear relation between the aspect ratio of the particles and the decrease of connectivity. It can observed 5.1. Discussion 179 that the specimens with medium particles have a higher decrease of coordination number than the specimens with at particles, independently of the interparticle friction. It can be seen that there is a positive correlation between the two variables, independent of particle shape or interparticle friction. This suggests that the initial organisation of the granular assemblies is the leading factor that determines the shear strength under deviatoric loading. Given that contacts represent the main unit that supports the external load, it is clear that an assembly where initially most of the contacts are preferentially aligned will be able to support a higher amount of compressive stress.

In this case, the contact network would require a minimum creation of new contacts, or rotation of existing ones, to support the deviatoric load. In contrast, a specimen with a lower degree of organisation will require a higher amount of changes of its contact network to support the external load.

However, it is important to underline that this relation is produced by an alignment between the inherent anisotropy, due to the depositional process, and the induced anisotropy, resulting from the applied stress. For the case of oblate ellipsoids, the geometry of the particles dictates that the initial assembly is organised with their orientation vector parallel to the direction of deposition. As observed before, a high value of interparticle friction allows the packing to preserve the inherent anisotropy after the specimen preparation process. For the tests performed in this doctoral work, the direction of the major principal stress (induced anisotropy) is also parallel to the direction of the main orientation of the particles (inherent anisotropy). This coaxiality between inherent and induced anisotropy results in the (q/p) peak -ζ 0 relation observed in Fig. 5.4(a). Nonetheless, if the applied stress is rotated, such that the major principal stress (σ 1 ) is perpendicular to the direction Chapter 5. General discussion, main conclusions and perspectives of deposition, then the specimens with a lower degree of anisotropy might have a higher shear resistance than those with higher ζ 0 . This is a result of a statistically higher amount of contacts aligned with the direction of σ 1 for the case of lower initial contact anisotropy.

In contrast, the specimens with high ζ 0 will require a strong amount of contact transformation to sustain the applied load, which would result in an inverse relation as the one detailed in Fig. 5. 4(a). This relation between the coaxiality of the contact network and the applied load has been studied by [START_REF] Oda | Experimental micromechanical evaluation of strength of granular materials: eects of particle rolling[END_REF][START_REF] Zhao | The interplay between anisotropy and strain localisation in granular soils: a multiscale insight[END_REF][START_REF] Oda | Initial fabrics and their relations to mechanical properties of granular material[END_REF]316326], as well as in the preliminary study on inherent anisotropy performed in this doctoral work [START_REF] Pinzón | Fabric evolution and strain localisation in inherently anisotropic specimens of anisometric particles (lentils) under triaxial compression[END_REF].

a) b)

Flat Medium Round It can be seen that for the specimens tested in this work, the magnitude of the peak stress ratio can be explained through ζ 0 and the shape of the particles. Even though EFS shows a higher increase of contact anisotropy, due to the higher coordination number, its initial value of ζ is lower than any other specimens, impeding the development of shear strength. In contrast, EMR and EOR display rather similar values of ζ 0 . However, the anisotropy potential is higher for the medium than for the rounded particles, which produces a higher value of (q/p) peak for EMR than for EOR. This indicates that, for specimens with similar starting fabric conditions, the shear strength is determined by the fabric potential. Nonetheless, the initial conditions of the assembly may vary according to the interparticle friction and the aspect ratio of the particles, yielding specimens that resist lower deviatoric loading, due to lower initial levels of anisotropy.

This variability of ζ 0 between the dierent friction scenarios, and its relation to the variability of the stress ratio is detailed in Fig. 5.4(b). It can be observed that for both variables, the range increases with the aspect ratio of the particles, pointing to the strong role of particle shape. Not only particle shape determines the variability of the initial conguration, due to a higher variability of particle orientations, but also the range of possible peak stress ratio, due to the creation of strongly inherent contact fabric. Moreover, the results show that interparticle friction has a lesser role for spherical particles than for elongated oblate particles. A decrease in friction results in a lower variability of possible states for the former, while for the latter the impact is greater, allowing the attainment of multiple congurations.

Although these results point to some micromechanical eects inherent to granular materials, it is important to emphasise that they cannot (and should not) be generalized to all granular materials. Not only do all the particles have the same morphology, but they also have the same size, and these elements are not expected to be found in natural materials.

Even for samples where the morphology of the particles shows a characteristic homogeneity, for example, the roundness of Caicos Ooids, there is always an inherent variability of particle shape and size [START_REF] Lloyd | Beach and shoreface ooid deposition on shallow interior banks, turks and caicos islands, british west indies[END_REF]. For the specimens used in this work, there is no variability in the morphology of the particles. This isolates and accentuates the eects that arise from interparticle friction and shape. For instance, an assembly where all the particles have the same shape, but with some degree of polydispersity will show a higher initial coordination number than the same assembly with a monodisperse set of particles. As discussed before, this change in the connectivity directly impacts the development of fabric, and ultimately, the development of shear strength. Similarly, the initial anisotropy of the contact network will be decreased, since the dierence in particle size enables the particles to arrange along dierent orientations. When comparing these results to natural materials, it can be expected that these micromechanical eects are attenuated at the bulk scale. At the contact scale, each interaction between particles is expected to be governed by the same micromechanical eects detailed in this doctoral work. However, due to the variability of particle shape and size, the eects at the local scale can be expected to homogenise at the specimen scale. An example of this can be found in the evolution of χ, which denotes the contribution of the peak dilatancy on the peak strength, see Fig. 4.3. The results reported in the literature for several natural sands samples (see [START_REF] Xiao | Eect of particle shape on stress-dilatancy responses of medium-dense sands[END_REF][START_REF] Arda | Inuence of grain shape on stress-dilatancy parameters[END_REF][START_REF] Bolton | The strength and dilatancy of sands[END_REF][START_REF] Vaid | The strength and dilatancy of sand[END_REF] and references therein) show that χ is independent of particle shape, but depends on interparticle friction. In contrast, the measurements performed in this work suggest that under controlled conditions, the coecient χ is independent of the inter-particle friction angle (for the tested range of ϕ µ ) but strongly depends on the aspect ratio of the particles.

Despite the homogenisation, some core micromechanical behaviour that emerges from particle shape is expected to appear at the bulk scale. For instance, particle interlocking can be used to explain the dilatancy response of the specimens. As it was shown in Fig. 4.1, EFR and EFS have the lowest values of Ψ max . As interlocking originates from particle anisometry, it is expected that the specimens with at particles exhibit a more constrained particle movement. This was discussed in Sec. 4.4, where both EFR and EFS show a low degree of particle rotation (see Fig. 4.28) and displacement (see Fig. 4.32) In contrast, EOR and EOS have the highest magnitude of particle rotation throughout the test. It can be presumed that this higher amount of particle rotation would produce a greater amount of macroscopic dilatancy. However, the results do not show this behaviour. The lower interlocking between rounded particles allows them to rotate freely, accounting for Chapter 5. General discussion, main conclusions and perspectives the higher magnitude of rotation. However, this same low interlocking implies that there is a lower impact on the direct neighbours of a given particle, yielding a lower dilatancy.

In contrast, the anisometry of the medium particles implies that there is a slightly higher amount of interlocking, while the particles are still able to undergo a considerable amount of rotation. This interaction between particle interlocking and particle rotation could be used to explain the higher dilatancy for EMR. While for the at particles the interlocking is strong enough to impede their rotation, for the rounded particles is not enough to aect their neighbours.

A similar eect of particle shape can be observed for (q/p) peak . As observed previously in Fig. 4.1, the EFR and EFS specimens show a rapid increase of the stress ratio, reaching almost 90 % of the amount of (q/p) peak after only 2 % of axial shortening. However, as the compression of the specimens continues, the stress ratio remains almost constant, reaching the peak value after more than 10 % of axial shortening. In contrast, the other specimens do not have this stress ratio plateau, as they reach the maximum stress ratio within 4 % of axial shortening and then begin their strain-softening phase. This dierence in the vicinity of (q/p) peak can be related to the interlocking of the particles. During the strainhardening phase, the average rotation of the particles of EFR and EFS rapidly increases and reaches an intermediate value (see Fig. 4.28). After the stress ratio attains (q/p) peak , the average rotation of the particle inside the shear band further increases, reaching a nal constant value. Conversely, the other specimens show a continuous increase during the initial part of the test, reaching a constant value during the strain-softening phase. The results suggest that the strong interlocking between the at particles can sustain most of the applied load, which results in a bimodal evolution of particle rotation. This has further eects on the development of the main shear band. As seen previously in Fig. 4.44, the convergence towards a unique shear band is delayed for the EFR and EFS specimens, while in the other cases it occurs within the rst strain increments of the test.

Strain-softening phase

The strain softening phase corresponds to the post-peak behaviour, and it is characteristic of dense granular materials. The stress ratio decreases from its peak value ((q/p) peak ) towards a steady state value (q/p) ss . Macroscopically, this phase is marked by the propagation of the shear band, as it dominates the deformation pattern of the specimens used in this doctoral work. It is of interest to further analyse the total value of deviatoric strain ε q,total inside the shear band. Contrary to the incremental measurements (between two consecutive scans) discussed previously in Sec. 4.3.1, the total measurements account for the accumulated deviatoric strain between the initial state (scan 00) and any given point of the test. For this, the incremental transformation function (Φ) measured for each particle is used to compute the total transformation function as:

Φ 00→n = Φ 00→01 • Φ 01→02 • • • • Φ n-1→n (5.1) 
5.1. Discussion

.5 shows the average total deviatoric strain ( εq,total ) inside and outside the shear band along the test. Similar to before, the occurrence of the peak stress ratio is marked on the curves with a cross symbol. It can be seen that from the beginning of the compression, there is a clear dierence between the emergent strain localisation region and the rest of the specimen. During the strain hardening phase, εq,total increases strongly inside the shear band, while outside of it the increase is relatively mild. As expected, the total deviatoric strain outside the shear band remains constant as the specimens enter the strain softening phase, while inside the main shear band it continues to increase. It is important to note that the transition between the strain hardening and softening phase does not represent any change in the evolution of εq,total , as it shows a continuous linear increase. Moreover, the rate of increase of εq,total is similar among the specimens, and no strong dierences can be observed for dierent particle shapes and interparticle friction. Conversely, the mean incremental deviatoric strain ( εq,inc ) inside the shear band shows a dierent evolution, see Fig. 5.6. For the specimens with at particles, there is a strong initial increase of εq,inc , followed by a second stage where the average incremental deviatoric strain increases gradually. After the peak stress ratio is reached, εq,inc continues to increase at a higher rate, reaching a constant value near the end of the test. In contrast, the specimens with medium and rounded particles display a dierent evolution. During the strain hardening phase, both specimens show a steady increase of εq,inc . However, as the specimens are sheared beyond their peak stress ratio, the values of average incremental deviatoric strain remain constant. It is important to note that the evolution of εq,inc seems to be independent of the interparticle friction value. Moreover, the average incremental deviatoric strain at the end of the test seems to be similar for all the tests, in the order of 3 %. This suggests that during the strain softening phase, the amount of distortion that the granular assemblies undergo inside the shear band is independent of particle shape and interparticle friction. This evolution of εq,inc shows a similar pattern to the behaviour of incremental particle rotation inside the shear band, see Fig. 4.28. To visualise the relation between the two variables, Fig. 5.7 displays the development of average incremental deviatoric strain and average incremental particle rotation inside the shear band. Similar to before, the beginning of the test is denoted by a circle, while the end is indicated by a triangle. It can be seen that in all the cases, there is a linear relation between them which is highlighted by the grey region. Although some dierences can be seen for the rst increments of the test, the evolution of εq,inc inside the shear band is proportional to the incremental particle rotation. The results suggest that particle rotation is the dominant mechanism that produces deviatoric strain inside the specimens. This is in agreement with the measurements of contact sliding and rolling (see Fig. 4.53 and 4.56), where particle rolling at the contact level is the principal mechanism for the kinematics of contacts. Complementary to the deviatoric strain, the volumetric strain inside the shear band can be used to further understand the micromechanical process responsible for the macroscopic deformation of the specimens. Figure 5.8 shows the evolution of the total volumetric strain ( εV,tot ) inside the shear band along the test. Recall that positive values of ε V correspond to contraction, while negative values correspond to dilation. For the specimens with at particles, there is a continuous increase of dilation from the beginning of the test. In contrast, the specimens with medium and rounded particles have an initial contractive phase. It should be noted that the bulk measurements of volumetric strain (see Fig. Although these results may seem contradictory, it is important to point out that each measurement is performed using dierent techniques. While the bulk measurement is performed directly from the x-ray images, the local measurements inside the shear band are performed using the displacement eld of the particles. Given that the latter is based on the change of greyscale values, while the former depends on the binarisation of the images, it is expected that the measurements from the displacement of the particle show higher sensitivity to small particle rearrangements.

Rough

As the contractive phase takes place during the strain hardening regime, the transition towards a general dilation inside the shear band occurs near the peak stress ratio. The strain softening phase is then characterised by a continuous dilation. Moreover, it can be observed that there is a dierence between the rough and smooth specimens. For a given particle shape, the former shows higher values of εV,tot than the latter at the end of the test. A similar eect can be observed for the particle shape. There is a positive correlation between the aspect ratio of the particles and the maximum dilative volumetric strain at the end of the test. These trends are in agreement with the bulk measurements of volumetric strain in Fig. 4.1 and can be related to the interplay between particle interlocking and particle rotation. Although rounded particles have a higher degree of rotation, they show a smaller amount of interlocking between them, making it possible to have local events of particle rotation without a great impact on the adjacent region. In contrast, the at particles show a considerably lower amount of particle rotation due to their higher degree of interlocking. However, this causes greater eects on the vicinity of local particle rotations.

Moreover, Fig. 5.9 displays the incremental volumetric strain ( εV,inc ) inside the shear band through the test. As expected, the specimens show a mostly dilative behaviour, in agreement with the previous measurements of total volumetric strain. For the case of the specimens with at particles, an initial increase of εV,inc can be observed, reaching a constant value at the end of the strain hardening phase. As the specimens are further sheared, the incremental volumetric strain decreases towards zero. In contrast, the specimens with medium and rounded particles show a contraction for the rst increments, which explains the initial contractive phase observed previously for the total volumetric strain. However, further axial shortening produces a dilatant behaviour througth the strain-hardening phase. As for the previous specimens, εV,inc decreases towards zero during the strain softening regime. It should be noted that interparticle friction has an eect on the latter is the volumetric change inside the shear band and uses the grain kinematics. It can be observed that a higher value of (ε V,inc ) max is correlated with higher values of Ψ max .

However, EMR has a considerably higher value of peak dilatation than EOR, although its dierence in maximum dilative incremental strain is rather small. This suggests that particle rotation does not explain entirely the development of volumetric strain, and ultimately bulk peak dilatancy, since the rounded particles have considerably higher values of rotation than the medium particles. Instead, a combination of interlocking and particle rotation yields higher values of volumetric strain. For the case of EOR and EOS, the rounded shape of the particles enhances the rotation of individual particles but limits their interaction with their neighbour. In contrast, the large aspect ratio of the particles of EFR and EFS implies that any rotation of a given particle would have a greater impact on its surroundings. Nevertheless, these strong interlocking also limits the rotation of particles, and impedes the dilation of the specimens. Conversely, the shape of the particles of EMR show a higher particle rotation than for EFR, but a higher interlocking than EOR, resulting in higher values of peak dilatancy.

Summary

This doctoral work presents an experimental investigation of the role of particle shape and friction on the mechanical response of granular materials. To this end, six monodispersed sets of ellipsoidal particles of three aspect ratios (at, medium and rounded) are manufactured, and talc powder is used to modify the interparticle friction coecient (rough and smooth). The specimens are subjected to a triaxial compression test and are imaged each The macroscopic response of the specimens is characterised by the axial stress evolution, measured through an external load cell, and the volumetric response measured directly from the labelled images at each scan. All the specimens have a characteristic stress evolution of dense granular assemblies, showing well-dened strain hardening and softening regimes, and reaching a steady state at the end of the test. The results show that the specimens composed of particles with a higher aspect ratio and higher friction have a corresponding highly shear resistance, due to the strength that arises from the interlocking between anisometric particles. However, the inverse relation is observed for the specimen with lower friction. Regarding the bulk volumetric behaviour, a dilative response is observed from the beginning of the test for all the specimens, reaching a constant value at the end of the test. Concerning the role of particle shape and friction, a similar trend as for the peak stress ratio is seen. As the aspect ratio of the particles increases, the volumetric strain at the end of the test increases accordingly, while a decrease in interparticle friction produces a lesser dilative response. The measurement of volumetric strain is used to compute the dilatancy angle. It is observed that the occurrence of peak dilatancy takes place shortly before the peak stress ratio is reached for all the specimens. Contrary to the previous trends, the aspect ratio does not show a proportional correlation with the peak dilatancy, since the specimen with medium particles shows the highest value.

The characterisation of the initial state of the specimens is presented, focusing on the initial packing in terms of particle and contact orientation. The results show an initial alignment of the orientation vectors towards the vertical direction, as a product of the pluviation process. As expected, the overall spread of the contact orientation distribution is higher than for the particle orientation distribution, due to the isostasticity of the contact network. It is important to note that for specimens with high friction, the initial degree of anisotropy of both distributions is higher as the aspect ratio of the particles increases. However, for the specimens with lower friction, the inverse relation is found, which points to strong dierences in the initial arrangement. As particles are deposited, they tend to rotate and arrange with their orientation vector parallel to the direction of gravity. However, as the interparticle friction is reduced, the particles rotate more easily, lling the internal voids of the specimens and resulting in more densely packed assemblies. This is especially marked for the at particles, due to their strong anisometry, causing higher values of initial coordination number for the smooth than for the rough specimen.

The evolution of the incremental strain elds inside the specimen shows that the strain hardening phase is characterised by a strong dilation, accompanied by the emergence of a main shear band. As the specimens are sheared beyond their peak stress ratio strain localisation becomes dominant, and local compressive and dilative zones are visible simultaneously inside the shear band. Conversely, the outside regions are characterised by lower values of incremental deviatoric strain. At the end of the test, the deviatoric strain eld shows a well-dened shear band for all the specimens, which concentrates high values of incremental deviatoric strain, as well as dilative and contractive events. Additionally, it is observed that the onset of strain localisation occurs on the rst strain increments for the Chapter 5. General discussion, main conclusions and perspectives specimens with medium and rounded particles. In contrast, the specimens with at particles show multiple active deformation mechanisms during most of the strain-hardening phase, until a nal shear band becomes dominant near the occurrence of the peak stress ratio. Furthermore, the incremental deviatoric strain eld at the end of the test is used to determine the morphology of the nal shear band. No strong eect of particle shape or friction is observed for the width of the shear band, with values between 10 and 14 particle diameters, in agreement with dierent measurements found in the literature. On the contrary, the inclination of the shear band shows a slight dependency on the aspect ratio of the particles, with values ranging from 48 • to 54 • with respect to the vertical axis, for the rounded and at specimens, respectively.

It is observed that the strain localisation region concentrates higher values of particle rotation, and some strong dierences between the specimens are seen. While the specimens with at particles have a strong spatial concentration with a lower average particle rotation of 2 • , the specimens with rounded particles show a rather diuse spatial distribution with a higher particle rotation up to 10 • . Moreover, the anisometry of the particles has a strong impact on the preferred axis of rotation. As the aspect ratio of the particle increases, they rotate preferably around an axis aligned with the orientation of the nal shear band. Regarding particle displacement, a progressive vertical prole is observed during the strain-hardening phase. However, as the main shear band emerges, there is a sharp transition which divides the specimen into two kinematic regions. A two-block system can be used to describe the specimens during the strain-softening phase, where the region above the main shear band behaves as a rigid block that slides on top of a lower almost rigid region. Additionally, the displacement of the particles is decomposed along the main directions of the shear band, and it is observed that after the onset of strain localisation the displacement of the upper block is mostly along the orientation of the shear band. Although it is expected that the specimens with at particles show a higher magnitude of displacement, since their shape promotes the sliding along their long axis, the results show that it is the specimens with rough medium particles that have the highest amount of particle displacement. This is due to the strong degree of interlocking among the at particles, as local deviations from a perfectly aligned fabric force the particles to rotate when subjected to an external load. However, this is strongly constrained due to their higher anisometry, and thus the magnitude of particle displacement is not as high as for other specimens.

Regarding the compacity of the specimens, it is observed that the bulk porosity increases and reaches a steady value. However, there is a strong dierence between the inside and outside the emerging strain localisation region. From the rst instants of the test, the porosity inside the shear band increases at a higher rate than outside, and thus reaches higher values at the end of the test. It can be seen that the specimens with higher interparticle friction reach higher values, as a consequence of a greater bulk dilatancy.

Additionally, they reach a similar constant porosity, despite presenting dierent initial values. In contrast, the specimens with smooth particles have lower values of porosity at the end of the test. A second low-order descriptor of the internal arrangement of the granular assemblies is the connectivity, dened through the coordination number, i.e.,

Summary

191 the average number of contacts per particle. During the strain hardening phase, there is a strong decrease in the connectivity for particles inside and outside the shear band.

However, the rate of evolution for the former is considerably higher than for the latter.

As the specimens are further sheared, the coordination number reaches a constant value, independent of particle shape or interparticle friction.

The internal arrangement is further analysed by using the second-order fabric tensor for particles and contact vectors. During the strain-hardening phase, each fabric tensor becomes more anisotropic by developing a principal orientation. However, during the strainsoftening phase, there is a change in the evolution of the distributions, as a higher amount of vectors organise along multiple orientations. Additionally, it is observed that fabric evolution outside the shear band follows the evolution of the inside subset with a lower range, independently of particle shape or friction. A clear eect of particle shape is observed on the evolution of anisotropy, as for specimens with particles of higher aspect ratio the increase of anisotropy at the end of the test is higher. In contrast, interparticle friction seems to only aect the rate of evolution, but not the nal values of anisotropy.

Regarding the development of the main orientation, the azimuth of the fabric tensors is strongly attracted towards the azimuth of the shear band, irrespective of the morphology of the particles. Conversely, the main inclination tends towards an alignment with the vertical direction, but as the specimens are sheared beyond the peak stress ratio, there is a continuous increase in the inclination of the fabric tensors. One of the most noticeable results is the resemblance between the contact anisotropy and the stress ratio, since they show a similar evolution along the test, and they are equally aected by particle shape and interparticle friction.

For a given strain increment, the contact network evolves through the creation, loss and preservation of contacts. It is observed that contact preservation is the dominant mechanism, representing more than 95 % of the number of contacts, for the strain increment of 0.5 % used in this work. During the strain-hardening phase, there is a higher number of contacts that are lost than created, accounting for the observed initial decrease in average connectivity. Nonetheless, during the strain-softening phase, as many contacts are lost as created, resulting in a constant value of coordination number. These mechanisms have a strong anisotropy during the test. Given that contact preservation contains most of the contacts, its anisotropy follows closely the evolution of bulk contact anisotropy. In contrast, contact creation is performed mostly along the vertical direction, while contact loss occurs mainly along a horizontal plane, perpendicular to the Z axis. Additionally, it is found that the overall anisotropy of contact dynamics is determined principally by the shape of the particles, rather than the interparticle friction.

The kinematics of particles is coupled with the preserved contacts to analyse the dierent deformation mechanisms at the contact point. First, it is observed that the amount of indentation is almost negligible, mainly below 2 % of the equivalent diameter, validating the assumption of rigid particles. Secondly, contact sliding is decomposed into its main components, and it is seen that particle rotation is the dominant mechanism over particle sliding for all the specimens. This implies that contact sliding is strongly constrained for particles of higher aspect ratio, as a result of the strong interlocking among the particles.

Regarding contact twisting, the results show that it is more present for particles with a lower aspect ratio, as a consequence of the strong rotation between them. Moreover, contact rolling follows the same trend as the average rotation of the particles, in terms of evolution and magnitude, suggesting that this deformation mechanism is the principal process of friction mobilisation.

Finally, it is observed that the development of contact anisotropy is strongly related to the aspect ratio of the particles. As the shape deviates from the sphere, the average number of contacts that each particle can have increases considerably, and thus a greater number of contacts can be removed or rotated without compromising the overall stability of the assembly. This has a direct impact on the shear strength of the specimens, as it is related to the number of contacts that can be modied to sustain the applied load.

However, it is important to note that the initial state of the contact network is essential to understand the development of stress ratio. Specimens where the initial fabric shows a higher degree of anisotropy towards the direction of loading will eventually have a higher peak stress ratio, as a consequence of the preferential alignment of the contact network.

In contrast, specimens where there is no preferential direction of contacts, would require a stronger transformation of the contacts, and thus will withstand a lower amount of external load. Consequently, particle shape plays an important role in the development of shear resistance, as it not only determines the amount of fabric potential but also the degree of initial anisotropy and its directionality. Moreover, the deformation processes at the bulk scale can be understood as the product of the interplay between the interlocking of particles, which rises from their anisometry, and particle rotation. For rounded particles, the rotation is strongly promoted due to the lower interlocking between the particles.

However, this also implies that local kinematic events have a lower eect on the direct neighbours. In contrast, at particles have a strong interlocking, due to their higher aspect ratio, and thus a local kinematic event has a greater impact on its surroundings.

Nevertheless, this eect strongly constrains the rotation of particles, limiting the amount of strain that the specimens undertake. It is found that the medium rough particles have the highest amount of interlocking with the lowest degree of restriction to particle rotation, thus generating the highest amount of dilatancy for the specimens tested in this work. Generation of a complete dataset All the particles that comprise each specimen (more than 20000) are identied and tracked throughout each scan -in the order of 30 to 50 per experiment. The measured kinematic elds are used to generate the subsequent labelled images, resulting in a consistent labelling system -the ID of the particle is preserved throughout the test.

Although this work is not the rst which uses x-ray tomography to understand the response of a granular specimen, it is the rst one where the tracking is successfully performed for all particles. This is the result of a novel tracking methodology specially implemented for this doctoral work. The resulting set of labelled 3D images and measurements represents a rich dataset, oering full-eld measurements such as strain elds, particle-based and enabling meaningfull contact-based fabric evolution, and particle kinematics, among others. Moreover, with the aim of promoting future studies on granular materials, all the results and the raw images are made available to the scientic community in an open repository [START_REF] Pinzón | Experimental investigation of the eects of particle shape and friction on the mechanics of granular media[END_REF].

Interplay between particle rotation and interlocking

It is observed that independent of the aspect ratio of the particles, rotation is the dominant mechanism at the particle scale, in contrast to sliding, which plays a minor role. Although it was expected that at smooth particles would have a tendency to slide along their long axis, the lower initial anisotropy force them to rotate to be able to move and sustain the external load. The amount of rotation is seen to be correlated to the degree of anisometry of the particles, as a product of their interlocking. This also translates into higher amounts of incremental strain inside the shear band, both volumetric and deviatoric.

Additionally, it is observed that particle interlocking plays a determinant role in the resultant kinematics by constraining, or enhancing, the propagation of local rotation events among the neighbouring particles. This interplay between opposing eects of particle rotation and interlocking originates from the morphology of the particles and is responsible for the deformation process at the bulk scale. While rounded particles can rotate more easily, their lower degree of interlocking implies that local rotations have a lower impact on their direct neighbours. In contrast, the strong anisometry of at particles produces a substantial interlocking between them, increasing the impact of single particle movements over the surroundings but restraining their rotation.

Particle shape controls the evolution of fabric

In the experiments performed, the development of fabric anisotropy is determined solely by the shape of the particles, and not by interparticle friction. The average coordination number increases with the degree of anisometry of the particles. This implies that particles with a higher aspect ratio have more contacts that can be removed or rotated without aecting the stability of the arrangement. This relation is observed to be a direct consequence of the geometry of the particles, and it is independent of any local, or global, deformation process. Although this was initially proposed by [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF] almost 30 years ago, to the best of the author's knowledge, this doctoral work is the rst experimental validation of it. Moreover, the development of shear resistance is strongly related to the anisotropy of the initial state. Specimens where the contact network shows a strong anisotropy aligned with the direction of the load, have a higher peak stress ratio than specimens with a lower degree of anisotropy. However, assemblies with similar initial conditions of the contact network, but with dierent particle shapes, will show dierences in the peak stress ratio, as a consequence of anisotropy development.

Particle shape overcomes interparticle friction eects

It is observed that particle shape plays a dominant role in the mechanics of granular materials, while interparticle friction has a marginal function -for the tested range of friction values. While particle shape controls the degree of interlocking, the kinematics of the particles, and the development of fabric, interparticle friction mainly aects the shear resistance at the contact point and thus has an impact on the ability to support the external load. Additionally, interparticle friction has a signicant eect on the initial state of the specimens. As friction decreases, particles can organise into assemblies with a lower degree of anisotropy, due to greater rotational freedom. However, the eect of friction is outweighed by the particle shape.

It is observed that the aspect ratio of the particles increases the range of possible congurations for the initial assembly, as anisometric particles can be deposited in multiple arrangements. This not only increases the range of contact anisotropy, but also the range of peak stress ratio for the specimens tested in this work. This suggests that for assemblies of spherical particles, interparticle friction would not have substantial dierences as for assemblies of anisometric particles, since the anisotropy would be rather similar for dierent values of friction. In contrast, assemblies with anisometric particles would have a wide range of dierent initial congurations and thus generate a broader variety of mechanical responses. process, given its outstanding high stiness and dimensional stability during the manufacturing process [START_REF] Archodoulaki | Property changes in polyoxymethylene (pom) resulting from processing, ageing and recycling[END_REF]. However, it is also used in engineering applications prone to considerable wear, since POM exhibits good abrasion resistance and low friction coecient [START_REF] Yousef | Wear characterizations of polyoxymethylene (pom) reinforced with carbon nanotubes (pom/cnts) using the paran oil dispersion technique[END_REF]. This limits not only the range of possible friction scenarios that can be explored with these materials but also the interplay of particle shape and interparticle friction to lower values of µ.

Monodisperse particles

The tested specimens are composed of a monodisperse set of grains, simplifying the interaction between particles to allow a controlled observation of the eect of particle shape. This implies that the geometry at the contact point is the same for any given pair of particles, oering some analytical boundaries to variables such as coordination number and void ratio. However, monodispersity also has some strong impacts on the possibility to generalise the results to natural soils. First, the crystallisation observed for the rounded particles is a direct result of the interplay between the particle shape and the mono distribution of particle size. This inherently generates preferential planes with lesser shear resistance, aecting the bulk response of the specimen.

Additionally, the strong interlocking that is observed for at particles is expected to be lesser in polydisperse systems, thus decreasing the eect of anisometry.

Several perspectives for future studies come as a result of this work, both from the image analysis side, as well as from the granular mechanics perspectives, and are discussed in the following.

Image analysis perspectives Segmentation techniques

The watershed segmentation technique is found to be suitable to identify the particles of the tested specimens, due to the uniformity of the particle shape, their low degree of internal texture, and their relatively lower number of internal defects. However, for non-convex shaped, or highly porous particles, the watershed segmentation has signicant diculties and results in over-segmentation errors. This is observed for the preliminary campaign of this doctoral work [START_REF] Pinzón | Fabric evolution and strain localisation in inherently anisotropic specimens of anisometric particles (lentils) under triaxial compression[END_REF], where an important amount of manual post-processing is needed to correct the segmentation errors observed in the initial labelled image.

Chapter 5. General discussion, main conclusions and perspectives Topological frameworks, such as persistent homology and discrete Morse theory

[329331], are starting to draw attention as segmentation techniques, due to their robustness to extract shape and structure from 3D images [332334]. Moreover, these techniques provide additional measurements as a product of the segmentation process, such as the connectivity network and the contact regions [START_REF] Pandey | Morse theory-based segmentation and fabric quantication of granular materials[END_REF], and oer an insight into the topology of the porous phase [336338].

Metrology of contact detection

The contact detection process used in this doctoral work is based on the technique detailed in [START_REF] Wiebicke | On the metrology of interparticle contacts in sand from x-ray tomography images[END_REF], which uses a greyscale threshold on the contact zone to determine the existence of contact between two particles. Although the method was initially calibrated for spherical particles, the relation between the greyscale threshold and the local curvature of the contact point is still unknown. A metrology study is thus needed, using a sub-voxel discretization approach for simulating the Partial volume eect (as the one implemented in Sec. 3.6.1), or developing an analytical tool that can correctly compute the partial volume eect for dierent ellipsoids. This would improve the measurement of contact fabric from 3D images adapted to the morphology of the particles in use.

Granular mechanics perspectives

Calibrations and simulations of digital twins

The controlled and simplied geometry of the particles, coupled with the number of measurements available at dierent scales -e.g., macroscopic stress-strain response, fabric evolution, and particle rotation -make the dataset of this doctoral work a unique opportunity to calibrate and validate numerical models. Specically, the use of ellipsoidal particles eases the numerical representation of the specimens, allowing the creation of digital twins that can be tested under a variety of scenarios.

Accessible initial fabric states

It is observed that both particle shape and interparticle friction have a strong eect on the initial state of the specimens. Especially, they govern the initial arrangement of particles in terms of anisotropy and packing. It is thus important to understand the initial fabric states that can be achieved for a given combination of particle shape and interparticle friction. Although this can be done through physical experiments, exploring as well the impact of dierent specimen preparation methods, it would be interesting to complement the experiments with numerical simulations, especially to examine preparation methods that are not feasible in laboratory testing.

Limitations & Perspectives 197 Higher values of interparticle friction

As it is mentioned previously, the tested range of interparticle friction is comparatively compared to natural granular geo-materials. For this reason, future experimental campaigns should be aimed to understand the interplay of particle shape and interparticle friction for higher values of µ. It might be expected that the secondary role of interparticle friction which is observed in this work, may be reversed at high values of friction, especially due to its impact on the initial anisotropy of the assembly.

Polydisperse assemblies

Specimens comprising a polydisperse set of particles are of interest to understand the eects of particle shape and interparticle friction on variables such as average connectivity, initial anisotropy, and ultimately, the macroscopic mechanical response of the assemblies. It might be expected that a wider size distribution aects the opposing roles that particle interlocking and particle rotation have, thus aecting the deformation processes at the particle scale. Moreover, it is observed that the anisotropy potential of the specimens is directly proportional to the number of contacts that each particle can establish. Although the specimens originally used by [START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF] included a minor polydispersity, it is of interest to understand if the relation between particle shape and anisotropy potential is still observable for assemblies with a wide distribution of particle sizes.

Critical State Fabric anisotropy

Further experimental campaigns targeted towards even higher levels of shear strain would allow the observation of a steady state for particle and contact fabric, which is not attained in this work. This implies the design of new testing equipment, such as simple shear or a hollow cylinder torsional shear test, properly adapted to be used inside a standard tomography cabin, or in synchrotron facilities. It is important to explore, from an experimental perspective, the uniqueness of fabric at a critical state, proposed by frameworks such as the Anisotropic Critical State Theory (ACST) [START_REF] Li | Anisotropic critical state theory: role of fabric[END_REF]. Its existence and possible dependency on particle properties (e.g., shape, interparticle friction), and assembly properties (e.g. initial fabric state, porosity) would be of great benet for the constitutive modelling of fabric evolution.

Onset of strain localisation

Although in the present study the x-ray scans are taken at a relatively short strain increment of 0.5 % axial shortening, they are not small enough to capture the onset of the main shear band with a reasonable amount of data points. A considerably smaller strain increment would allow the examination of the strain-hardening phase with better precision, oering further insights into the mechanisms responsible for the inception of strain localisation.
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 21 Figure 2.1: Range of particle used in this doctoral work, composed by oblate ellipsoids as revealed by two orthogonal slices and a volume rendering.
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 22 Figure 2.2: Inter-particle friction setup: a) Main components of the apparatus, b) Details of the testing region
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 23 Figure 2.3: Macroscopic response of the smooth and rough particles: a) Stress ratio evolution as a function of axial shortening, b) Distribution of particle rotation between 20 % and 24 % axial shortening
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 2 Figure 2.3(a) shows the macroscopic behaviour of both specimens in terms of stress ratio
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 24 Figure 2.4: Eect of talc powder on the initial macroscopic density of the specimens. a) Mass loss due to specimen preparation repetition, b) Distribution of the initial density.
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 25 Figure 2.5: Steps of inter-particle friction test

Figure 2 .

 2 6(a) shows the evolution of the measured friction angle for a representative pair of at rough particles under a normal load of 9 N. It can be observed that as the particles are sheared, the friction angle increases up to a maximum value and then decreases towards a constant value. The maximum value observed at each test is taken here as the friction angle of the pair of tested particles.
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 226 Figure 2.6: Inter-particle friction measurement. a) Typical friction angle prole for a pair of at rough grains , b) Friction measurements for the dierent tested particles.
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 27 Figure 2.7: Standard triaxial compression apparatus

Figure 2 . 8 :

 28 Figure 2.8: Kinematic simplication of strain localisation. a) Two-block system, b) Relationship between an imposed vertical displacement and registered horizontal displacement, c) Conjugate shear bands due to the use of a traditional triaxial compression setup.
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 29 Figure 2.9: Modied triaxial compression apparatus. a) Main components of the triaxial apparatus, b) Details of the sliding system

Figure 2 .

 2 Figure 2.10 shows a sketch of the main steps for preparing each specimen. The procedure starts by placing a Teon disk on top of the static cap (Fig. 2.10-a), and wrapping the lower part of the membrane around them. The Teon disk along with the static cap has a small aperture to apply the vacuum inside the specimen. To avoid any slipping between the membrane and the static cap during the test, a series of O-rings are placed around them to fasten the contact. Then, a cylindrical mould is placed around the membrane (Fig. 2.10-b) resting on the edges of the static cap. It is important to note that the mould
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 210 Figure 2.10: Description of the key specimen preparation steps
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 211 Figure 2.11: Picture of a specimen ready to be tested
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 212 Figure 2.12: Assembly of experimental setup

Figure 3 .

 3 [START_REF] Alshibli | Inuence of particle morphology on the friction and dilatancy of sand[END_REF] shows the main components of the tomograph along with one of the tested specimens. For this type of tomograph, the x-ray source and the x-ray detector have a xed distance and the specimen is rotated on top of the rotation stage. The source is a Hamamatsu Corporation L12161-07, with an operational voltage range of 40 -150 kV, and an operating current range of 10 -500 µA. Three emission spot sizes can be used: small focus mode at 10 W and a maximum focal size of 7 µm, medium focus mode at 30 W and a maximum focal size of 20 µm, and large focus mode at 75 W and a maximum focal size of 50 µm. The focal size is related to the area of electron interaction and emanation of x-rays from the x-ray tube anode, and plays an important role in the quality of the nal radiograph since the size of the focal point is proportional to the blur of the image, but also proportional to the pixel size of the radiograph. The detector is a PaxScan 2520DX amorphous silicon at-panel, with a 700 µm thick Caesium Iodide scintillator. The total area is 195.0 mm × 244.0 mm with a total of 1536 × 1920 pixels. Although the physical pixel size on the detector is 127 µm, the eective pixel size may decrease due to the conical beam of the x-ray source and the optical magnication resulting by the relative distance of the specimen from the detector and the source. If the specimen is moved away from the x-ray detector toward the x-ray source, the spatial resolution of the images increases (i.e., smaller pixel size), at the expense of a smaller eld of view.
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 31 Figure 3.1: X-ray tomography cabin at Laboratoire 3SR

Figure 3 . 3 Figure 3 . 2 :

 3332 Figure 3.2: Beam hardening correction: a) Vertical slice of the original grey-scale image, b) Histogram of greyscale values, c) Binarised image depicting the centre of mass (COM BH ) of the beam hardening region, d) Proposed grid for solving beam hardening, e) Greyscale histograms for dierent subsets of the grid
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 233 Figure 3.3: Beam hardening tting
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 334 Figure 3.4: Illustration of signal-to-noise ratio with a single particle. Upper row: Slices of synthetic spheres, Lower row: Greyscale histograms
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 35 Figure 3.5: Solving noise on images. Upper row: Slices of synthetic spheres with dierent values of noise, and resulting images after applying the morphological reconstruction (MR). Lower row:Greyscale histograms
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 36 Figure 3.6: 1D Greyscale morphological reconstruction: a) Variation of greyscale prole after morphological opening, b) Variation of greyscale prole after morphological closing, c) Greyscale prole after applying the morphological reconstruction

Figure 3 .

 3 7(a) shows a vertical slice of a noise-less sphere generated with Kalisphera, where only the analytically computed partial voxel occupancy is simulated. It can be seen that intermediate greyscale values are found on the edge of the object, as shown on the prole between P1 and P2, where the dashed line marks the nominal position of the edge of the particle (see Fig. 3.7(b)). If the partial volume eect
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 37 Figure 3.7: Solving blur on images. Upper row: Slices of synthetic spheres with dierent values of blur, Map of the Laplacian-of-a-Gaussian lter (LoG), and resulting greyscale image after applying the LoG lter. Lower row: Greyscale prole between inside and outside the spheres
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 338 Figure 3.8: Basics of watershed segmentation: a) Greyscale image, b) Binary image, c) Euclidean distance map with markers, d) Euclidean distance map in 3D
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 39 Figure 3.9: Varying the immersion depth on the Euclidean distance map. Upper row: 3D visualisation of the process. Lower row: 2D visualisation of the process.
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 310 Figure 3.10: Dealing with segmentation issues: a) Initial image with over and under segmentation problems, b) Undersegmentation coecient C U , c) Oversegmentation coecient C O , d) Final segmentation
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 311 Figure 3.11: Eect of PVE on the calculation of the COM of a 1D line, taken from[START_REF] Ando | Experimental investigation of microstructural changes in deforming granular media using x-ray tomography[END_REF] 
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 312 Figure 3.12: Representation of ellipsoids: a) Grid of points overlaid with the border of the elipsoid, b) Resulting greyscale ellipsoid when assigning the border voxels a value of 0.5, c)Resulting greyscale ellipsoid when assigning the border voxels a proportional value
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 313 Figure 3.13: Approximation of PVE through dierent levels of sub-voxel discretization
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 315 Figure 3.15: Accuracy of COM measurement for ellipsoids with a large axis of 34 voxels and dierent aspect ratio (AR)
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 316 Figure 3.16: Prolate and oblate ellipsoids

Figure 3 . 17 :

 317 Figure 3.17: Accuracy of orientation measurement for ellipsoids with a large axis of 34 voxels and dierent aspect ratio
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 318 Figure 3.18: Residual eld at the specimen scale before the correlation and corresponding η histogram. Upper row: Vertical translation of 5 mm along the z-axis. Lower row: Rotation of 45 • around the z-axis.

Figure 3 . 19 :

 319 Figure 3.19: Residual eld at the specimen scale after the correlation and corresponding η histogram. Upper row: Vertical translation of 5 mm along the z-axis. Lower row: Rotation of 45 • around the z-axis.

Figure 3 . 20 :

 320 Figure 3.20: Residual eld at the particle scale after the correlation: a) Residual eld for the translation, b) Histogram of the residual for the translation, c) Histogram of the standard deviation of the residual of the translation of each particle, d) Residual eld for the rotation, e) Histogram of the residual for the rotation, f) Histogram of the standard deviation of the residual of the rotation of each particle,
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 30 All 29159 particles of the reference test detailed before, are tracked successfully within 5 iterations for both deformation scenarios. For illustrative purposes, Fig. 3.20(a) and (d) show the residual eld for the two deformation scenarios for a representative particle (number 10000). η is computed only for the domain dened by the dilated labelled image of the grain. No pattern can be observed from the residual eld, since all values are close to 0. The histogram of η (Fig. 3.20(b) and (e)) shows that the distribution of values is mostly lower than 3000, with a standard deviation of 730 for the displacement, and 794 for the rotation. Both values are within the range of the noise of the image (σ noise = 657). Similar residual elds and histograms are constructed for each of the particles of the specimen, and the magnitude of their standard deviation is measured. Fig. 3.20(c) and (f ) showthe distribution of the standard deviation of η measured for each individual particle. The red line on the graph marks the value of σ noise on both deformation scenarios. It can be observed that σ(η) shows a normal distribution centred around 755 for the case of t z and 810 for the case of ω z , close to the value of the inherent noise of the images, pointing to the accuracy of the particle tracking method. Although the previous section suggest that the
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 321 Figure 3.21: Box plot of volume change (∆V ) per particle for the translation and rotation

Figure 3 . 22 :

 322 Figure 3.22: Label-based contact detection of two spheres of 10 mm in diameter and at a separation of 0.5 mm: a) Greyscale image at 1 mm/voxel, b) labelled image at 1 mm/voxel, c) Greyscale image at 0.5 mm/voxel, d) labelled image at 0.5 mm/voxel,
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 23 a) shows the same two 10 mm spheres imaged at 1 mm/voxel, with an histogram where the void and solid peak are located at 0.25 and 0.75, respectively. The corresponding labelled image (Fig.3.23(b)
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 323 Figure 3.23: Greyscale-based contact detection of two spheres of 10 mm in diameter and at a separation of 0.5 mm: a) Greyscale image at 1 mm/voxel, b) labelled image at 1 mm/voxel, c) Greyscale-contact region, d) Binarisation with a normalised greyscale threshold of 0.7
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 325 Figure 3.25: Deformation modes at the contact point: a) Contact translation due to displacement or rotation, b) Contact indentation, c) Conctact twist, and d) Contact rolling
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 326 Figure 3.26: Nomenclature for contact kinematics
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 327 Figure 3.27: Distribution of porosity: a) Local measurements of porosity for a window size of 35 3 voxels, b) Convergence of measurements for 32 subsets distributed inside EFSGP01_00.
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 3 Figure 3.28(c) shows the Zingg diagram with its traditional subdivisions. The rst region (I) represents the regime 2/3 ≤ I/L ≤ 1 and S/I > 2/3, and correspond to girdle distributions. In this case, the distribution has a plane of symmetry, rather than an axis of symmetry, and its orientation can be represented by the minimum eigenvector S. On the other hand, region III covers the domain of axially-symmetric distributions located between I/L > 2/3 and 2/3 ≤ S/I ≤ 1. The maximum eigenvector (L) coincides with the axis of rotational symmetry, and this can be used to represent the mean orientation. The upper-right quadrant of the Zingg diagram (region II) corresponds to the case where all three eigenvectors have small dierences among them, and therefore, a mean orientation cannot be dened. Finally, region IV corresponds to the case axially-symmetric L ≫ I ≫ S, where the maximum eigenvector is used to represent the mean orientation.
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 328 Figure 3.28: Vectors and vectorial distributions: a) Decomposition of a vector into its inclination θ and azimuth α, b) Example of an spherical histogram, c) Zingg diagram with its main regions and example of distributions

3. 29

 29 (b)-(d)). The orientation plot of the blue distribution shows coloured regions at the centre of the plot, given that the mean orientation is θ =0 • . Its lower spread is clear since all the other regions of the plot show a count near 0. On the other hand, the green distribution (Fig.3.29(c)) has a higher spread around the mean orientation, and thus a higher number of regions have a non-zero value of counts. Finally, the red distribution has a rather interesting behaviour, since two poles with greater spread can be observed, contrary to the mono-pole projections previously observed. This artefact is due to the fact that X lies within the projection plane XY , and thus two poles are created when applying the Lambert projection. A further representation of the orientation and evolution of the

Figure 3 . 29 :

 329 Figure 3.29: Orientation plot example: a) Raw distributions with dierent main orientation and concentration, b) Orientation plot of a distribution centered at θ =0 • with a strong concentration, b) Orientation plot of a distribution centered θ =45 • and α = 210 • and a lower concentration, and c) Orientation plot of a distribution centered at θ =90 • and α = 330 • and a even lower concentration.
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 330 Figure 3.30: Volume measurement from images: a) Initial labelled image, b) Binary image, c) Binary lled image after 5 consecutive 3D binary dilations, d) Final binary lled image

Figure 3 .

 3 Figure 3.31: Bivariate maps

  3.32(a) shows a binary eld with a random distribution (Moran's metric I = 0). The perfectly clustered distributions of Fig.3.32(b) will have I = +1, while the perfectly dispersed distribution (checkerboard pattern) of Fig.3.32(c) will have a value of I = -1.
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 1332 Figure 3.32: Moran's I metric used assess the autocorrelation for three representative elds of measurements: a) A perfectly random distribution with I = 0, b) A perfectly clustered distribution with I = +1, and c) A perfect pattern with I = -1

Figure 3 . 33 :

 333 Figure 3.33: Global process ow chart
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 334 Figure 3.34: Triaxial compression process ow chart
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 335 Figure 3.35: Initial segmentation process ow chart
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 4 1(a) 

Figure 4 .

 4 1(b) shows the evolution of volumetric strain for all the specimens, which shows a dilatant behaviour as expected for dense granular assemblies. The increase in volume occurs from the beginning of the test, and no contraction is measured in any of the tests. The volumetric strain monotonically

Figure 4 . 1 :

 41 Figure 4.1: Stress ratio q/p and volumetric strain ϵ V for all test as a function of axial shortening

Figure 4 . 2 :

 42 Figure 4.2: Stress-dilatancy: a) Dilatancy Ψ as a function of axial shortening, b) Stress ratio as a function of dilatancy

Figure 4 . 3 :

 43 Figure 4.3: Macroscopic response as a function of particle aspect ratio: a) Peak (Φ peak ) and Steady state (Φ ss ) mobilised friction angle, b) Excess friction (Φ ex ), c) Peak dilatancy (Ψ max ), d) Contribution of the peak dilatancy on the peak strength (χ)

  [START_REF] Wei | A simple method for particle shape generation with spherical harmonics[END_REF].02 mm and 70.37 mm, and a height ranging between 139.88 mm and 141.15 mm. The initial density is computed using the cylindrical geometry of the mould and the mass of the particles that are used to prepare it. The specimens have a mean density of 9.194 kN m -3 , with a standard deviation of 0.012 kN m -3 . The representativeness of the initial density can be evaluated in terms of the expected density, based on the results shown in Fig.2.4(b). For the case of the EFR family as a whole, the density distribution can be described as μ = 9.190 kN m -3 and σ = 0.020 kN m -3 . The density of each specimen can be transformed into a z-score as z i = (ρ i -μ)/σ, simplifying the comparison between the individual measurements and the global distribution. It can be seen that for all the specimens the z-score falls between -1 and 1, showing that the obtained densities are close to the expected value and can be considered representative. A supplementary index of the compacity of the assembly is the void ratio, where the specimens have a global average of 0.518, with a standard deviation of 0.002. While all the previous measurements are valuable for understanding the variability and representativeness of the initial arrangement of the specimens, they cannot be used by themselves to evaluate the compacity in terms of loose or dense systems. The relative density (D r ) is a convenient

Figure 4 . 4 :

 44 Figure 4.4: Stress ratio q/p evolution for EFR tests. Inset: Deviator stress q as a function of axial shortening at the very beginning of the test

4 . 5 .

 45 Both specimens have an initial linear reponse characterised by an initial stiness of 16.41 MPa ± 3.38 MPa, between 0 and 0.05 % of Chapter 4. Experimental results

Figure 4 . 5 :

 45 Figure 4.5: Stress ratio q/p evolution for EFS tests. Inset: Deviator stress q as a function of axial shortening at the very beginning of the test

Table 4 .Figure 4 . 6 :

 446 Figure 4.6: Stress ratio q/p evolution for EMR tests. Inset: Deviator stress q as a function of axial shortening at the very beginning of the test

Figure 4 . 7 :

 47 Figure 4.7: Stress ratio q/p evolution for EMS tests. Inset: Deviator stress q as a function of axial shortening at the very beginning of the test

Figure 4 . 8 :

 48 Figure 4.8: Stress ratio q/p evolution for EOR tests. Inset: Deviator stress q as a function of axial shortening at the very beginning of the test

Figure 4 . 9 :

 49 Figure 4.9: Stress ratio q/p evolution for EOS tests. Inset: Deviator stress q as a function of axial shortening at the very beginning of the test

Figure 4 .

 4 10(a) shows the middle section of the 3D porosity eld for the specimens where the full x-ray tomography campaign is performed. The size of the grid

Figure 4 . 10 :

 410 Figure 4.10: Initial bulk porosity: a) Vertical slices of the porosity elds, b) Moran's I autocorrelation

Figure 4 .

 4 10(b) shows the values of Moran`s I for the porosity elds as a function of the aspect ratio of the particles. It can be seen that for the rounded particles (AR = 1.05) the value is rather close to 0, implying that the spatial distribution of porosity is close to random. Once the aspect ratio increases to AR = 1.13

4. 2 .Figure 4 . 11 :

 2411 Figure 4.11: Spherical histogram of particle orientation at the initial state

Figure 4 . 12 :

 412 Figure 4.12: Orientation plot of particle vectors at the initial state

Figure 4 .

 4 Figure 4.12 shows the orientation plots of the particle vectors for the tested specimens at the initial state. As detailed in Sec. 3.7.2, this 2D representation can be used to evaluate the concentration and orientation of vectorial distributions. It can be conrmed that the

Figure 4 . 13 :

 413 Figure 4.13: Spherical histogram of contact orientation at the initial state

Figure 4 . 14 : 2 , 4 ,Figure 4 . 15 :

 41424415 Figure 4.14: Orientation plot of contact vectors at the initial state

Figure 4 .Fig. 4 .

 44 Fig. 4.15(b) shows the results for the contact-based fabric tensors. It is clear that the EFR distribution has some distinct morphological features, as opposed to the other specimens.

Figure 4 .Figure 4 .

 44 Figure 4.16: Inclination and anisotropy of the particle and contact fabric tensor at the initial state

  earlier. The same analysis is performed for the contact-based fabric tensor, and the degree of anisotropy ζ C is plotted in Fig. 4.16(c) as a function of the aspect ratio of the particles. As expected, all the contact-based fabric tensors have an overall lower anisotropy than the particle-based fabric tensors, and it is clear that most of the specimens have a rather isotropic distribution, where no mean orientations can be measured. Only EFR has a slight increase of ζ P due to the mild concentration of contact vectors along the vertical axis observed on the spherical histogram. For the sake of completeness, Fig. 4.16(d) shows the inclination of the major eigenvector for the contact-based fabric tensors. As stated before, a mean orientation metric is highly inuenced by the local maxima of a given 4.2. Characterisation of the initial state 109 orientation and does not represent any morphological feature of the distribution.
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 418419 Figure 4.18: Initial porosity for the EOS specimens: a) Vertical slices of the porosity eld, b) Bulk mean porosity and Moran's I metric

Figure 4 . 20 :

 420 Figure 4.20: Main denitions for strain localisation analysis: a) Representative strain increments along the test, b) Denition of the shear band coordinate system, c)Inclination angle of the shear band

Figure 4 .

 4 Figure 4.21 shows the overview of the incremental deviatoric and volumetric strain elds

4. 3 . Strain localisation 113 Figure 4 .

 31134 Figure 4.21: Incremental maximum deviatoric and volumetric strain elds for selected instants of the test

Figure 4 . 22 :Fig. 4 .

 4224 Figure 4.22: Comparison of nal strain localisation for the EOS specimens

Figure 4 . 23 :

 423 Figure 4.23: Inclination of the shear band as a function of the incremental deviatoric threshold

Figure 4 .

 4 Figure 4.24(a) shows the evolution of θ SB as a function of the aspect ratio of the particles.

Figure 4 . 24 :

 424 Figure 4.24: Inclination of the shear band as a function of the aspect ratio of the particles. a) Measured inclination at the end of the test θ SB -solid lines, b) Comparison with solutions found in literature -dashed lines

Figure 4 .DFigure 4

 44 Figure 4.25: Width of the shear band 2d normalised by the mean equivalent diameter of the particles D eq

Figure 4

 4 Figure 4.26:

Figure 4 .

 4 Figure 4.27 shows vertical slices of the magnitude of particle rotation for each increment in Fig. 4.20. While increments A and B correspond to the hardening phase and the peak stress ratio, increments C and D represent the strain softening and residual phases,

Figure 4 . 27 :

 427 Figure 4.27: Particle rotation elds for selected increments of the test

Figure 4 . 28 :

 428 Figure 4.28: Evolution of the particle rotation inside (continuous line) and outside (dashed line) of the shear band: Mean value ∥ ω∥ (upper row), and standard deviation σ(∥ω∥) (lower row)

  to the direction of the short axis of the shear band (axis y ′ in Fig.4.20). An orientation plot is selected to visualise the orientation of the rotation vectors, and determine the existence of prefered directions or planes.

Figure 4 .Chapter 4 Figure 4 .

 444 Figure 4.29 shows the orientation of the rotation vectors (e ω ) for the particles inside the shear band at the residual state (i.e., at increment D). It can be seen that for the EFR specimen, there is a strong concentration of vectors along two main directions: i ) θ =90 • , 80 • <α<130 • , and ii ) θ =90 • , 220 • <α<280 • . This implies that for this specimen, the particles inside the shar band rotate preferably along an axis that is perpendicular to the orientation of the shear band, and the direction of the major principal stress. In other terms, the rotation of the particles inside the shear band can be simplied as a quasi-2D

Figure 4 . 30 :

 430 Figure 4.30: Particle incremental displacement for the middle axis of the specimens along the test

4. 4 .

 4 Particle kinematics 129 axis of the shear band. Using the coordinate system of the strain localisation region, given in Fig.4.20(c), each vector is projected along the axis x ′ , since it corresponds to the direction of maximum inclination of the shear band.

Figure 4 .

 4 Figure 4.31 shows the magnitude of the projected incremental displacement (∥d x ′ ∥) at dierent strain increments along the test, dened by Fig. 4.20(a). During the strain

Figure 4 .

 4 [START_REF] Sarkar | An interpretation of the inuence of particle shape on the mechanical behavior of granular material[END_REF] shows the histogram of the incremental displacement magnitude (δd) for the particles that belong to the shear band at the last strain increment of the test. The distribution shows two main peaks, the rst one located at lower displacement values, and the second one with comparatively higher values of displacement. It is important to note that the fact that the distribution of δd displays two well-dened peaks suggests that the delimitation of the shear band comprises the entirety of the transition zone, from particles belonging to the upper static block (represented by

Figure 4 . 31 :

 431 Figure 4.31: Particle incremental displacement along the shear band direction for dierent key increments of the test

Figure 4 .

 4 Figure 4.32: Histogram of incremental displacement magnitude (δd) for the particles inside the shear band at the last strain increment of the test

Figure 4 .

 4 Figure 4.34 shows the evolution of the bulk porosity and Moran's I for the whole specimens as a function of the axial shortening. It can be seen that all the tests have a rather similar behaviour: as the specimens are subjected to shear, the bulk porosity increases and reaches

Figure 4 . 33 :

 433 Figure 4.33:Evolution of porosity eld and bivariate map with incremental deviatoric strain along the test. Low, medium and high values of porosity are classied as: n < 0.2, 0.2 < n < 0.3, n > 0.3, respectively, while deviatoric strain are classied as: ε q < 1%, 1% < ε q < 2%, ε q > 2%.

Figure 4 . 34 :

 434 Figure 4.34: Evolution of bulk porosity and Moran's I as a function of the axial shortening of the specimen
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 4354 Figure 4.35: Evolution of local porosity inside and outside the shear band region as a function of axial shortening

Figure 4 .

 4 Figure 4.36:Evolution of coordination number (z) eld and bivariate map with incremental deviatoric strain along the test. Low, medium and high values of z are classied as: z < 4, 4 < z < 6, z > 6, respectively, while deviatoric strain are classied as: ε q < 1%, 1% < ε q < 2%, ε q > 2%

Figure 4 . 37 :

 437 Figure 4.37: Evolution of average coordination number (z) and Moran's I as a function of axial shortening

Figure 4 . 38 :

 438 Figure 4.38: Evolution of average coordination number (z) for the particles inside and outside the shear band, as a function of axial shortening

4. 5 . Fabric evolution 143 Figure 4 .

 51434 Figure 4.39 shows the spherical histogram of the particle orientation vectors at the end of the test inside and outside the shear band. Although the evolution along the entire test is of interest, only the raw data at the end of the test is detailed for illustrative purposes.

Figure 4 . 39 :

 439 Figure 4.39: Spherical histograms for the distribution of particle orientation vectors at the end of the test for inside and outside the shear band

Figure 4 . 40 :

 440 Figure 4.40: Spherical histograms for the distribution of contact vectors at the end of the test for inside and outside the shear band

Figure 4 .

 4 Figure 4.41 shows the shape evolution of the dierent distributions for both fabric tensors,

Figure 4 . 41 :

 441 Figure 4.41: Evolution of shape of the particle-based and contact based fabric tensors for inside and outside the shear band

4. 29 .Figure 4 . 42 :

 29442 Figure 4.42: Particle-based anisotropy ζ P and contact-based anisotropy ζ C for inside and outside the shear band as a fuction of the axial shortening of the specimens. The cross symbol marks the occurrence of the peak shear strenght of each test.

Figure 4 . 43 :

 443 Figure 4.43: Main orientation of the particle-based and contact-based fabric tensors for inside and outside the shear band. Only EFR and EFS are shown for illustrative purposes.

Figure 4 .

 4 Figure 4.[START_REF] Rothenburg | Micromechanical features of granular assemblies with planar elliptical particles[END_REF] shows the development of the inclination and azimuth for the particle-based fabric tensor (θ P , α P ) for both subsets. As shown previously, during the strain hardening phase there is a decrease on θ P for EFR and EFS, and the latter departs from a higher value of inclination than the former. Nonetheless, during the strain softening phase both specimens have a similar increase rate. Both EMR and EMS start from a similar inclination, and during the pre-peak phase, decrease their values of θ P at a similar rate. As the specimens are further compressed, there is an increase in the inclination, similar to EFR and EFS. Contrary to the previous test, the EOR and EOS specimens show a radically dierent evolution. On one hand, EOR shows a steep increase in inclination right

Figure 4 . 44 :

 444 Figure 4.44: Evolution of the inclination and azimuth of the particle-based fabric tensor as a function of axial shortening

Figure 4 .

 4 Figure 4.45 shows the evolution of the main orientation of the contact network in terms of θ C and α C , inside and outside the shear band. Similar to the particle-based fabric, the main orientation of the contact-based fabric evolves towards an alignment with the vertical axis at the beginning of the test. During the strain hardening phase, there is a strong decrease of θ C for EFR and EFS, reaching a minimum value in the order of 2 • , near the

Figure 4 . 45 :

 445 Figure 4.45: Evolution of the inclination and azimuth of the contact-based fabric tensor as a function of axial shortening

Chapter 4 .

 4 Experimental resultsthis work, as shown by Fig.4.46. However, if an interparticle friction angle of 30 • is used, instead of the measured values of 10 • and 5 • , a better agreement can be observed. It should be recalled that the previous model assumes that the deformation of the specimens takes

Figure 4 . 47 :

 447 Figure 4.47: Evolution of the stress ratio (q/p) and contact anisotropy (ζ C ) along the test for the contacts inside the shear band (continuous line) and outside of it (dashed line)

Figure 4 . 48 :

 448 Figure 4.48: Evolution of contact creation, loss, and preservation for a strain increment of 0.5 %. The cross symbols marks the occurrence of the peak stress ratio

Figure 4 .

 4 Figure 4.48 shows the number of contacts on each subset along the test. To simplify

Figure 4 . 50 :

 450 Figure 4.50: Spherical histogram of lost and created contacts for the initial strain increment

Figure 4 . 51 :

 451 Figure 4.51: Evolution of anisotropy for contact creation, loss, and preservation

Figure 4 . 52 :

 452 Figure 4.52: Histogram of contact indentation dε indentation normalised by the equivalent diameter (D eq ) of each particle set

Figure 4 . 53 :

 453 Figure 4.53: Contribution of particle displacement (dε trans,disp ) and rotation (dε trans,rot ) on contact translation (dε trans )

Figure 4 .

 4 Figure 4.55 shows the normalised histogram of contact twist (dε twist ) through the test.
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 455 Figure 4.55: Evolution of contact twist dε twist histogram

Figure 4 . 56 :

 456 Figure 4.56: Evolution of total contact rolling dε rolling inside the shear band

Figure 4 . 57 :

 457 Figure 4.57: Contribution of contact rolling along the axis of the shear band (z ′ , y ′ , x ′ )

Figure 5 . 1 :

 51 Figure 5.1: Relation between macroscopic shear strength, bulk contact fabric anisotropy and aspect ratio of the particles. a) Peak stress ratio, b) Contact fabric anisotropy at the instant when the stress ratio reaches its peak value.

Figure 5 . 2 :

 52 Figure 5.2: Contact fabric anisotropy. a) Bulk initial value (ζ 0 ), b) Anisotropy potential for the rough (∆ζ R ) and smooth particles (∆ζ S ), dened as the dierence between the peak and the initial value, c) Anisotropy potential vs. aspect ratio of the particles

Figure 5 .
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Figure 5 . 3 :

 53 Figure 5.3: Correlation between coordination number and aspect ratio of the particles. a) Initial value of Z 0 , b) Variation of coordination number

Figure 5 . 4 :

 54 Figure 5.4: Relation between peak stress ratio ((q/p) peak ) and initial bulk contact fabric anisotropy ζ 0 . a) Relation between (q/p) peak and ζ 0 , b) Variation of peak stress ratio and initial bulk contact fabric anisotropy for the dierent interparticle friction values used
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 55 Figure 5.5: Evolution of mean total deviatoric strain. The cross symbols denotes the occurrence of the peak stress ratio.

Figure 5 . 6 :

 56 Figure 5.6: Evolution of mean incremental deviatoric strain. The cross symbol denotes the occurrence of the peak stress ratio.

Figure 5 . 7 :

 57 Figure 5.7: Correlation between incremental deviatoric strain and incremental particle rotation inside the shear band.
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 1 Discussion 185
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 1 do not show the same behaviour, indicating dilation from the beginning of the test.

Figure 5 . 9 :

 59 Figure 5.9: Evolution of mean incremental volumetric strain. The cross symbol denotes the occurrence of the peak stress ratio.

0. 5 %Figure 5 . 10 :

 5510 Figure 5.10: Maximum mean incremental volumetric strain: (a) Correlation with the aspect ratio of the particles, (b) Correlation with the bulk maximum dilatancy angle

  experimentally explores the eects of particle shape and interparticle friction over the mechanical response of granular media. Monodispersed specimens of ellipsoidal particles are subjected to triaxial compression tests and are imaged using x-ray tomography at several instants during the experiment. The main ndings of the present work are summarised as follows:

5. 4 . Limitations & Perspectives 195 5. 4

 41954 Limitations & PerspectivesAlthough this doctoral work oers a unique insight into the eects of particle shape and interparticle friction, it is important to highlight the limitations of the study:Low interparticle friction valuesDue to the material of the particles used in this work, the range of interparticle friction values (µ) is much lower than for natural soils, being only 5 • and 10 • . Polyoxymethylene (POM) is selected as the source material for the injection moulding

  

Table 2 .

 2 

	1: POM mechanical properties
	Commercial name	POM M90-01
	Density	1.41 g cm -3

Table 2 .

 2 

	Shape	Pair	t measured	Result
		Rough -Smooth	1.128	No dierence
	Flat	Smooth-Talc	5.223	Dierence
		Rough -Talc	4.053	Dierence
		Rough -Smooth	1.005	No dierence
	Medium	Smooth-Talc	3.686	Dierence
		Rough -Talc	3.017	Dierence
		Rough -Smooth	0.987	No dierence
	Rounded	Smooth-Talc	2.625	Dierence
		Rough -Talc	2.571	Dierence

2: Student's t-test for eect of talc on initial density. t critical = 2.085 for all the tests

Table 2 .

 2 3: Student's t-test for eect of talc on friction angle. t critical = 2.085 for all the test

	Scenario	t measured	Results
	Flat Rough -Flat Smooth	5.218	Dierence
	Medium Rough -Medium Smooth	4.928	Dierence
	Rounded Rough -Rounded Smooth	4.783	Dierence

  2.3. Experimental apparatus 25 perform grain-based measurements, such as mapping grain rotations or detecting interparticle contacts, the voxel size should be set in the order of 20 D 50 , to provide enough information to describe individual grains adequately. This means that if natural sands are used (e.g., Hostun sand with a D 50 of 338 µm, Caicos Oids with a D 50 of 420 µm, or Ottawa sand with a D 50 of 310 µm

Table 2 .

 2 

		4: Scanning parameters used in this work	
	(a) Source parameters	(b) Detector parameters	
	Mode Voltage Current Time per scan Voxel size	Large focal spot 130 kV 320 µA 56 min 100 µm/vox	Bin level Frame rate Frame average Number of projections	1 1 fps 3 frames 1120

Table 2 .

 2 

		5: Experiments performed	
	Surface	Flat	Medium	Rounded
	Characteristics	(Aspect ratio 1.5)	(Aspect ratio 1.1)	(Aspect ratio 1.05)
		EFRGP01	EMRGP01	EORGP01
	Rough	EFRGP02	EMRGP02	EORGP02
	(No talc added)	EFRGP03	EMRGP03	EORGP03
		EFRGP04	EMRGP04	EORGP04
		EFSGP01	EMSGP01	EOSGP01
	Smooth	EFSGP02	EMSGP02	EOSGP02
	(Talc added)	-	EMSGP03	EOSGP03
		-	EMSGP04	EOSGP04

Table 2 .

 2 [START_REF] Wadell | Volume, shape, and roundness of rock particles[END_REF] shows the dierent triaxial compression test performed. The specimens in bold correspond to the tests where a complete scanning campaign was performed (i.e., scanning every 0.5 % axial shortening), while the other specimens correspond to backup tests, performed to evaluate the repeatability of the measurements. Each backup test is scanned at the initial state (to assess the repeatability of the initial conguration), and at two consecutive points in the post-peak regime, to evaluate the representativity of the observations regarding strain localisation and particle kinematics. For most of the cases, three backup test are performed. However, for the EFS group only one backup scan is presented due to technical diculties with the loading cell at the moment of the tests.

Table 4 .

 4 

1: Summary of macroscopic results Group D r [%]

Table 4 .

 4 ± 0.81 1.42 ± 0.02 35.26 ± 0.61 1.04 ± 0.08 26.40 ± 1.85 13.21 EFS 76.48 ± 0.91 0.91 ± 0.01 23.33 ± 0.24 0.70 ± 0.01 18.44 ± 0.30 8.41 EMR 66.66 ± 0.84 1.35 ± 0.01 33.51 ± 0.09 0.95 ± 0.10 24.30 ± 2.53 21.29 EMS 68.39 ± 0.71 1.07 ± 0.02 27.14 ± 0.48 0.83 ± 0.06 21.36 ± 1.58 15.68 EOR 64.61 ± 1.87 1.24 ± 0.04 31.02 ± 0.96 0.94 ± 0.05 24.15 ± 1.26 18.12 EOS 68.60 ± 0.93 1.10 ± 0.02 27.79 ± 0.50 0.91 ± 0.07 23.44 ± 1.84 14.76 4.1.1 Macroscopic behaviour of individual tests 2 summarises the initial state of the tested specimens with at particles and rough surface, referred to as EFR hereafter. The specimens have a cylindrical shape with a diameter varying between

	[	• ]

Table 4 .

 4 2: Experimental details of specimens belonging to the family EFR

	Specimen	Diameter	Height	Density	z -score	e	D r
		[mm]	[mm]	[kN m -3 ]			[%]
	EFRGP01 70.37 141.15 9.208	0.851	0.516	75.33
	EFRGP02	70.22	140.38	9.182	-0.386	0.520	74.25
	EFRGP03	70.25	140.77	9.200	0.476	0.517	75.00
	EFRGP04	70.02	139.88	9.185	-0.002	0.520	74.37

Table 4 .

 4 3: Experimental conditions of specimens of the family EFS

	Specimen	Diameter	Height	Density	z -score	e	D r
		[mm]	[mm]	[kN m -3 ]			[%]
	EFSGP01 70.14 140.23 9.248	0.497	0.510	76.97
	EFSGP02	70.21	141.01	9.251	0.651	0.509	77.12

Table 4 .

 4 4: Experimental conditions of specimens of the family EMR

	4.1. Comparison of macroscopic behaviour

Table 4 .

 4 5: Experimental conditions of specimens of the family EMS

	Specimen	Diameter	Height	Density	z -score	e	D r
		[mm]	[mm]	[kN m -3 ]			[%]
	EMSGP01 70.31 140.15 8.926 -0.513 0.564 67.98
	EMSGP02	70.29	141.32	8.914	-1.321	0.566	67.34
	EMSGP03	70.45	140.88	8.955	1.417	0.559	69.51
	EMSGP04	70.15	141.10	8.918	-1.019	0.565	67.58

Table 4 .

 4 [START_REF] Krumbein | Measurement and geological signicance of shape and roundness of sedimentary particles[END_REF] summarises the initial state for the specimens of rounded particles with a rough surface, hereafter EOR. The specimens have a diameter of 70.175 mm ± 0.075 mm, and a height of 140.83 mm ± 0.728 mm. The mean initial density of the specimens is 8

Table 4 .

 4 6: Experimental conditions of specimens of the family EOR

	Specimen	Diameter	Height	Density	z -score	e	D r
		[mm]	[mm]	[kN m -3 ]			[%]
	EORGP01 70.15 141.21 8.591	0.068	0.625	64.76
	EORGP02	70.23	140.35	8.542	-1.633	0.634	61.07
	EORGP03	70.08	140.10	8.545	-1.525	0.634	61.30
	EORGP04	70.24	141.65	8.590	0.036	0.625	64.69

Table 4 .

 4 7: Experimental conditions of specimens of the family EOS Characterisation of the initial state 101 the stress ratio reached a peak value of 1.24 ± 0.04 at an axial shortening of 3.12 % ± 0.32. the peak, two dierent responses can be observed: while EOSGP02 and EOSGP04 have a pronounced stress softening towards a steady value of ≈ 0.88, specimens EOSGP01 and EOSGP03 display a mild decrease after peak and a steady state resistance of ≈ 1.02.Interestingly, a dierence is also observed in the morphology of the nal deformation pattern, which is discussed in Sec. 4.3.1. While from Tab. 4.7 all four specimens have a similar initial state, this comparison is only at the bulk level. The divergence in the response may be associated with dierences in the initial fabric of each specimen, as discussed in Sec. 4.2.1.

	Specimen	Diameter	Height	Density	z -score	e	D r
		[mm]	[mm]	[kN m -3 ]			[%]
	EOSGP01 70.32 140.11 8.639 -0.268 0.616 68.32
	EOSGP02	71.13	140.65	8.627	-1.065	0.618	67.47
	EOSGP03	70.18	141.26	8.631	-0.812	0.618	67.74
	EOSGP04	71.14	141.12	8.627	-1.090	0.618	67.44

Figure 4.9 shows the stress ratio evolution for the EOS specimens. The specimens show an initial linear domain until 0.08 % of axial shortening, with an initial stiness of 16.01 MPa ± 3.48 MPa. Comparatively, the measured values are rather similar to those of the EOR specimens, although the initial elastic domain is easier to notice. As the loading increases, 4.2.
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  • , near the occurrence of the peak stress ratio. As the specimens are further compressed, both tests increase continuously their inclination at a similar rate, reaching a value of approximately

Chapter 4. Experimental results as a consequence of particle rearrangement. In contrast, contact loss and contact creation are considerably lower for all the specimens, in the order of thousands of contacts for each strain increment. During the strain-hardening phase, more contacts are lost than created. This causes the total number of contacts to decrease, which is in agreement with the initial reduction of coordination number (z) shown in Fig. 4.38. However, as the specimens are further sheared, the two mechanisms reach an equilibrium, resulting in a constant value of z.

Preserved Created Lost

Start End (q/p) max Key points: the evolution of the incremental volumetric strain, as the smooth specimens show consistently lower values than the specimens with rough particles. Nonetheless, these dierences are only present in the strain-hardening phase, while during the strain-softening phase all specimens show the same evolution, independently of the interparticle friction. Moreover, it is important to highlight the convergence towards εV,inc = 0 for all the specimens at the end of the test. As observed previously from the incremental strain eld (see Fig. 4.21), the post-peak period is characterised by the simultaneous presence of local dilative and contractive regions inside the shear band, which explains the convergence of the average incremental volumetric strain. Although this implies that the total volumetric strain should reach a constant value at the end of the test, there is a continuous increase of εV,tot through the test. Further inspection of the distribution of the total and incremental volumetric strain shows that the standard deviation of the former is in the order of 20 %, while for the latter is in the order of 1 %. This strong dierence in the variability of each distribution is the reason for the non-constant values of εV,tot at the end of the test, since higher variability implies a higher sensitivity to local events.

Flat

Rough

Smooth

Medium Rounded

Finally, the relation between the maximum dilative incremental strain (( εV,inc ) max ) and the shape of the particles is detailed in Fig. 5.10(a). An overall linear correlation between the aspect ratio of the particles and (ε V,inc ) max can be observed. For the specimens with at particles, the maximum dilation is lower than for the specimens with more rounded particles. This could be explained as a result of the magnitude of particle rotation, which is strongly constrained for the particles of EFR and EFS. However, closer inspection shows that the EMR specimen has a slightly higher value of (ε V,inc ) max than EOR, resembling the measurements of bulk peak dilatancy (Ψ max ) discussed previously in Fig. 4.3. These variables are shown together in Fig. 5.10(b), where a clear positive correlation can be observed between them. Although the incremental values of ε V are taken into account when computing Ψ, as presented in Eq. 4.2, it is important to note that these variables are measured using dierent techniques and represent dierent domains. While the former corresponds to a bulk assessment and it is measured from the position of the particles,

Summary