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This work aims an experimental characterization of the mechanical behaviour and failure by strain localization on a Vosges sandstone. The time evolution of strain localization has been characterized by full-field measurements. A new true-triaxial apparatus has been developed at Laboratoire 3SR (Grenoble), which enables the observation of the specimens during mechanical loading for application of digital image correlation (DIC). Tests have been performed in plane strain compression (confining pressure from 20 to 50 MPa). The transition from diffuse to localised deformation regimes has been extensively studied. Then, a comparative analysis has been done between the strain fields (DIC) and microscope (SEM) observations to determine how closely the DIC fields are related to deformation mechanisms detected at the grain scale. Finally, a theoretical bifurcation analysis is presented to compare the experimental observations of shear bands with strain localization prediction.

Résumé

Ce travail présente une caractérisation expérimentale du comportement mécanique et de la rupture par localisation de la déformation dans un grès des Vosges. L'évolution temporelle de la localisation a été caractérisée par des mesures de champs. Une nouvelle cellule triaxiale vraie a été développée au Laboratoire 3SR (Grenoble), qui permet une visualisation des échantillons sous chargement pour réaliser de la corrélation d'image numérique (CIN). Les essais ont été réalisés par compression en déformation plane (confinement de 20 à 50 MPa). La transition d'une déformation diffuse à localisée a été finement étudiée. Une analyse comparative a été ensuite effectuée entre les mesures de champs et la microstructure à l'échelle des grains observée par microscope (MEB). Enfin, une étude théorique basée sur une analyse en bifurcation a été menée pour comparer observations des bandes de cisaillement et prédiction sur la localisation de la déformation.

Mots-clé: grès, roche, localisation de la déformation, bande de cisaillement, rupture, corrélation d'image numérique, théorie de la bifurcation, déformation plane, appareil triaxial vrai

Contents 1 Introduction

The study of strain localisation plays an essential role in understanding the mechanical behaviour of Geomaterials since the localization phenomena studied in the laboratories can be related to large-scale processes, such as the formation of defects in massive rock, which can be produced by geological forces or by human induced modifications (tunnels, oil & gas explorations). The deformation areas are narrow portions of material where the deformation ceases to be homogeneous, and the specimen evolves more or less abruptly toward an inhomogeneous deformation mode. In this thesis, in order characterise the onset of localization and the post-localization regime on a porous rock, specimens of Vosges sandstone were tested under plane strain compression in a range of confining pressure between 20 and 50 MPa. The onset of strain localisation and its evolution over time, has been studied by performing a detailed analysis using full-field methods, which allowed the characterization of the physical parameters of the detected bands, such as their orientation, thickness and volumetric behaviour. The continuing evolution of imaging technology, offers today the possibility of following in real time the specimen's deformation during loading, and extrapolating details related to the material behaviour from the images that were previous difficult or impossible to obtain. However, to apply these methods it is fundamental that the experimental device enables the observation of the specimen during the loading. At this effect, a new true-triaxial apparatus has been developed in the 3SR Laboratory in Grenoble to allow the application of full-field methods, such as digital image correlation, to rock testing. However, to exploit at its best the capabilities of the aforementioned technology, it is of fundamental importance to develop and optimise also an experimental protocol that enables the evaluation of the wealth of data obtained. As a consequence, the requirement of setting up the a testing protocol led to the development of convenient methods and algorithms to evaluate image characteristics, assess the impact of extrinsic and intrinsic errors and then develop procedures apt to reduce their impact on measurements. A comparative study has been done between the DIC data obtained and microstructural evidence obtained from thin sections of two specimens tested during the experimental campaign to identify and measure the deformation mechanisms at the grain scale, and determine how closely they relate to the features found through DIC fields. This relationship has been investigated comparing variations on the material fabric to the intensity of DIC computed fields.

Outline

The present work is divided in 7 chapter. The theoretical methods and the loading apparatus will be presented before analysing the experimental data and discussing the results according to the following order:

• In chapter 2 an introductory brief bibliographic analysis on strain localization and a classification of the deformation bands will be given. The brittle and ductile failure mode in porous sandstone will be synthetically discussed giving relevant examples of works done on the subject. The chapter will be concluded by a bibliographic overview of the main experimental techniques used along the years to detect localization, which will include a summary of the relevant results.

• In chapter 3 a detailed description of the experimental apparatus will be presented, including a determination of the stiffness of the loading system. Details will be given on the

membrane and specimen preparation protocol, include notably a full description of the speckle pattern application.

• In chapter 4 a preliminary introduction will be made on the basics of imaging technology and then the digital image correlation method will be described. The requirements of speckle pattern morphology, which plays a fundamental role in the accuracy of DIC measurements, will be detailed. The influence of the extrinsic and intrinsic errors will be analysed and discussed, and then the DIC code used in this thesis, PhotoWarp, will be presented. During this thesis a set of codes that enable the generation of a synthetic speckle patter and its deformation have been developed to assess the measurements accuracy of the DIC software. All the details and implementation technique will be presented here. Furthermore, as a mean of understanding the influence of the measurement accuracy of the code, the results computed with PhotoWarp have been compared to those obtained with Match-ID, a DIC code developed at the Catholic University College of Ghent (Belgium).

• In chapter 5 the criteria used to characterize the speckle pattern morphology will be presented and discussed. The chapter will give a comprehensive overview on the methods used for the analysis of the data coming from the loading apparatus, and will also include a discussion on the approach used to compute strain from displacements. The techniques applied for determining, from DIC data, the shear band thickness and evaluating the global volumetric behaviour of the specimen will conclude this chapter.

• In chapter 6 the results obtained from the experimental campaign done in plane strain compression will be discussed and compared to the results coming from triaxial tests previously made by Bésuelle [1]. The physical characteristics of the localization bands, such as their slope, thickness and their volumetric behaviour will be discussed starting from the onset, and their evolution will be followed during the test. The analysis will be supported by a comprehensive display of the DIC strain fields. Finally, a detailed characterization of the birth of early bands will be illustrated and discussed in details.

• In chapter 7 a post-mortem analysis of the specimens has been done on SEM microscope images took on thin sections. The deformation mechanisms have been characterised at the grain scale with the aim of observing the diffused bands on the specimen's surface, detected early by DIC. The sense of the comparison between the two techniques is justified by the need to assess the congruence of between their respective results.

• In chapter 8, the data obtained from the tests will be compared with theoretical predictions of the slope and volumetric behaviour of the bands, computed by applying the strain localization theoretical framework developed by Rudnicki and Rice [2].

2 Bibliographical study

Strain localization and shear bands

Failure in geomaterials is often characterized by the formation and propagation of localized shear deformation zones. The scientific community has produced an extensive amount of experimental and theoretical work on strain localization over the past 30 years. The localization phenomena studied in laboratory can be related to large-scale processes, such as the formation of defects in the massive rock, which can be produced by geological forces or by human induced modifications (tunnels, oil & gas explorations). When deformation ceases to be homogeneous it evolves more or less abruptly toward an inhomogeneous deformation mode. Strain localization is considered as the initiation step that will lead to failure. A number of localized deformation areas are hence observed in most of the materials. The deformation areas are narrow portions of material in which displacement gradients are concentrated. The phenomena associated with strain localization are the opening of micro-cracks, the shear and intergranular rotation, often accompanied by grain crushing and pore space reduction, which lead to the formation of a macroscopic fracture. Intense deformation is found within these narrow zones [3]. Typically, in a localized deformation mode, one or more shear bands forms between a variable numbers of almost rigid blocks.

Classification of the deformation bands in sandstone

The onset of strain localization represents the real beginning of failure and marks the transition from a diffused deformation mode to a localized material's behaviour. The detection of localization occurs with a loss of homogeneity due to the concentration of micro-fractures in a deformation band, and with the appearance of the first micro-fractures oriented with respect to the vertical axis. The localization bands, that may appear similar in a macroscopic scale observation, have very different textures on a microscopic scale as a function of the dominant deformation mechanisms. The deformation mechanisms are controlled by several parameters that include the nature of the rock (porosity, cementation), the stress fields (particularly the confining pressure), the temperature and the presence of clay particles [START_REF] Antonellini | Microstructure of deformation bands in porous sandstones at arches national park,utah[END_REF] [4]. [START_REF] Antonellini | Microstructure of deformation bands in porous sandstones at arches national park,utah[END_REF] [4], in their study of the bands' microstructure of the porous "Arche National Park, Utah" sandstone, showed that the dilatant or compactant behaviour inside bands depends on the porosity and on the confining pressure. These authors highlighted that high porosity and high confining pressures promotes the compaction and are characterized by fragmentation and grains crushing, while low porosity and low confining pressure favour the formation of dilatants bands. Their work revealed also that the presence of clay particles in large quantities is a factor that controls significantly the microstructure on shear bands. Several important features, distinguish deformation bands from common fractures (such as sliding surfaces or extension fractures). In addition, whereas cohesion is lost or reduced in ordinary fractures, most of the deformation bands maintains or increases cohesion. Moreover, the deformation bands often have exhibit decrease in porosity and permeability, while sliding surfaces and stress fractures are usually associated with an increase in the permeability. Kinematically, the deformation bands can be classified into four main groups (e.g., [START_REF] Aydin | Geological and mathematical framework for failure modes in granular rocks[END_REF] [5])

• dilatant bands; • shear bands;

• compaction bands;

• Hybrids of the previous types;

According to the classification of Aydin et al. the deformation bands are grouped depending on the volumetric behaviour found inside the band, hence when pure shear is the prevailing mechanism the corresponding deformation band will be designated as simple shear band (see Fig. 2.1). Conversely, when dilatant (volume increase) or compactant behaviour (volume decrease) is detected inside the band, then the classification changes accordingly. Moreover, Aydin et al. [5] distinguish two hybrid behaviour between compaction band, simple shear band and dilation band, which are compactional shear bands and dilatant shear bands. The shear bands type most frequently described in literature is the compactional shear band (cit.Fossen); dilatant bands were observed in the laboratory and in the field (El [START_REF] Bied | Microstructure of shear zones in fontainebleau sandstone[END_REF] [6], [START_REF] Sulem | Shear banding in drained and undrained triaxial tests on a saturated sandstone: Porosity and permeability evolution[END_REF] [7]) and pure compaction bands have been described in experiments and theory [START_REF] Issen | Theory of compaction bands in porous rock[END_REF] [8]; [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF]) [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF]). However, different mechanisms can produce bands with different petrophysical properties. The dominant mechanisms of deformation are (cit. Fossen):

• Granular flow (slip of the grain boundaries and relative rotation);

• Cataclasis (fracturing and grinding corn or abrasion);

• Grinding of phyllosilicate;

• Dissolution and cementation.

Disaggregation bands

Disaggregation bands are developed by shear coupled to grains rotation and disintegration, often accompanied also by grains slipping and breakage of the cement of the grains, a process referred to as granular flow or stream of particles, which is frequently found in sands and in scarcely consolidated sandstones.

Phyllosilicate bands

Phyllosilicate bands are formed in the sandstone when platy minerals exceed the 10-15%. It may be considered as a particular type of disaggregation band, where platy minerals promote the friction, boundary sliding, rather than grain fracturing (cataclasis).

Cataclastic bands

The Classic examples of cataclastic deformation described by [START_REF] Aydin | Small faults formed as deformation bands in sandstone[END_REF] [START_REF] Aydin | Small faults formed as deformation bands in sandstone[END_REF], [START_REF] Aydin | Analysis of faulting in porous sandstones[END_REF] [START_REF] Aydin | Analysis of faulting in porous sandstones[END_REF] and Davis (1999) [12] are produced when the fracture of the grains is a significant deformation mechanism. These bands consist of a central cataclastic core, commonly within a volume of compacted rock. The core is characterized by a broad distribution of particle size, numerous grains (due to the reduced grain size and many grains are contained within a band), angular grains and a distinct absence of pore space. The volume surrounding is generally characterized by compaction (due to the flow of grains) and by the fracture of the softer grains.

Dissolution and cementation bands

Dissolution and cementation can occur preferably along a deformation band during or, more frequently, after deformation. Whereas the dissolution is favoured by clay minerals on the grain boundaries, the cementation in the deformation bands is promoted by highly reactive surfaces formed during the grinding of the grains and / or slippage of grains boundaries. The cementation is particularly pronounced in the deformation bands in which the grains are covered by diagenetic minerals such as illite and chlorite. The coating prevents the cementing, except in the deformation bands where the coating is broken by fracturing and slippage exposed new quartz surfaces.

1.3 Failure modes in porous rocks

In this section, a short overview of the literature regarding the failure in rocks will be reported.

The mechanical behaviour of a well consolidated rock is characterized by two qualitatively different regimes. These two regimes are respectively called " brittle " and "ductile". The simplest definition that could be given to characterize these regimes is macroscopic (Paterson and Wong (2005) [START_REF] Paterson | Experimental rock deformation; the brittle field[END_REF]):

"The distinction between brittle and ductile behaviour is in the first place a macroscopic one, depending on whether or not the rock is capable of undergoing a substantial permanent strain without macroscopic fracture."

This classification, being macroscopic, does not focus on deformation mechanisms. [START_REF] Wong | The brittle-ductile transition in porous rock: A review[END_REF] [START_REF] Wong | The brittle-ductile transition in porous rock: A review[END_REF]). However, the deformation mechanisms associated with brittle and ductile regimes could be summarized as follows:

• The brittle regime is characterized by a predominant cataclastic phenomena, which usually involves microcracking accompanied by frictional sliding of the resulting grain fragments. Shear bands are usually observed (or cracks in axial extension if the confining pressure is low). It is usually preceded or accompanied by dilation and softening during post-failure regime.

• The ductile regime instead is characterised by distributed cataclasis in the whole material volume, and is accompanied by compaction or dilation depending on the initial porosity of the rock tested

The transition between the two regimes depends on a number of factors which can be dependent on the nature of rock or from external factors. Amongst the factors that depend on the rock fabric we can list its mineralogical composition, grain-size and shape, packing, chemical composition of the cement and its distribution between grains. Conversely, between the external parameters that influences the transition the following can be listed: kinematics constraints, temperature, presence and composition of a liquid phase in pores. Earlier studies (Von [START_REF] Karman | Festigkeitsversuche unter allseitigem druck[END_REF] [START_REF] Karman | Festigkeitsversuche unter allseitigem druck[END_REF], [START_REF] Mogi | Pressure dependence of rock strength and transition from brittle fracture to ductile flow[END_REF] [START_REF] Mogi | Pressure dependence of rock strength and transition from brittle fracture to ductile flow[END_REF]), made on the transition between ductile and fragile, highlighted that the main deformation mechanism is cataclastic so that, at a given constant temperature, the transition between these two regimes depends only by the applied confining pressure. It is known, however that the brittle to ductile transitions depends on the initial porosity of the rock, and to its evolution, which is a function of the applied stress. [START_REF] Antonellini | Microstructure of deformation bands in porous sandstones at arches national park,utah[END_REF] [4] analysed the dependence of failure resistance increase to the confining pressure applied on a porous rock. With confining pressure equal to 0 MPa the deformation is localized, with extension fractures having directions sub parallels to the axial direction. At slightly greater confining pressure, the formation of a single fracture, oriented at near 30 degrees, with respect to the axial direction, is often observed. At higher confining pressures, conjugated shear bands appear. At very high confining pressures, the deformation is accompanied by a distributed cataclastic flow in the whole volume of the sample [START_REF] Wong | The brittle-ductile transition in porous rock: A review[END_REF] [START_REF] Wong | The brittle-ductile transition in porous rock: A review[END_REF]). The compacting cataclastic deformation regime is dominated by the cracking, grain crushing and pores collapse. According to Wong et al. [START_REF] Wong | The brittle-ductile transition in porous rock: A review[END_REF], the last two decades field and laboratory observations has permitted to evolve the hypothesis on the brittle to ductile regime by recognizing an intermediate regime which is characterized by the localized development of deformation bands. These bands are planar structures that have undergone cataclastic compaction in a direction perpendicular to planar surfaces but shows negligible shear [START_REF] Wong | The brittle-ductile transition in porous rock: A review[END_REF] [START_REF] Wong | The brittle-ductile transition in porous rock: A review[END_REF]). The hypothesis of a third intermediate regime is substantially confirmed in the work of Ingraham et al. (2013) [START_REF] Ingraham | Response of castlegate sandstone to true triaxial states of stress[END_REF] which conducted a series of true triaxial experiments, covering a wide range of mean stresses to explore the brittle to ductile response and to better understand the fracture behaviour of porous sandstone. While it is known that fracture behaviour of porous sandstone depends on the mean stresses and on the stress anisotropy, little is known on the dependence from the third invariant because true triaxial testing is required to evaluate this dependence. For this reason Ingram et al.

have done a systematic study with mean stress applied ranging from 30 to 150 Mpa and a full range of deviatoric stress states (that encompasses axysymmetric compression to plane strain to arrive to axisymmetric extension). They found four material responses: the first corresponds to a brittle behaviour with dilatant volume strain at failure. The second mode correspond to the intermediate response previously descripted and where volume strain at peak stress is compactant and the band angles showed a lower angle than those found for the first response. The third and fourth regimes both showed no localization and compactant volume strain was observed, which is typical of a bulk compaction process. It was found that the mean stress at which the brittle to ductile transition occurs depends on the deviatoric stress state. The authors conclude that if the Lode angle decreases (which means increasing the intermediate principal stress for keeping the same minor and major principal stresses, i.e., moving from axisymmetric compression to axisymmetric extension) then shear bands for Castlegate sandstone occurs at higher mean stress. Under axisymmetric compression bands were no longer visible after 60 MPa. The shear stress required to bring to failure a sample depends linearly from the Lode angle, and hence when the Lode angle decrease then a decrease in the limit shear stress is observed. This effect is apparent for lower mean stresses (30 MPa) and become less apparent at higher mean stresses. The observed band angle ranged from 30°to 80°. The different phases of localization are also related to the presence of softening and dilatancy phenomena.

Characterization of the deformation mechanisms: experimental techniques

A number of different methods to measure the strain field in the sample has been developed and tested during the years and a number of them are listed below:

• Visual observations;

• Axial and radial strain gauges;

• Microscopic observations;

• X-ray tomography;

• Acoustic Emission;

• False Relief Stereophotogrammetry (FRS);

• Full field measurement methods;

There exist differences between the aforementioned methods and each has its peculiarities which can be exploited in a way to compensate the weakness of the other.

Visual observations

Visuals observations of prismatic specimen pierced in the center have been described by [START_REF] Haied | Strain localization in fontainebleau sandstone : macroscopic and microscopic investigations[END_REF] [START_REF] Haied | Strain localization in fontainebleau sandstone : macroscopic and microscopic investigations[END_REF]. A visual examination during a test conducted at a confining pressure of 20 MPa reveals that the samples loaded at 85% of the ultimate strength do not exhibit damage, while the samples loaded at 90% of the ultimate strength, exhibits micro fissuration. At this level of deviatoric stress only one band is visible, but when the stress level is close to the ultimate strength (95%) a second band appears clearly. This study leads suggest then that the formation process of a shear bands is gradual and progressive. El [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF] [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF] observes, during a triaxial test conducted with a confining pressure of 14 MPa on a specimen with a porosity of 22.36% that interrupting the test just after the peak stress leaves the specimen apparently intact. However, the localization process may have developed before the peak, even if it is not visible on the sample surface, because the size of the microcracks could be too small to be observed or because the localization has started developing inside the sample. Visual observations, however, may not be sufficient to detect the start of the localization if not accompanied by the use of a microscopic technique.

Axial and radial sensors

As pointed out by [START_REF] Bésuelle | Déformation et rupture dans les roches tendres et les sols indureés: comportement homogène et localisation[END_REF] [1] this is the simplest method to measure displacement of axial and radial deformation along different directions. Bésuelle, in his work has studied the behaviour of the Vosges sandstone under triaxial loading and detected localization using axial and radial measurements. The use of axial and radial measures had a double interest in his study: it provided a measure of deformation as close as possible to the true deformation of the specimen and allowed detecting the loss of homogeneity of deformation. The onset of shear bands is induced by the loss of homogeneity of deformation, and so the moment after which the specimen ceases to deform homogeneously can be inferred for the data registered by the sensors. Three axial displacement sensors are placed directly on the sample to observe the homogeneity of the axial deformation field: the three measures obtained are compared between them. Four radial sensors, measure the radial deformation along the two orthogonal directions and also the displacement of the sample's centre. This displacement serves as an index of non-symmetry of the radial dilatancy. By analysing the measurements obtained, the axial behaviour of the specimen is decomposed in three phases:

1. A first, inhomogeneous, phase corresponding to the phase during which the sample is placed in the cell, especially influenced by the parallelism defects induced the top and low extremities of the sample.

2. A second homogeneous phase during which the three axial deformation velocity are very close.

3. A third phase, inhomogeneous, where certain axial measures become usually much higher and differs one from the other. The beginning of this phase is interpreted as the onset of deformation localization. The centre of the sample moves laterally during the test.

At the beginning of the test the displacements are small, and increase as the specimen approach the stress peak. As a general rule the events measured with axial sensors are good indicators of localization. They are systematically identified for the different tests done and are often accompanied by a displacement in the lateral direction of the specimen's centre.

Microscopic observations

The microscopic characterization of a sample by using thin sections is a destructive technique that has been widely used since the 1970s [START_REF] Tapponier | Development of stress-induced microcracks in westerly granite[END_REF] [START_REF] Tapponier | Development of stress-induced microcracks in westerly granite[END_REF]; [START_REF] Wong | Micromechanics of faulting in westerly granite[END_REF] [START_REF] Wong | Micromechanics of faulting in westerly granite[END_REF]; Bésuelle (1999) [1]; [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF] [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF], [START_REF] Charalampidou | Etude expérimentale sur la localisation des déformations dans les grés poreux[END_REF] [START_REF] Charalampidou | Etude expérimentale sur la localisation des déformations dans les grés poreux[END_REF]) to follow the evolution and spatial arrangement of cracks and has proved to be a valuable tool thanks to the magnification and the resolution achievable. The drawback of this method is that it is necessary to stop the test at different loading stages. The microscopic observation of the material is also an important method to characterize the deformation mechanisms and the localization phenomena. Microscopic observation has been conducted in this direction since the 1970 [START_REF] Friedman | Luders' bands in experimentally deformed sandstone and limestone[END_REF] [START_REF] Friedman | Luders' bands in experimentally deformed sandstone and limestone[END_REF]; Ménedez et al (1995) [START_REF] Menéndez | Micro mechanics of brittle faulting and cataclastic flow in berea sandstone[END_REF]). Through micro structural observation it is possible to analyze the evolution of the number of cracks, perform a statistical analysis of their orientation, identify the fracture location inside a sample and characterize its shape. [START_REF] Ord | Shear band formation in gosford sandstone[END_REF] [START_REF] Ord | Shear band formation in gosford sandstone[END_REF] carried out tests in plane strain condition on the Gosford sandstone in lubricated conditions and observed the formation of only one shear band after the tests, highlighting that at high confining pressure a zone of dilatancy is found parallel to the breaking surface and surrounds it. Analyzing microscopic areas of a sample unloaded in the hardening regime, but after devation from homogenous deformation, Ord et al have not identified visible perturbations of the microstructure. In specimens loaded up to failure, regions of the shear band having thickness between 1 to 2 mm contained much of the cracked or crushed grains. The microstructure modifications are less apparent before the peak stress, but becomes well detectable after failure, when specimens exhibit a discrete fracture surrounded by a process zone of non-negligible thickness centred on the rupture plane. [START_REF] Antonellini | Microstructure of deformation bands in porous sandstones at arches national park,utah[END_REF] [4] conducted tests on a porous sandstone quarried in Arches National Park, Utah. They studied in the laboratory the shear bands on thin sections, highlighting that the micromechanisms behind the development of the shear bands consists of one initial dilatancy behaviour followed by crushing and compaction. They demonstrated that the presence of dilatancy or compaction in the bands depends on the porosity and on the confining pressure, attributing the compaction and the formation of cataclastic bands to the concurrent presence of high porosity and high confining pressures. Low confining pressure associated with a weak porosity promote the formation of dilatant, not cataclastic, bands. El [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF] [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF] conducted a study on sandstone samples with porosity of 21% and tested them under two different confining pressures: 7 and 28 MPa respectively. The sample tested at 7 MPa presented weakly fissured grains inside the shear bands and did not detect crushed grain but rather fragmented ones. The cracks appear to be mostly parallel to the band: this highlights the phenomenon that shear occurs inside the band, while outside the shear band grains appear to be intact or only slightly fissured. In the sample tested with a confining pressure of 28 MPa the grains inside the band are strongly crushed and pulverized. The fragments are tightly packed, and had an appearance of flour or white powder clearly visible to the naked eye.

Outside the shear band, close to its borders, grains are cracked but not crushed, and moving away from the band the cracking phenomenon decreases. The thickness of the shear bands and its local porosity has been analyzed in a quantitative way through SEM observations: this study detected that the porosity inside the band is always lower than the porosity outside. The author observes a dilatancy phenomena outside the bands and a contraction phenomenon inside the shear band. He concluded that the shear bands is a region where the porosity is weak and the grains are crushed. Detailed studies (Baud Wong ) highlight how the brittle fractures in a rock are accompanied by a localization of the micro-cracks and as the process of micro-cracking depends on the local stress concentration at the grain scale.

X-Ray Tomography

X-Ray CT (where CT stands for Computed Tomography), known for its application in the medical X-ray scanners, combines the conventional benefits of radiography and numerical analysis.

Conventional radiography is based on the measurement of the transmission of a beam of Xrays through a body. The X-ray source can be translated and rotated for scanning and as such the beam is sent to the body along several directions. The different X-ray beam attenuation caused by the density variations of the material are then measured and recorded by an array of detectors. This data allows then to compute an internal map of the sample. Numerical analysis can be then performed on this map, using the mitigation profiles obtained from different angles. This analysis is computationally intensive and is performed by decomposing the specimen in numerous horizontal slices, corresponding to those processed one by one by the scanner: thanks to this operation it is then possible to fully reconstruct a three dimensional image of the specimen, with a spatial resolution in the order of a few nanometers, from its absorption properties. The scanner slices, as well as the reconstructed images can be correlated with porosity values or petrographic data. The tomographic technique has the advantage of being non-destructive [START_REF] Bossi | Non-destructive testing of fibre-reiforced plastic composites[END_REF] [START_REF] Bossi | Non-destructive testing of fibre-reiforced plastic composites[END_REF]) and as such has motivated many researchers among which [START_REF] Desrues | Void ratio evolution inside shear bands in triaxial sand specimens studied by computed tomography[END_REF] [START_REF] Desrues | Void ratio evolution inside shear bands in triaxial sand specimens studied by computed tomography[END_REF], who started from the early 1980s to use X-rays as a quantitative tool for investigating the deformation localization in sand. Another example of the application of X-ray CT, is the post-mortem (i.e., after the test) analysis of strain localization in a granular rock. [START_REF] Bésuelle | Experimental characterisation of the localisation phenomena inside a vosges sandstone in a triaxial cell[END_REF] [START_REF] Bésuelle | Experimental characterisation of the localisation phenomena inside a vosges sandstone in a triaxial cell[END_REF] analysed with this technique samples of Vosges sandstone tested in triaxial compression with confining pressure of 30MPa and 50 MPa, respectively. The band detected in the specimen tested at 30MPa appeared as a black region (i.e. porosity higher than that of the material outside of the band), and its centre showed a dilatant cataclastic deformation, while the band detected in the test conducted at 50MPa showed a compactant behaviour. The X-ray CT tomography has revealed also a density non-homogeneity in both the two specimens. This phenomenon was not caused by deformation, and the authors conclude that it was already existing in the specimens prior to localization. Strain localization was consistently observed to occur in the low-density areas of the specimen, which are likely to have lower shear strength. These X-ray CT analyses, combined with microstructural analyses, allowed Bésuelle and co-workers to investigate the indicators of localized damage (including shear and compaction bands) across the transitional regime from brittle faulting to cataclastic ductile flow in this sandstone. Other authors have coupled X-ray CT with other full-field techniques to study deformation band in sandstone, like for instance digital image correlation (Louis et al. (2006) [START_REF] Louis | Imaging strain localization by x-ray radiography and digital image correlation: Deformation bands in rothbach sandstone[END_REF]; Charalampidou (2011) [START_REF] Charalampidou | Etude expérimentale sur la localisation des déformations dans les grés poreux[END_REF])

Acoustic Emissions

Another approach that enable investigating and characterizing the start and the evolution of failure are the acoustics emission. It is widely accepted that acoustic emissions are an effective indicator of the microstructure evolution, including micro-cracking in rock samples. This is supported by the observation that the initiation of a significant acoustic emission can be correlated with the dilatancy threshold, which is linked to the proliferation of micro-cracks [START_REF] Suzuki | A new approach to the prediction of failure by rock noise[END_REF] [START_REF] Suzuki | A new approach to the prediction of failure by rock noise[END_REF]; [START_REF] Scholz | Experimental study of the fracturing process in brittle rock[END_REF] [START_REF] Scholz | Experimental study of the fracturing process in brittle rock[END_REF]; [START_REF] Barron | Detection of fracture initiation in rock specimens by the use of a simple ultrasonic listening device[END_REF] [START_REF] Barron | Detection of fracture initiation in rock specimens by the use of a simple ultrasonic listening device[END_REF]; [START_REF] Lockner | Fault growth and acoustic emissions in confined granite[END_REF] [START_REF] Lockner | Fault growth and acoustic emissions in confined granite[END_REF]; [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF] [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF]; Charalampidou (2011) [START_REF] Charalampidou | Etude expérimentale sur la localisation des déformations dans les grés poreux[END_REF]). Acoustic emissions in a specimen are produced by local deformations that release a sufficient amount of energy to generate acoustic pulses. The acoustic events that occur in the specimen are then counted and registered. The acoustic events during the loading phase of the test are supposed to result from the creation and propagation of microcracks, and since strain localization is the densification of microcracking it results in a change of the acoustic activity. In fact, after the pioneering work of Obert and Duvall ( [START_REF] Obert | Use of subaudible noises for prediction of rock bursts. part ii[END_REF] , [START_REF] Obert | Microseismic method of predicting rock failure in underground mining. part ii[END_REF]), there has been a progressively growing number of experimental studies indicating that the number of noise events per unit increments of stress increase as the strain increases, especially when approaching the failure threshold. This is particularly true in the case of uniaxial compression at low-stress, where there is often an additional acoustic emission, which can be attributed to the crush of pores. This is why it is not always easy to determine precisely a stress threshold for the initiation of the acoustic emission due to microcracking. However, a large increase in acoustic activity becomes obvious to a certain level of loading. By observing the relative arrival time of acoustic signals on the sensors placed at different locations on the specimen surface, or distributed along a generatrix of the cylindric sample, the spatial origin of micro-cracks can be determined. When located in a isotropic medium, sound waves propagate with the same speed in all directions. Accordingly, the wave front is a sphere centered at the point where there is the source . If two fixed sensors are placed at distances R1 and R2 of the source , they intercept the two wave at two different times t1 and t2 . It follows that the mesure of Δt = t2 -t1 permits a correct spatial positioning of the source. The exact position of the source in the plane is fully determined and localized with three resonant piezoelectric sensors. The determination of emission sites is very interesting for the localization study. Many studies showing application of this techniques can be found in literature amongst which we cite [START_REF] Scholz | Experimental study of the fracturing process in brittle rock[END_REF] [START_REF] Scholz | Experimental study of the fracturing process in brittle rock[END_REF]; [START_REF] Yanagidani | Localization of dilatancy in ohshima granite under constant uniaxial stress[END_REF] [START_REF] Yanagidani | Localization of dilatancy in ohshima granite under constant uniaxial stress[END_REF]; [START_REF] Satoh | Precursory localisation and development of microfractures along the ultimate fractures plane in amphibolite under triaxial creep[END_REF] [START_REF] Satoh | Precursory localisation and development of microfractures along the ultimate fractures plane in amphibolite under triaxial creep[END_REF]; [START_REF] Lockner | Fault growth and acoustic emissions in confined granite[END_REF] [START_REF] Lockner | Fault growth and acoustic emissions in confined granite[END_REF]; Lockner (1993) [START_REF] Lockner | The role of acoustic emission in the study of rock fracture[END_REF]; [START_REF] Fortin | Acoustic emissions monitoring during inelastic deformation of porous sandstone: comparison of three modes of deformation[END_REF] [START_REF] Fortin | Acoustic emissions monitoring during inelastic deformation of porous sandstone: comparison of three modes of deformation[END_REF]. A recent study has been conducted by Ingraham (2012) [START_REF] Ingraham | Response of castlegate sandstone to true triaxial states of stress[END_REF] on Castlegate sandstone under true triaxial state and characterized by acoustic emission. Three different failure modes have been examined at different confining pressure applied: shear bands at low mean stress, compaction localization at intermediate stress and no localization at high stress. Granular break, slipping of the grains and grain fracture may cause acoustic emissions. The shear bands formed in the first mode were visible on the exterior of the specimen. Conversely, compaction localization (the second mode), was not visible on the exterior on the specimen, but can be identified through acoustic emission. The third mode, which is thought to be uniform cataclastic flow, was non-localized failure, since from the random distribution of the observed acoustic events it was possible to infer that deformation was non-localized. Localization occurs typically prior to peak stress. Other authors found similar results, in fact Wong and colleagues [START_REF] Wong | The transition from brittle faulting to cataclastic flow in porous sandstones: Mechanical deformation[END_REF], [START_REF] Wong | Localized failure modes in compactant porous rock[END_REF] found that AE rate typically are detected at the peak when the stress rise and is followed by a stress drop. Furthermore, for specimens that exhibit a knee in the stress-strain curve, followed by a stress plateau, AE detection occurs at the knee of the curve Haimson [START_REF] Haimson | True triaxial stresses and the brittle fracture of rock[END_REF].

False Relief Stereophotogrammetry (FRS)

The Stereophotogrammetry method was used for the first time in the early 70s by [START_REF] Butterfield | A stereophotogrammetric method for measuring displacement fields[END_REF] [START_REF] Butterfield | A stereophotogrammetric method for measuring displacement fields[END_REF] and Bonneval (1972) [44] and was subsequently extensively applied in France by Desrues and Duthilleud (1984) [START_REF] Desrues | Mesure du champ de déformation d'un objet plan par la méthode stéréophotogrammétrique de faux relief[END_REF]. False Relief Stereophotogrammetry use photographs of a deformable object taken from a unique angle. The photographs correspond to different deformation states of an object. This technique is closely related to the principle of depth of field perception of the eye, which is based on the binocular vision and consequent "image processing" performed by the brain. This technique is based on the ability of human brain to interpret differences between two images as a relief, and allows decoding, the geometric variation between two analysed images in terms of depth. Photographs taken at different loading levels, and hence at different deformation states, record the local displacement of some points on the specimen surface. Using opto-mechanical devices that have been developed for mapping, the method evolve from qualitative to quantitative enabling high precision measurements of displacement field measurements on a number of fixed points over the specimen surface. Torrenti [START_REF] Torrenti | Application of stereophotogrammetry to the strain localisation in concrete in compression[END_REF] [START_REF] Torrenti | Application of stereophotogrammetry to the strain localisation in concrete in compression[END_REF]; [START_REF] Torrenti | Stereophotogrammetry: a new to study strain localisation in concrete under compression 9 th[END_REF] [START_REF] Torrenti | Stereophotogrammetry: a new to study strain localisation in concrete under compression 9 th[END_REF]; [START_REF] Torrenti | Visualisation of strain localization in concrete compression by means of stereophotogrametry[END_REF] [START_REF] Torrenti | Visualisation of strain localization in concrete compression by means of stereophotogrametry[END_REF]; Benaija et al. (1990) [START_REF] Benaija | Etude de la localisation dans un grès des vosges[END_REF]; [START_REF] Benaija | Application de la stéréophotogrammétrie au béton[END_REF] [START_REF] Benaija | Application de la stéréophotogrammétrie au béton[END_REF]; [START_REF] Bascoul | Analysis of localization in concrete and rocks trough stereophotogrametry, speckle laser and replica[END_REF] [START_REF] Bascoul | Analysis of localization in concrete and rocks trough stereophotogrametry, speckle laser and replica[END_REF]; Torrenti and Boulay (1993) [START_REF] Torrenti | Annales de l' institut technique du batiment et des travaux publics, Institut technique du batiment et des travaux publics[END_REF]) shows that, for a trained operator, the standard deviation of repeated measurements of the coordinates the same point is around one micron, in x as in y. When applying this technique to the detection of the localization threshold, the camera is fixed, and the specimen's deformations of the sample are perceived as a false relief. However, it should be noted that only displacements in the plane perpendicular to the direction of shooting can be observed, which can give rise to measurement errors. It is therefore desirable for a rigorous use of the method to work on samples tested under plane strain, or at least showing negligible out-of-plane movements, hence the method is limited to plane problems on prismatic specimens. Desrues (1997) [START_REF] Desrues | An Introduction to Strain Localisation in Granular Media proc[END_REF] explains that the plane strain testing conditions are convenient for study strain localisation, first because it is a true rheological test, and secondly because it allows a complete determination of the real strain field at any stage of the test. The FRS can be considered as the precursor of the actual DIC method.

Digital Image Correlation

Digital Image Correlation is a flexible method of optical metrology based on the comparison of digital images. It can accurately measure and characterize the displacements or deformation in the specimen. This technique allows to characterise the evolution of the deformation field, and to detect of any loss of homogeneity in the sample. It is a non-destructive technique of relatively easy implementation. It requires the visualization of the sample under load and the possibility to capture photos of it using a single digital camera (in the case of 2D-DIC) during the test. The method is applied using a software that take as input two different photos took at different moments during the loading history of the specimen. The displacements are computed by comparing the image in the deformed state with the reference image (usually the sample in the non-deformed state). The software derives then the obtained displacement field to calculate the strain field. Through the DIC method it is possible not only to gain a better understanding of the material response post-mortem and before the specimen is removed from the loading device, but it is also possible to analyse the material response during the loading test, because this technique allows to observe and reconstruct the whole loading history of the specimen in terms of 2D displacement and strain field. DIC has been applied in Geomechanic to gain a better understanding of the behaviour of a wide range of materials [START_REF] Pan | Two-dimensional digital image correlation for in plane displacement and strain measurement: a review[END_REF] [START_REF] Pan | Two-dimensional digital image correlation for in plane displacement and strain measurement: a review[END_REF]; [START_REF] Dautriat | Localised deformation induced by heterogeneities in porous carbonate analysed by multi-scale digital image correlation[END_REF] [START_REF] Dautriat | Localised deformation induced by heterogeneities in porous carbonate analysed by multi-scale digital image correlation[END_REF] and reference herein contained). For what concerns sandstone notably [START_REF] Louis | Imaging strain localization by x-ray radiography and digital image correlation: Deformation bands in rothbach sandstone[END_REF] [START_REF] Louis | Imaging strain localization by x-ray radiography and digital image correlation: Deformation bands in rothbach sandstone[END_REF] applied 2D-DIC to investigate the deformation localisation developed in specimens of the Rothbach sandstone, and demonstrated via DIC that the bedding controlled the location of strain localisation in regions outside it and guided the development of the localised features.

Recently DIC has evolved to the 3D realm enabling Lenoir et al., for instance, to apply DIC to HR synchrotron x-ray CT images, to study deformation localisation in an argillaceous rock (Callovo-Oxfordian argillite). Since DIC in its basic form adopt a continuum hypothesis it can not be straighforward applied on the analysis of fractures and hence a new formulation, discrete DIC, which focuses on individual grains, constitute a new derivation that can be applied to brittle materials. Nguyen et al. (2010) [START_REF] Nguyen | Endommagement localisé dans les roches tendres -expérimentation par mesure de champs[END_REF] for instance presented fracture evolution from artificially pre-cut inclined flaws (slits) under plane strain conditions in a soft rock (Neapolitan Tuff) using 2D DIC, while [START_REF] Hall | Characterisation of the evolving grain-scale structure in a sand deforming under triaxial compression[END_REF] [START_REF] Hall | Characterisation of the evolving grain-scale structure in a sand deforming under triaxial compression[END_REF] used continuum and discrete 3D volumetric DIC to investigate localised deformation in sand at the grain-scale.

3 Experimental setup

New True-Triaxial Apparatus description

The true triaxial apparatus shown in Fig. 3.1 has been installed in 2010 at Laboratoire 3SR in Grenoble. This experimental device is the result of several years of development to obtain a novel apparatus capable of loading a sample in plane strain compression or in true-triaxial conditions while allowing direct observation of the specimen during the loading. The key application for which this device has been conceived is the characterization of strain localization mechanisms and failure in rock. The minor principal stress (σ 3 ) can be as high as 100 MPa, a value that can be found in real-world applications like oil production and deep geological disposal of CO 2 or radioactive waste. The three principal stresses can be applied independently on a specimen having height of 50 mm (in the major principal stress direction), width of 30 mm (in the intermediate principal stress direction), and a thickness varying between 25 to 50 millimeters in the minor principal stress direction, resulting in slenderness ratios (which is the ratio between the height and the width) of two and one, respectively. The sample thickness for the tests reported hereinafter is 25 millimeters (see Fig. 3.2). The cell can withstand a maximum confining pressure (isotropic stress) of 100 MPa and the axial piston can apply an additive maximum force of 500 KN, while the horizontal piston can apply a additive maximum force of 700 KN. These values correspond to a differential stress relative to the confining pressure of 670 MPa and 530MPa respectively, for a sample with a slenderness ratio of two, and half of these values for a specimen having a width of 50 millimeters. The apparatus is shown in cross section in Fig. 3.3. The vertical hydraulic piston applies the loading on the specimen along the σ 1 direction. This piston is self-compensated with respect to the confining pressure variations: this is achieved by means of an intermediate chamber which compensates the upward directed force created by the confining pressure on the piston. As a result, the fluid pressure injected at the top of the vertical piston acts only to apply a differential stress σ 1σ 3 on the specimen. An external displacement transducer measures the relative displacement of the piston with respect to the loading frame, and is also used for the piston pressure generation to have a displacement controlled loading. The pressure generator modifies the pressure applied on the top of the piston, in order to keep a constant displacement rate.

The axial piston moves inside a floating axial frame, thereby allowing the specimen to deform homogeneously and ensuring that its middle portion remains virtually immobile, or move only very slightly, between the limits of the piston travel path. This means that the displacement on top and bottom of the specimen have approximately the same value, but are opposite. The compensation is realised thanks to a coordinated movement of both the frame and the piston: when the axial piston moves down to compress the sample, the frame and the base move up accordingly of half the value. The own weight of the floating frame is compensated using an external air lifter. The horizontal piston applies the intermediate stress and takes advantage of the same compensating technology used for the axial piston. The horizontal displacement are measured by the internal displacement transducer. One possible operating mode consists in adapting the pressure sent by the pressure generator to keep a zero displacement, (i.e. mantaining a plane strain compression on the specimen), but this is not the only possibility, since the device is conceived to be controlled either in displacement or, alternatively, in stress mode. The specimen surface opposed to the horizontal piston (which applies the intermediate stress) is in contact with a thick, transparent sapphire window, and can be observed during the test, thus enabling photos of the surface to be taken during the deformation. During plane strain compression the sample's surface is representative of the deformation throughout the sample (at least for an isotropic material), even after the onset of rupture. In order to ensure contact symmetry, and thus maintaining the same boundaries conditions, the horizontal piston surface is cladded with a thin sapphire glass platen. An internal LVDT transducer measures the relative displacement between the two sapphire glass surfaces (the thick window and the thin platen). The hydraulic confining fluid applies stress in three space directions, the minor stress on the two lateral specimen surfaces. A silicone membrane installed inside the confining chamber ensures the hydraulic seal, wrapping around the specimen and the four loading caps, thus allowing a direct contact between the specimen and the sapphire window. A special wedges setup shown in Fig. 3.4 is installed between the specimen and the loading caps in the axial direction to ensure a congruent thickness between the loading system and the specimen in the intermediate stress direction. If a compression or extension of the specimen occurs in this direction, the set of wedges automatically compensate this change, effectively preventing an extrusion of the membrane during the deformation. Each pump has an internal volume of 300 milliliters and can apply a maximum pressure of 100 MPa. Flow rate can vary between 0 to 900 ml/h with an accuracy of 10 -4 ml. Fig. 3.5 shows a schematic representation of the whole apparatus. For hydraulically connecting the axial and horizontal pistons and the confining chamber to the pumps, spiral flexible austenitic stainless steel tubing is used. Four groups of needle valves allow high pression fluid routing to the triaxial device and are hereinafter detailed. The first group is composed by three Sanchez Technologies VMP 15000 mod.5 valves. These valves are double stem, single body models. They are mounted on each pump's output flange and connected to the hydraulic fluid tank and to the true triaxial device. Their function is to allow the pumps to be filled with the hydraulic oil and, during the test (when the confining fluid is sent to the true-triaxial device), prevent oil from leaking towards the tank. Three other valve groups control the oil flux to the axial piston, to the horizontal piston and to the confining chamber, respectively. The valves used are manufactured by Sitec (model 710.4310). The axial and horizontal piston valve group have the same arrangement: they allow fluid control on the top and on the lower piston annular chamber (to move the piston upward) as well as providing arrangements for purging operations. The confining chamber valves setup include one needle valve to allow cell purging. Filling and emptying operations for the confining chamber have been done manually using a dedicated external pump, which is for this reason not detailed as it is not an integral part of the experimental device, buth rather a supporting equipment. 

Data acquisition system

The three high pressure volumetric pumps are controlled by the Falcon software, that acts both as data logger and human-machine interface (HMI). Falcon is installed in a dedicated portable computer, which is connected to the pumps RS422 interface using a USB converter cable. The software can show real time data, create graphic animations and plot the stress-strain curve, all in a multi-window and multitasking interface. The PID (Proportional Integral Derivative) regulators installed inside the pumps controller boards send the data to the PC interface, from which they can be fine-tuned according to the process requirements. The control interface is customised by Sanchez Technologies according to the specific pumps arrangements that is installed. The main panel relative to the true triaxial apparatus, is shown in Fig. 3.6 : 

Optic Fiber illumination and camera mounting system

The specimen is uniformly illuminated during the test to allow photos of it to be taken. At this effect 20 light conducts are drilled around the porthole installed in the base plate of the confinement chamber. Each conduct is arranged to host a single optic fibre (φ3.5 mm) that transfers light from a separated main light source that is located at the base of the triaxial cell. In Fig. 3.7 we see the optic fibres arrangement around the porthole: four groups of five fibres enter inside the device. The channels are drilled in a way to avoid shade effects on the surface of the illuminated specimen: this is achieved by bringing the optic fibres close to the sapphire window. Twenty knobs, installed on the main light source (20 leds), allow light flux regulation of the four separated light groups according to the required illumination. A camera is mounted on a tripod in front of the triaxial machine porthole for imaging operations. Two different camera models were used for the tests. A Nikon D3x was used during the first test campaign. Pictures were taken in RAW format with the maximum resolution of 6048x4032 pixels. The lens used was a Sigma 150mm F2.8 EX DG OS HSM APO Macro. During the first tests a lens teleconverter was used. During the second test campaign, a Nikon D800-E was used. The pictures were taken in RAW format at 7360x4912 pixels resolution . Before starting a test the camera is centered and adjusted to allow the sample surface to cover a maximum area of the sensor. Care is taken in order to mantain the camera sensor parallel to the sample surface. 

Stiffness of the loading system

When a sample is loaded inside a loading cell, there will be always a difference between the true axial shortening of the sample and the one which is actually measured. A large true part of the difference is due to the cell stiffness, however other errors exists [START_REF] Scholey | A review of instrumentation for measuring small strains during triaxial testing of soil specimens[END_REF]. Therefore, it is clear that it is important to determine the cell deformability, usually called its stiffness, by using a specifically conceived experimental procedure. However, before delving into the details concerning the method used to determine the actual stiffness of the loading device, a brief overview concerning the factors that affect its deformability will be presented.

Overview

The global stiffness can be defined as the resistance that the device offers to the deformation and is defined as:

Stif f ness = F δ (3.1)
where F is the force applied to the device, and δ is the detected device lenghtening along the direction of the applied force. Considering the typical units used for F and δ, the stiffness is usually expressed in MN/m. Knowing the stiffness value is fundamental, since a low stiffness device can make the study of the rock softening behaviour quite challenging. In fact, when a rock specimen is tested in a low-stiffness device, when the ultimate compressive strength is reached, the typical behaviour that is observed is its sudden failure due to an explosive rupture. This behaviour, observed also by Bésuelle [1], is due to the release of the elastic energy stored in the loading device during the compression. This energy acts as an incremental deformation force which sums up to the force already applied by the loading system, thus increasing the speed of deformation and leading to the very rapid failure of the specimen. Consequently, when considering the implications of the aforementioned deformation process, it is clear to see how the post-peak behaviour of the tested sample is closely related to the stiffness of the loading system. Evidence in this sense have been proposed since 1935 by Spaeth [START_REF] Spaeth | Einfluss der federung der zerreissmaschine auf das spannungs-denhungsschaubild[END_REF] (english version reported by Jaeger et Cook [START_REF] Jaeger | Fundamentals of Rock Mechanics[END_REF]) suggesting that the real behaviour of the material wasn't correctly represented by the stress-strain plot, since a contribution of the loading device was masking the real response (Spaeth was working with iron samples having a characteristic stiffness equal to 500 MN/m, while most of the loading devices at that time had a stiffness in the range of 200 MN/m). The first clear evidence of the need to further investigate the influence of the loading device stiffness on the fracture of the sample were given by Whitney [61] while commenting the stress-strain plots obtained on concrete samples by Jensen [START_REF] Jensen | The plasticity ratio of concrete and in effect on the ultimate strength of beams[END_REF].

Stiffness determination: experimental approach

To The stiffness of the cell measured taking the slope of the linear portion of the cell lenghtening curves is 0.322 MN/mm.

Since the DIC technique was involved, the aluminium sample were prepared prior to testing with a speckle pattern texture using the same procedure that will be described in sec. 3.3. The white paint used as white background was a primer (Tollens Protège Métaux) specifically conceived to have strong tacking properties on non-ferrous alloys like aluminium, while the black paint used is a water based pigment made by Pébéo and sold under the commercial name of Colorex (color code 23, ivory black).

The global stiffness of the loading device is largely dependent on the deformation of its mechanical parts, like the loading and structural apparatuses (e.g. its frame, rods, loading pistons) and, generally speaking, on all the components that can store mechanical energy and release it elastically.

A cross-section view of the true-triaxial cell is reported in Fig. 3.9 to highlight in a simplified way the relevant elements that mechanically deforms during the loading. The loading cell can be though at as a set of series-mounted springs: each of them is characterised by its own elastic constants but all of them are axially compressed by the same "F" force. K cell is the elastic constant of the cell, K sample represents the stiffness of the sample. The force F applied to each spring element is the same, while the measured displacement δ is the sum of all the displacement and can be expressed as:

δ = δ cell + δ sample (3.2)
Each displacement can be calculated by using its relative equation:

δ cell = F K cell (3.3) δ sample = F K sample (3.4)
the cell lenghtening can be deduced by:

δ cell = δ -δ sample = δ - F K sample (3.5)
the curve force versus δ cell is plotted in Fig. 3.8.The slope of the green curve in Fig. 3.8 curve represents the cell stiffness. It is equal to 0.328 MN/mm. The aluminum specimen has height of 50 mm, width of 25 mm and thickness of 30 mm (AU4G: 69 GPa). Note that the cell stiffness is quite close to the stiffness of a typical Vosges sandstone specimen (mean Young modulus of 17 GPa), which can be determined from the following equation:

K V osges sandstone specimen = E • Specimen surf ace Specimen height = 17000 • 25 • 30 50 = 0.255 M N/mm (3.6)
This suggest that the cell is moderately stiff. This can be a problem for post-peak response of the specimen. Indeed, a stability analysis show that when the negative tangential slope of the specimen response (F-δ) is equal to the cell stiffness, the apparatus does not allow a good control of the loading, but can induce a brutal failure. This issue will be illustred in chapter 6.

Samples Preparation

The Vosges sandstone prismatic specimens (Fig. 3.10) used for the tests have the following dimensions:

• Width: 25 mm

• Height 50 mm

• Thickness 30mm The specimens are sawed from a sandstone slab and machined to obtain the specified dimensions.

All the surfaces are finished to have a final parallelism tolerance in the range of (±0.02) mm, verified with a centesimal dial gauge mounted on a marble surface plate. Rectification is done by progressively grinding with a surface grinding machine all the perimetral surfaces of the sample to obtain 4 planar, orthogonal and mutually parallel surfaces. The sample is blocked in the grinding machine vise as shown in Fig. 3.11. The rod shown in the picture is used because the surface against the movable jaw is rough, so the rod forms a fulcrum that lets the sample pivot, ensuring that the top surface rests flat against the back fixed vise jaw. One of the largest specimen surfaces is machined first, then one of the minor surfaces is machined to be orthogonal to the first reference surface. Subsequently the other remaining large surfaces are machined until all the longer perimetral surfaces are processed. The small top and bottom surfaces of sample are then grinded. To accomplish this last operation the specimen is placed in a V-shaped vise that locks it in place by pressing on its perimetral surfaces. After every surface grinding cycle, the dimensions are verified to ensure their conformity with the required dimensions. 

Speckle pattern application

After the sample geometry has been accurately verified a speckle pattern is applied on the surface which will come in contact with the sapphire window and the opposite sapphire plate. The speckle pattern acts as fixed reference that follows the material movements: its morphology is therefore an important parameter that directly affects the accuracy of the measured displacements. The sides of the samples are prepared by applying different layers of white paint (Pébéo Colorex White 02) using an airbrush. After each white layer, in order to obtain a smooth surface, the specimen surface is polished with ultra fine sandpaper (3000 and above) on a rectified marble plate. When the sample surface porosity has been filled with the white base paint and its surfaces are uniformly smooth then an ultra fine layer of black paint (Pébéo Colorex Ivory Black 23) is sprayed on the surface using an airbrush. During the application a paint mist is produced with the purpose of obtaining a pigment deposition on the sample's surface as random as possible. The resulting speckle pattern is shown in Fig. 3.12. In order to accomplish this result it is necessary to avoid as much as possible linear or repetitive movements that can introduce a bias on the droplets flux. An in-depth study on the importance of a good speckle pattern will be presented in Chapter 5, where its quality has been evaluated by using the autocorrelation function and the mean intensity gradient criteria.

Membrane preparation

The membrane plays an important role during the test: it separates the specimen from the confinement fluid, wrapping around the four loading caps and allowing a direct contact between the specimen and the sapphire window. The membrane is made from a mixture of two silicone elastomers: Rhodorsil RTV 141A (base) and Rhodorsil RTV 141B provided by CRC. The base / catalyst ratio used for our experiments was prepared using a composition of 10% Rhodorsil RTV 141B on a Rhodorsil RTV 141A base. Both products are pre-mixed by using an electric mixer. During the mixture preparation air bubbles are inevitably produced and mixed in the liquid silicone volume. To avoid the bubble to be permanently incorporated during the curing, the mixture is degassed before being casted. The degassing operation is done in a separate vessel: the silicone is left for 20 min under vacuum to completely evacuate air bubbles. The vessel containing the degassed mixture is then connected to the mold. The mold used to shape the membrane is composed by two separable halves and contains in its cavity four aluminum parts that have the form of the machine loading pistons endings. The two halves of the mold along with a membrane are shown in Fig. 3.13. The mold walls are protected with an anti-sticking agent (CRC Sansil DM5) to prevent the silicone from bonding during the curing. The mounted mold is, arguably, a completely closed assembly, and posses two small slits that acts respectively as pouring cup and riser to evacuate silicon during the casting procedure. The silicone is injected in the die under pressure (1 atm) and left to cure for about one week at 20 °C. When the finished membrane is extracted from the mold, it is carefully inspected to verify the presence of micro defects that can compromise its sealing ability and mechanical resistance. If minor defects are detected the membrane can be repaired by preparing a small batch of silicone elastomer and filling in the defective spots: after this operation the silicone is left to cure before the membrane can be put into service. A membrane is needed for each test and can not be reused.

Friction between sample and loading system

All the specimen surfaces, excluding those perpendicular to the intermediate stress (in direct contact with the silicone membrane), are lubricated with a mixture of Vaseline and stearic acid (CH 3 (CH 2 ) 16 COOH), in order to reduce the friction. Stearic acid is a white solid, which is typically sold in the form of coarse grains. The lubricant mixture is easily prepared by melting at 70°C equal parts of stearic acid with non-polar Vaseline (hence 1:1 weight ratio). When the mixing is complete the container is quenched in cold water to speed the cooling process. The mixture forms a white greasy solid at room temperature with a very light yellow hue. The lubricant is applied on the specimen surfaces, taking care of not applying a thick lubricant layer. The lubricant mixture used has been selected for its low friction coefficient considering the results reported by [START_REF] Labuz | Reducing frictional constraint in compression testing through lubrication[END_REF] [START_REF] Labuz | Reducing frictional constraint in compression testing through lubrication[END_REF] which evaluated this mixture with others lubricants in a comparison test . A previous comprehensive analysis were made also by Bridell (1991) [64] using a double direct shear device, in order to test different lubricants types. Friction coefficients for a selection of lubricants are reported in tab. 3.1. A very thin layer of lubricant is sufficiently transparent and does not significantly deteriorate the viewing ability through the sapphire window.

Lubricant type

Friction coefficient Graphite 0.07-0.08 Molybdenum disulfide 0.12 Teflon sheets (50 µm thickness) 0.05 Stearic Acid 0.02 

Assembly

Setting up the true-triaxial device in order to perform a test, require executing a number of assembling operations according to a scrupulous multi-step protocol. The first step operation consists in inserting the membrane in the confining chamber. The membrane wraps around the four loading caps, and contains and isolate the sample from the hydraulic oil used to transfer the confining pressure from the pump. For this reason, the membrane is accurately verified before installation, as the use of a defective membrane could lead a hydraulic oil leakage to come in contact with the specimen. Two pairs of metal wedges, shown schematically in Fig. 3.4 and previously lubricated with a mixture of stearic acid and vaseline, are inserted inside the membrane in the direction perpendicular to the major stress. When the membrane is correctly inserted in the confinement cell, one of its side wraps around the sapphire glass window, while its opposite side wraps around the intermediate stress load cell. This arrangement is visible in Fig. 3.14 Four electrical cables allow the transducer to transmit data to the horizontal piston: after connection, a functionality test is executed by stimulating the transducer and verifying if the induced pressure variations are correctly shown on the pressure generator display. The confinement chamber can pivot around the horizontal axis to ease the operator in the assembly phase. The piston that applies the horizontal pressure is not connected to the confinement chamber when membrane is being installed but temporary suspended over the cell until all the operations inside the chamber are executed. It's only when the LVDT transducer has been tested that the horizontal piston and the spherical head are installed and made solid with the confinement cell by using twenty bolts (see Fig. 3.16). The resulting assembly is then rotated and prepared for the axial piston connection. In this step the flange of the confining chamber that will host the axial piston is positioned vertically to allow the installation of the spherical head in the membrane inside the confinement cell (see Fig. 3.17). The spherical head is the last element which is inserted before filling the confining chamber with oil and is installed in the membrane by using two rods as manipulators to handle and position it correctly. The cell is then filled with confining fluid (see Fig. 3.18) by using an external pump. When the confinement cell contains the correct amount of hydraulic oil, the vertical piston, that in the meantime was suspended along with the frame just above the cell, is then lowered and made solid to the confining chamber by fastening the four large bolts that can be seen in Fig. The axial piston weight during the test is compensated by using an external air pressurecontrolled lifter (running pressure is 4 bar).

4 Non-destructive measurement techniques and analysis

Introduction

Digital Image Correlation, usually abbreviated with the DIC acronym, can be considered as the modern successor of the False Relief Photogrammetry method (FRS). FRS has been extensively used in geomechanics, notably by Desrues and co-workers [START_REF] Desrues | Mesure du champ de déformation d'un objet plan par la méthode stéréophotogrammétrique de faux relief[END_REF] - [START_REF] Desrues | Strain localization in sand: an overview of the experimental results obtained in grenoble using stereophotogrammetry[END_REF], to compute the displacement fields on a sample tested under plane strain compression, and to determine from these measurements the corresponding strain fields. The first record of the DIC method traces back to a paper written by Peters and Ranson in 1982 [START_REF] Peters | Digital imaging techniques in experimental stress analysis[END_REF], where they propose the use of a computerbased image acquisition and deformation measurement system. Since the beginning of the 80's the method has rapidly evolved. The continuously diminishing cost of digital cameras and the availability of commercial DIC codes have been particularly beneficial for its spread: the method is constantly evolving today, as new application possibilities become available. The 3D analysis domain is an example of this trend. This domain is at the moment of writing in rapid development, driven by the high efficiency attained by multicore modern PCs, which offer the possibility of efficiently manipulating an increasingly high resolution 3D data flux, and so what was once only possible in 2D is now evolving in the 3D realm. Today DIC is applied at different scales, on pictures taken with a largely varied set of imaging systems. Images can be produced either by fast or ultra-fast cameras, by a Scanning Electron Microscope, by an Atomic Force Microscope or, as in this thesis work, by pro-grade consumer digital cameras. The availability of commercial documented correlation software has also contributed to spread the method in different domains.

Digital Image Correlation provides full-field measurement of kinematics, from which the strain at the surface are derived, hence it is a valuable tool to understand the deformation behaviour of metals ([67, 68, 69]), plastics ( [START_REF] Lu | Uniaxial, shear, and poisson relaxation and their conversion to bulk relaxation: Studies on poly(methyl methacrylate)[END_REF][START_REF] Umezaki | Deformation behaviour of the cross-section of a heat-sealed area in plastic film used for liquid package bags[END_REF]), wood ( [START_REF] Zink | Strain measurement in wood using a digital image correlation technique[END_REF]), ceramics ( [START_REF] Coburn | Development of a digital speckle correlation system for use in the non-destructive testing of advanced engineering ceramics[END_REF]), paper ( [START_REF] Chao | Measurement of strains in a paper tensile specimen using computer vision and digital image correlation part 2: Tensile specimen test[END_REF][START_REF] Sutton | Measurement of strains in a paper tensile specimen using computer vision and digital image correlation part 1: Data acquisition and image analysis system[END_REF]), composites ( [76,[START_REF] Ha | A three-dimensional viscoelastic constitutive model for particulate composites with growing damage and its experimental validation[END_REF]) and concrete ( [START_REF] Choi | Measurement of deformations on concrete subjected to compression using image correlation[END_REF][START_REF] Choi | Fracture mechanism in cement-based materials subjected to compression[END_REF]). In geomechanics, where traditional biaxial and triaxial setups do not allow the sample to be viewed under loading, DIC has not been used until the advent of specially conceived apparatus. DIC has a clear advantage over traditional, transducer-based approaches, since it allows a more accurate, real time, analysis of displacement fields. However, the benefits of non-contact measuring techniques can be fully exploited only with a specifically developed testing systems like the true triaxial apparatus described in Chapter 3. One of the sample's surface is always visible during the test through a transparent sapphire window and the behaviour of the material on this surface is representative of the whole sample volume, since a plane strain compression is imposed. An introductory discussion, aiming at presenting the main process workflow of the DIC method will be developed in the following, along with an analysis of the principal sources of experimental uncertainties.

Basics of Imaging technology

Thanks to the continuous development of digital imaging technology, non-contact field methods have evolved considerably over the last few years. Before introducing the basics of the DIC method, it is useful to recall some fundamentals of digital image acquisition and processing. Digital images, by definition, are discretized images that owe their characteristics to the internal structure of the sensors installed in the digital camera. The function performed by the sensor in a digital camera is conceptually similar to that of the emulsion film in traditional photography. The sensor is not a continuous medium, but rather an array of distinct photosensitive semiconductors, commonly called pixels. It is necessary, at this point, to make some conceptual distinctions between some frequently used terms like photosite (or "photodetector") and pixels, to better understand the operating mode of the different sensor technologies used in digital photography, and to avoid confusion and misunderstandings regarding the real resolution of the images produced with the various sensors. The "photosite" can be defined as the "area of the sensor that captures the smallest detail of the image": it is a physical element, belonging to the hardware domain. It can be thought as an area with one or more photosensitive semiconductor elements that are able to transform a luminous flux in a given amount of electric charges. The pixel, instead, belongs to the software domain: its data content depends on the data format (RAW, JPG or others) and describes the colour characteristics of the smallest detail of the image. The final image is, in fact, the composition of the elementary data carried by its individual pixels. At full resolution there is usually a 1:1 correspondence between the photosites and pixels number, and that is why the two terms are sometimes used interchangeably. The physical size of the sensor is an important parameter that directly affects the image quality, since a bigger area can contain a higher number of photosites. The actual tendency is to create sensors that contain an increasingly higher number of photosites in a given, standard, surface which derives its format from the ancient film counterparts (e.g. 24x36, 4.5x6 or 6x6, just to enumerate the most common). However, although the size reduction of the photosite enables to attain higher resolutions, it can not go beyond some physical limits. In fact, if the photosite size is reduced too much, it can attain dimensions in the range of light wave frequencies: diffraction phenomena can then become difficult to correct and a general quality loss, especially in the presence of low light, is usually the typical drawback. This explains the significant difference in the image quality between consumer compact cameras and pro-grade single lens reflex, like the one used in this thesis. The compact cameras possess smaller sensors but usually with the same amount of pixel of a reflex: to output an exploitable image heavier noise reduction algorithms must be applied to mask diffraction effects and this directly affects quality, while the bigger size of the reflex sensors does not need the same noise reduction. A red, green, or blue filter is usually positioned in front of each photosite to ensure that only one of the three primary colours reaches a particular photosite. The intensity of the mono-colour light is recorded in the form of an electric current. Within limits, the stronger the light and the stronger is the current produced. The method that allows synthesizing the colour of white light is called admixture or additive synthesis and is implemented in the sensor according to different technical solution to allow the photosite to decompose separately the colours according to the RGB format (RGB: R-Red, B-Blue, G-Green). One of the most common is the Bayer filter, named after its inventor Dr. Bryce E. Bayer of Eastman Kodak. The arrangement of the independent colour filters over the photosensor array mimics the sensitivity of the human eye, having twice as many green filters than blue or red. The reason behind the doubling of green filters is to compensate for the sensitivity of human vision to the green cast in the optical spectrum. The filter causes each photosite to register photon intensities for one of the three colours. Because each photosite captures information for one colour, information from the surrounding pixels is used to interpolate the actual colour of the pixel produced (a schematic representation of the sensor is showed in Fig. 4.1 ). 

The sensor

A scene is not expressible with a closed analytical expression, so taking a picture means searching for a discrete function that can represent it. The process that converts a continuous "analogic" signal, representing the scene, into a discrete one, the scene best approximation, is called digitalization, and is realised by sampling the spatial variables (i.e., light intensity) and quantizing them into corresponding radiometric values. The device that is able to perform this task is the solid state sensor, which is available in varying sizes, and is able to gather and accumulate the information carried from the electromagnetic energy, and transform them to a signal that can be processed by the user. The sensor captures the amount of incident light, and converts it into an electrical tension, with intensity proportional to the light received. Subsequently, tension is converted with an analog to digital converter (A / D) in digital data (e.g., bits). Accordingly, the process of forming a digital image can be divided in two steps: the quantization and the sampling, which are directly related to the two fundamental image characteristics that are the radiometric resolution and the geometric resolution. The radiometric resolution is related to the quantization, (i.e., conversion of the light intensity signal to an integer value). If the intensity is transformed, for instance, with only two numbers, 0 and 1, it means that only two levels of radiance can be represented, the white (1) and black (0), and only a single bit is necessary to save this information. If the intensity is sampled with 256 "states", 256 levels of radiance between 0 (black) to 255 (white) can be represented, and a grey shaded image is obtained. In this case 8 bits (or one byte) are necessary to sample the image. The radiometric resolution of an imaging system relates to the ability of discriminating differences in energy. The finer is the radiometric resolution of a sensor, and the more sensitive it will be in detecting small differences in reflected or emitted energy. The geometrical resolution is related, instead, to the sampling operation, and corresponds the physical area of the image that hosts each element of the sensor. Since a digital image is composed by a two-dimensional matrix whose elements contains the samples of the scene, a high geometric resolution lead to the generation of a matrix with a large number of rows and columns, an hence a large number of pixels. The geometric size of the pixels affects the ability of reproducing details. The geometric resolution can be defined as the number of pixels contained in a unit of length, and is usually indicated in pixel/mm (or, alternatively, dots per inch). For instance the Nikon D800E, which has been used in this thesis work, is equipped with a sensor possessing physical dimensions equal to 35.9 x 24 mm, with a resolution of 7360 x 4912 pixel. Having 7360 pixels into 35.9 mm (and 4912 pixels into 24 mm) gives a geometric resolution of 205 pixels per mm, which implies that each pixel is about 5 microns in size. The smallest detail that a sensor can resolve spans the width of at least two pixels. Therefore, the D800E should be able to resolve image details as small as approximately 10 microns. The radiometric resolution of a raw image generated by this camera is 14 bit.

Digital sensor technologies

Digital consumer cameras use two types of sensors: CCD (Charged Coupled Device) and CMOS (Complementary Metal Oxide Semiconductor). Both types contain photosensitive elements arranged along parallel rows to form a 2D array. The photodiodes capable of converting light into electric charge can be divided in two types, based on the processing mode used to transform the light in a signal that can be transferred to the camera's CPU. In the CCD sensors technology the charge from each pixel is transferred to an output node (chip), where is converted to an analog signal (voltage) and sent to the A/D Converter which, after digitalization, transfers it to the CPU. CMOS sensors, instead, realize the transformation from electrical charge to voltage within each pixel, and the sensor directly outputs converted binary data. Actually, the DSLR market is developing towards the massive adoption of CMOS-type sensor on professional models. The reasons behind this choice is that a CMOS sensor has a superior ability to handle noise (particularly low light noise) and, thanks to its lean processing pipeline, it allows to develop a higher frame-per-second camera compared with an equivalent model equipped with a CCD sensor. CCDs however are not a second-choice sensor. In video application they are, actually, quite used thanks to their ability to limit artifacts coming from high-acquisition rates. CCDs are generally considered higher quality sensors, but as such their cost is higher and, for certain key applications, their price compared to that of a CMOS counterparts put them out of market. CCD consumes also more energy and, for this reason, they are not the first choice for electronic devices that try to maximize battery life. A CMOS benefits also from the fact that is made with processes similar to those used to produce personal computer CPUs. Consequently, the enormous efforts that went on improving the production process of CPUs, propelled by the home user market, almost directly reflected on CMOS sensors production plants. In this thesis work both the Nikon D3x and the Nikon D800E camera used are equipped with a CMOS sensor.

2D-DIC: Principles

The input data for the correlation process are two digital images: the first one represents the reference surface (usually non-deformed), while the second image represents the same surface after a given, mechanical-induced, transformation. The correlation process is based on one fundamental assumption: the surface modification between the reference and the deformed image is associated with a mechanical transformation that modifies the sample, and is propagated in the global volume as a geometrical modification of the material. Consequently, the specimen's surface exhibits a transformation that is proportional to the geometrical modification, and whose magnitude is a function of the physical properties of the material.

Speckle pattern

The principle stated above explains why so much importance is given to surface preparation, since it is desirable to detect the smallest possible displacement on the sample's surface. To attain this result the surface must exhibit a characteristic texture, which must fulfills a number of specific requirements. The texture should be isotropic, in the sense that it should not display a preferred orientation, and non-periodic, to avoid repeating the same characteristic pattern along the different spatial directions. It should also exploit, ideally, the full dynamic range of the acquisition system and be, at the same time, fine enough to allow resolving the subtlest changes in the sample's structure. These requirements are fulfilled by a random pattern, made by tiny droplets deposed on a uniform surface, which is called, for this reason, speckle pattern. The speckles are typically manually applied by the operator by using a projection device like an airbrush or with various mechanical systems (toner deposition, lithography). Certain materials may exhibit a "natural" speckle pattern, like sandstone for instance. However, one of the key parameters for judging the quality of a speckle pattern is its spatial density. A higher spatial density makes available on the whole sample surface the information content that the pattern is transporting, so if the phenomena that are studied are smaller than the material grain structure, or if the grain size is too coarse, it is usually advisable to apply a painted speckle pattern to better resolve the deformation, and this is true even on natural materials already possessing a pattern. In section 5.2 the methods used in this thesis to assess the characteristics of the speckle will be discussed. What should be considered is that there is not a univocal optimal speckle size, but the ideal size is selected according to the application (i.e., sample size and resolution of the imaging system). Further details on the influence of the speckle pattern on DIC errors will be given in 4.3, while the following sections are dedicated to the description of the DIC method.

Method

Although for a human observer the comparison of two images to assess their difference is an easily understandable operation, the problem, viewed from an algorithmic perspective, is not straightforward. Formulating the problem in a way that can be transferred to a computer algorithm, requires priorly the formalisation of a mathematical description of the criteria adopted to define the similarity between two patterns. The basic accepted process of comparison consists of decomposing the region of interest on the sample (the zone that carries the speckle pattern or a portion of it, usually called ROI) in a number of small windows or "subsets" each centered on a nodal point. The total number of nodal points over the ROI is a function of their mutual spacing, which is a parameter that can be changed by the user as well as the subset and the ROI size. All the nodal points define a grid as shown in Fig. 4.3. The grey level intensities contained in the subset on the reference image are compared to the grey level of the subset on the deformed image, as shown in Fig. 4.4. The criteria, by which the similarity between these two grey patterns is judged, is called "correlation coefficient": it is a scalar quantity determined according to one of the following equations [START_REF] Hall | Digital image correlation in experimental geomechanic[END_REF]:

LSQ (u, v) = x,y [I 1 (x, y) -I 2 (x + u, y + v)] 2 (4.1) N LSQ (u, v) = x,y [I 1 (x, y) -I 2 (x + u, y + v)] 2 x,y I 1 (x, y) 2 x,y I 2 (x + u, y + v) 2 (4.2) CC (u, v) = x,y I 1 (x, y) I 2 (x + u, y + v) (4.3) N CC (u, v) = x,y I 1 (x, y) I 2 (x + u, y + v) x,y I 1 (x, y) 2 x,y I 2 (x + u, y + v) 2 (4.4) ZN CC (u, v) = x,y I 1 (x, y) -Ī1 I 2 (x + u, y + v) -Ī2 x,y I 1 (x, y) -Ī1 2 x,y I 2 (x + u, y + v) -Ī2 2 (4.5) ZN SSD (u, v) =     x,y I 1 (x, y) -Ī1 x,y I 1 (x, y) -Ī1 2 - I 2 (x + u, y + v) -Ī2 x,y I 2 (x + u, y + v) -Ī2 2     2 (4.6) Semblance (u, v) = x,y [I 1 (x, y) + I 2 (x + u, y + v)] 2 x,y [I 1 (x, y)] 2 + [I 2 (x + u, y + v)] 2 (4.7)
where I 1 (x,y) and I 2 (x+u, y+v) represent, respectively, the non-deformed and the deformed image and "u" and "v" represent the displacement of a generic nodal point along the x and y axis between the two images. The degree of similarity is conventionally considered to be high for small values of the correlation coefficient ( [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]). The choice of a correlation coefficient depends largely on the type of image that is being correlated (SEM, digital camera), and by the inherent noise of the acquisition system. The correlation coefficient expressions are not all equal in this sense, since they are more or less prone to errors coming from illumination or scale changes of the grey intensity pattern. The majority of correlation softwares usually allow to choose between different correlation coefficients. If the software allows the use of different correlation coefficient, then the user can experiment to find which works best for its specific experimental conditions. Amongst the coefficients reported above, the ZNCC 4.5 is generally considered to be the best choice since it is insensitive to both the scale and light offset changes of the target subset intensity. 

Subpixel resolution

The image correlation process is a method based on the resolution of a minimization problem [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF] having the following formulation:

α min = Argmin α∈Vα C (Φ 0 (α, •) , R, [f ] , [g]) (4.8)
where the correlation coefficient C is a scalar that measures the similarity between the region R of the non-deformed image [f ] and the region R of the deformed image [g], transformed by Φ 0 (α, •), which is an unknown family of spatial transformation. The parameter α belongs to a certain domain α ∈ R N . Solving numerically this minimization problem allows the determination of the parameter Φ 0 (α, •) or, otherwise said, the evaluation of the continuous mechanical deformation field. The specimen, during the loading, might undergoes different phenomena like elongation, compression, shear or rotation. After these mechanical deformations, the initially square reference subset might show a considerably warped shape in the deformed image (see Fig. 4.4). In addition, the u and v displacements are not generally integers, so it is necessary to map the grey level from the reference image to the deformed one with a method that accounts for these phenomena. Thus, due to the discrete nature of digital images, it is necessary to be able to resolve the spatial transformations with a detail higher than that of a single pixel. This process, which is usually performed during an intermediate step of the minimization procedure is called "subpixel resolution", and allows to attain a displacement field resolution higher than that obtained with just integer resolution. It is generally based on an interpolation method which works on the grey levels of the surrounding pixels. There are different interpolation techniques that are currently used, like the nearest neighbour, the bilinear interpolation (which makes use of the first four neighbours), the bicubic interpolation (based on the first 16 neighbours), spline functions of different orders and Fourier transform calculated on windows of adjustable size [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF].

The correlation is based on the interpolation of the image's grey levels and works by numerically searching the maximum of the image correlation coefficient. This is done by using a non-linear optimisation approach, that aims at finding a set of transformation parameters for which the correlation coefficient gradient is zero. A high-order interpolation curve will ease this process as it will guarantee the continuity of the correlation coefficient gradient and of its greater order derivatives, condition which is required by some optimization techniques, but this choice will result in an increase of the computation time. A number of different optimisation methods exists for solving non-linear minimization problems, like the Newton-Raphson, the Levenberg-Marquardt, conjugate gradients or Broyden-Letcher-Goldfarb-Shanno methods [START_REF] Hall | Digital image correlation in experimental geomechanic[END_REF]. There are inevitably some errors associated with the interpolation, which can result in an over or under estimation of the displacements. These errors depend on the physical periodicity of the sensor, which is directly related to the grid positioning of the photosites. The average of these errors, called also residuals, exhibits a symmetry with respect to the half-pixel displacement, and is often referred to as the "S-shaped" systematic error curve. In a resulting DIC image these errors can be seen as "fringe" type pattern, having a spatial frequency in the order of the integer resolution ( [START_REF] Hall | Digital image correlation in experimental geomechanic[END_REF]).

Deriving strain from displacements

After the derivation of the nodal displacement vectors, strain fields are calculated by deriving (in space) the displacement components. Here is reported the definition used in this thesis, the Green-Lagrange strain tensor:

ε = 1 2 F T • F -I (4.9)
where F is the deformation gradient tensor. Since the derivation process has the tendency to amplify the noise contained in the displacement fields [START_REF] Pan | Two-dimensional digital image correlation for in plane displacement and strain measurement: a review[END_REF], it is usually preceded by a filtering step to smooth the data and reduce the otherwise subsequent strain determination errors. Amongst the different methods adopted, the two most used are the finite difference methods and the interpolation/approximation methods. The finite differences method reduces the gradient determination problem to a discretization of the derivation operators with the use of Taylor expansions between the data points. This approach is derived by the methods used to solve ordinary and partial differential equations [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF], and for this reason it is not capable of handling noisy data. Consequently, before using this method, it is necessary to perform a preliminary data smoothing with a filtering algorithm. In chapther 5 more details will be given on the theoretical finite difference method used in this thesis work, where it will be discussed along with its Matlab implementation. Conversely, the approximation/interpolation methods consist of projecting the measurements on a given regular basis functions by using a least-squares minimization method and then differentiating the basis functions. The choice of the projecting function has, as a side result, the effect of filtering the noise [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]. The choice of base functions is wide: polynomials, splines or finite elements, just to cite a few. The selected function determines the quality of the reconstruction, since if the basis function is too simple compared to the field that is describing, it will not faithfully render the mechanical displacements. Conversely, if the chosen basis function is based on a higher order polynomial, then noise filtering issues may arise [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]. A detailed discussion on the polynomial basis functions can be found in Nayroles et al. [START_REF] Nayroles | La méthode des éléments diffus[END_REF].

Global versus Local approach

What has been presented so far is the basic workflow of a DIC method using a local approach, but there is another way of performing image correlation, called global approach. While the local approach computes an independent transformation on each subset, the global approach considers the whole ROI for its computation, by defining a suitable base function, or even a piecewise global function, to describe the ROI area. This last approach has led to the work of Besnard et al. [START_REF] Besnard | Finite-element displacement fields analysis from digital images: application to portevin-le chatelier bands[END_REF], who adopted this multi-scale approach to measure large displacements. The normalized correlation residuals are comparable to those found for local approaches, which means that their magnitude is in the order of 1% [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]. The advantage of the method lies in the fact that the residual fields can be spatially located, allowing to rapidly determine the convergence of the algorithm, thus eventually correcting/adapting the chosen basis function to describe the specific sample behaviour. As an example, if the chosen displacement basis function is continuous, in the case of a fractured medium the residuals will concentrate on the boundaries of the kinematic discontinuity, thereby precisely locating the crack front. As an example of a displacement field basis function, the four node quadrilateral mesh with bilinear interpolation (2D), usually called Q4-elements in 2D, should be cited. This basis function has been used by Besnard et al. [START_REF] Besnard | Finite-element displacement fields analysis from digital images: application to portevin-le chatelier bands[END_REF] and is suitable for image discretization. The description with finite element shape functions, which can be extended also to 3D cases, is a continuing developing and promising future domain, and possess also the non-negligible quality of being expressed in terms that are also already optimised for numerical simulation.

Accuracy

The accuracy of the resulting displacements and of the subsequently calculated strains, depends on a number of factors, each acting as a potential error source. This section is devoted to the description of the error uncertainties, and how to interpret their influence in the digital image correlation process. DIC errors can be divided in two main groups: extrinsic and intrinsic [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]. Errors can be "embedded" into the images, prior to the correlation process, and hence the term "extrinsic", or they can be caused by the use of a specific algorithm, optimization process, filtering or strain computation and depend on the chosen DIC method, hence the term "intrinsic".

Extrinsic errors

When closely examining the DIC setup workflow starting from the imaging system, it becomes clear how many potential error sources exist, that are playing against quality during the acquisition step. The out-of-plane motions of the surface that is being pictured are, amongst them, the first that should be corrected. These movements, which are, conversely, exploited by DIC stereo vision are detrimental for pure 2D-DIC and are usually reduced by the use of a telecentric lens or by a purposely-developed experimental setup (see for instance the window sapphire glass used in the true triaxial device described in chapter 3). Furthermore, the use of a telecentric lens helps in controlling the chromatic aberration (caused by light travelling in close proximity to the lens border or by anomalous lens diffractions) and the spherical aberration (caused by lens design), and so it produces the theoretical minimum amount of colour crosstalk on the sensor photosites, while rendering an almost geometrical non-deformed image (see Fig. Another possible error source is due to noise in digital images. Two digital images acquired in identical conditions are not exactly equal to each other, since grey levels differs of a random amount: the standard deviation of the dynamic range of the grey levels varies a lot according to the image type, but it is usually comprised in a range that spans between a few thousands (very good camera) and a few tens (SEM image acquired very quickly) [START_REF] Grediac | Full-Field Measurements and Identification in Solid Mechanics[END_REF]. These random variations depend on many sources: mechanical, electrical and physical. The mechanical errors are mainly due to the minimal, but still existing, vibrations induced by the mechanical parts of the camera (shutter, aperture) or by the loading device, while the electrical errors are due to the intrinsic noise related to the digital image conversion, which is caused by the Analog/Digital converter and to its signal to noise ratio. The physical-induced errors are mainly caused by light flux variations (imperfect or not constant illumination), or by optical related phenomena (lens diffraction for instance).

Intrinsic errors

The local image contrast, the amount of strain on the sample surface, the image resolution, all constitute a blend of physical conditions that must be handled by the correlation algorithm to define the displacement vectors. Depending on the spatial complexity of the deformation, the parameters selection, as well as the algorithm accuracy, can greatly influence the amount of error that the calculated results contains. Amongst the main error sources, the speckle pattern is usually counted as an algorithmic error since its anisotropy can cause a form of interpolation bias in the measured displacements. The desired speckle pattern requirements have already been discussed in 4.2.1; a method to evaluate and quantify its properties is discussed in chapter 5. The choice of the correlation coefficient is also fundamental, since this choice will determine how much the correlation process will be affected by the grey level and illumination variations. According to the work of Pan et al. [START_REF] Pan | Two-dimensional digital image correlation for in plane displacement and strain measurement: a review[END_REF] the ZNCC (Zero Normalized Cross Correlation) and ZNSSD (Zero Normalized Sum of Squared Differences) are the most robust and noise-indipendent correlation criteria, insensitive to both offset and linear scale in light illumination. Conversely, NCC (Normalized Cross Correlation) and NSSD (Normalized Sum of Squared Differences) correlation criterion are insensitive to the linear scale in illumination lighting, but are sensitive to offset in light. CC (Cross Correlation) and SSD (Sum of Squared Differences) correlation coefficients are sensitive to all light variations. The subset dimensions can also play a role in the displacement determination, because its size, coupled with the speckle characteristics and the digital image contrast, can result in an added level of undesired error. For instance, if the recorded grey pattern exhibits low levels of noise, the choice of a too small subset will introduce a higher variability in the measured displacements, which can be solved by increasing the subset size: this will improve the image isotropy, offering to the algorithm a greater portion of the image to analyse and thereby reducing local anisotropy [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF]. The aforementioned considerations highlight the fact that there is not an optimal subset size, but rather a range of sizes which depends on the speckle pattern and the local image contrast. As a rule Sutton et al. [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF] propose to use a subset size able to contains at least 3 by 3 speckles, which implies that the final subset size should be determined according to the actual speckle dimensions. However the minimum possible subset size is seldom used, since the speckle variations along the pattern can lead to a subset containing less than nine speckles, so it is usually advisable to slightly exceed the initial estimation when deciding the subset dimension. Increasing the subset has, also, the side-effect of increasing the computation time, so much in fact that the subset size should be carefully evaluated to avoid an unnecessarily hard impact on the hardware. The choice of the interpolation procedure for subset pixel resolution is very important, but although this parameter can considerably affect the accuracy of the DIC analysis, it is usually not modifiable by the user in all the DIC software packages, being typically hard-coded in the correlation code. The user can however alter the node step, which is the distance between the centres of two different subsets. In the case of a homogeneous deformation, reducing this number leads to a better resolution, and this choice becomes almost mandatory when following small deformations in presence of inhomogeneous deformation. In any case the node spacing, is usually not set beyond 5 by 5 for a rectangular grid, since beyond this limit the uncertainties in the determination of the displacement field becomes important [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF].

Photowarp: Software description and Parameters used

The DIC code used in this thesis is PhotoWarp, developed in the 3SR Laboratory of Grenoble by Stephen A. Hall, a higly skilled professor with whom I had the pleasure of exchanging and interact. Photo Warp accepts as input TIFF or RAW format images, which are converted, prior to elaboration, into an internal binary image file format. The parameters are passed to the software with a script file. The options controlled by the user are:

• size of the Region Of Interest (ROI);

• size of the correlation window (subset size);

• node spacing (distance between subsets);

• number of iteration for sub pixel search;

• size of the correlation window for sub-pixel correlation;

The software outputs the following files in the form of binary, little endian encoded, images:

• X and Y displacements fields;

• strain fields (separated ε xx , ε yy and ε xy images);

• first and second invariants of the strain tensor ;

• correlation coefficient;

• a text *.DAT file, containing the measured displacements and strains.

PhotoWarp represents the evolution, for 2D data processing, of a software originally developed for 3D processing of sequences of geological 3D images [START_REF] Hall | A methodology for 7d warping and deformation monitoring using timelapse seismic data[END_REF]88]. PhotoWarp works by finding the optimal vector shift by cross correlation (CC) of a small subset at nodal points defined between two digital images. The cross correlation parameter used is the "Semblance" criteria, defined by equation 4.7. The "Semblance" values range between -1 and 1: if two images, I 1 (non-deformed), and I 2 (deformed), are identical their semblance will be equal to 1. Conversely, when I 1 and I 2 are not correlated their semblance will be equal to 0, while it will be equal to -1 if I 2 represents the negative of I 1 . The displacement determination process starts by defining an initial guided estimate of the displacement vectors, which is then used to seed a second-stage refining step. This incremental approach also leads to a computational time optimisation. The refinement approach is generally applied first on fixed predefined points, where the displacement vectors do not exhibit anomalous deviations (this point are also called "seed" values). The resultant values are linearly interpolated, to define the initial displacement for every point. The determined displacements can suffer from interpolation bias if the grey levels in the subset exhibits multiple strong peaks. This can result in issues, since during interpolation the derived displacements are influenced by the dominant behaviour of the aforementioned peaks [START_REF] Hall | A methodology for 7d warping and deformation monitoring using timelapse seismic data[END_REF]. This effect is minimized with the application of a cosine filter on the correlation window. The criteria that was adopted is called Hann window:

F iltered data = 1 2 1 -cos 2πn N -1 (4.10)
Where N represents a number of discrete samples, and n is an integer that takes values between 0 and N-1. Furthermore, noisy data can lead to an incorrect identification of the subset in the refinement step, which results in uncertainties in the displacement vector determination. The software addresses this condition by using the prior estimate of the nodal displacement, which enable to align the divergent nodes with the global trend of the adjacent points, while simultaneously defining for these specific divergent nodal points an extremely low correlation coefficient (which allows also its subsequent identification). The following step in the elaboration is constituted by sub-pixel refinement. The chosen approach is based on the Newton-Raphson method for the maximization of the correlation coefficient, and works on the correlation coefficients calculated from the integer displacements on a window size of 10 by 10pixels. After having determined the integer resolution that gives the best correlation coefficient, the displacements of the other points contained inside the subsets are determined, describing the sub-pixel movements with a bi-quadratic polynomial. The software will then output the resulting binary maps as well as a textual DAT file, useful to reconstruct the displacement field and the strain field for further data post-processing. The two digital images that constitute the input are typically acquired in gray scale with an encoding depth of 12 bit. The sensor is adjusted to provide the best signal to noise ratio, which means setting the camera to acquire in RAW file format. This allows retaining all the scene details without information-loss operations, such as noise reduction or white balance correction. During this thesis work, the evolution of the digital sensor technology has enabled to increase the image resolution. The pictures were initially taken in *.NEF format (Nikon proprietary RAW format) with a 6048x4032 pixel resolution on a D3x camera, while the later tests were imaged with a Nikon D800E at 7360 × 4912 pixel. The ROI in the images had an area of approximately 5500 by 3000 pixel while the selected correlation window had a size of 20x20 pixel. Node spacing was set at 10 pixels. This results in correlation images having a typical resolution of 300x550 for D3x images, and of 450x690 for the D800E, with a corresponding geometric resolution of 0.09 mm/pixel and 0.07 mm/ pixel respectively. Multiple instances of PhotoWarp can be launched simultaneously, and the high parallelization greatly helps reducing the total time needed to execute the correlations. At the time of writing further development on the code is being done to expand its capabilities. • Quadratic quadriteral (Q8)

• Improved quadratic quadriteral (Q9) Apart from the options listed in Fig. 4.7 , a dynamic mode is also available which shifts the deformation mode from affine to quadratic according to the rate of deformation. The threshold value for commuting between the subset transformation used is user definable between 0 (affine transformation) and 1 (quadratic transformation). Noise is handled by the software by applying either a moving mean or a gaussian smoothing: the user can define a kernel size for both the two methods. The software uses a Levenberg-Marquardt routine for displacement determination, with a user definable iteration number. At the beginning of the correlation process, the displacements are determined at integer pixel precision. The standard value for the search algorithm is a square region of 100x100 pixels, which can be changed by the user.

Although the software can compute strains according to the Green-Lagrange or the logarithmic Euler-Alsmansi formulation, this option has not been used during this thesis. The software outputs the displacements in xls format, which are then imported in the Matlab environment for further post processing. Further details on the software are available in its dedicated website (http://www.matchid.org/). The version used in this thesis was the fourth, prior to the change of the licensing agreement.

DIC code accuracy: introduction

A large number of factors influence the accuracy of the displacements determined by DIC and must be thoroughly evaluated to ascertain their impact on the experimental measurements. Essentially, evaluating many sources of errors requires dealing with errors induced by the mechanical setup and with software-derived errors. The attention will be placed in the following discussion on the quantification of the errors done by the DIC software used while determining the displacement fields, and on the description of the method that has been used in this thesis to quantify them. To determine the accuracy of the software, we need to test it in the same conditions used for elaborating digital images coming from the tests. This task requires then the development of a benchmarking software capable of generating realistic speckle pattern images and deform them in a prescribed way. The comparison between the theoretical imposed deformation with that measured by the DIC software on synthetic images will then give the measurement error relative to the DIC algorithm. It is has been previously stressed that the quality and aspects of the speckle pattern are of fundamental importance. The "virtual" speckle must be as similar as possible to that effectively applied to the sample in the laboratory, to allow a coherent comparison between the results obtained in the field with those obtained with the benchmarking software. Working with virtual deformation has the advantage of reducing the setup complexity to the generation of just two images: one which represents the non-deformed state of the virtual specimen and one representing a deformed condition, obtained by applying a known, mathematically described, transformation. The benchmarking software must ideally possess the following characteristics:

• It must be capable of creating a speckle pattern that mimics a real one;

• It must faithfully reproduce the blurring effects that lens and sensor applies when taking a photograph;

• It must be capable of applying a known controlled deformation to the obtained speckle pattern;

In the following paragraphs, the code developed in the Matlab programming environment will be discussed, starting from the speckle pattern generation method to continue with the algorithm devised to apply the deformation.

Synthetic image: speckle pattern generation method

For this work it has been decided to develop, in the Matlab environment, a software that possess the following features:

1. mimic speckle patterns typically obtained with spray painting techniques;

2. limits the introduction of interpolation bias;

3. has a deterministic behaviour, which means that a reproducible result can be obtained if the algorithm is executed with the same parameters;

4. simulate a deformation field of arbitrary type;

5. simulate lens distortion and have been inspired by the method for speckle texture image correlation proposed by Orteu et al. [START_REF] Orteu | A speckle texture image generator[END_REF]. Their code (TexGen) is, at present, the only known method proposed to systematize the random speckle pattern generation process and specifically created to be used for image correlation purposes. The core element of the software is its speckle pattern generator derived from the application of the Lewis' sparse convolution algorithm as kernel for the basic noise function generation. This algorithm is an evolution of the more widely known Perlin procedural noise generator. The noise created by the Lewis' method is "textured" ( the noise generated is a continue function, much like a topographic surface, which is thresholded and projected on a 2D surface) to produce the desired form of speckle pattern.

The procedural noise function used by Orteu et al. [START_REF] Orteu | A speckle texture image generator[END_REF] for the random noise function generation, has been substituted in our code with the Matlab function "randn" for random number generation. The number sequences produced by "randn" are determined by the internal state of the Matlab uniform pseudorandom generator. The "randn" function can be induced to generate the same sequence of numbers in each session, since it is initialized to the same default state every time that MATLAB starts up, or it can be reinitialized manually while the environment is running. This characteristic of the developed code fulfill the deterministic requirement. The random generator is used to determine the spatial coordinates of a set of "dots", whose number can be defined by the user. The idea is that, as the airbrush is used in the laboratory to project droplets of black paint on a sample's white surface, it is possible to "virtualize" this process by defining a set of random coordinates that identify the position of dots positioned on a virtual white canvas. The user, apart from defining the number of dots that the software should generate, can also choose their size and their colour (i.e. plot black dots on a white canvas, or white dots on a black canvas). To get a realistic rendition of the airbrush deposited pattern, the dots are not completely black but are instead formed by superimposing five dots of progressively darker grey shades. Only the innermost dot (in the case of black dots over a white background) is black, while the other increasingly diameter dots are coloured in grey shades of predetermined value, hardcoded inside the software so that any dots is composed by the same shades. The method implemented can be considered as an evolution and adaptation to high resolution requirements of the code originally developed by Frédéric Moisy, PIV4, for particle image velocimetry applications. The resulting pattern computed with our code, called Texura, is shown in Fig. 4.8. The resulting image is saved by the software in TIFF format without compression and with a resolution of 100 dpi to preserve a faithful pattern geometry. The image possess a square form factor and the user can vary its resolution. In order to apply the successive step, which mimics the lens blur applied by the acquisition setup, the image must be generated with large resolutions (typically 4096x4096) since the lens blur will considerably reduce its size.

Synthetic image: blur filter

The synthetic pattern is modified by applying a filter that mimics the smoothing effect caused by lens diffraction and sensor sampling. The method used is based on the application of a moving average that operates on a cluster of 10 by 10 pixels. The filter effectively reduces by a factor of ten the image size, and for this reason the inital image must possess an adequate resolution before being processed. The resulting blurred image is saved in TIFF format and subsequently deformed with a deformation algorithm. Fig. 4.8 show a typical result of the filtering result. The filter is applied twice, once on the non-deformed image and once on the deformed image as shown in Fig. 4.9.

Synthetic image: applying a known deformation

To quantify the errors introduced by the image correlation algorithm it is fundamental not only to be able to generate a virtual speckle pattern, like the one proposed in 4.6.1, but it is also necessary to develop a software that can apply a virtual deformation field. The deformation magnitude should be a known, controllable parameter. Ideally, different types of deformation can be implemented, but in this thesis the choice has been limited to the linear and sinusoidal type. The linear deformation represents the deformation typically found when deforming a sandstone sample in plane strain compression, so its implementation was considered necessary to be able to closely mimic the laboratory conditions. Conversely, the sinus deformation has been implemented to apply a more complex spatial deformation that possess continually changing derivatives along a spatial coordinate, while still retaining a mathematical formulation with a low computational complexity . The deformation is applied on the square image representing the speckle pattern along a single direction only, to ease the comparison and the statistical error evaluation of differences between the DIC displacements and the theoretical ones. The deformation is applied by using a newly developed Matlab code based on the "tformarray" method, which is a spatial transformation method available in the Matlab environment. Deformed_image = tformarray (A, Resamp, TDIM_A, TDIM_B, TMAP_B)

This function takes as input, in order:

A: the input image Resamp: a resampling structure that handles the subpixel quantization by using a cubic algorithm. Near border pixel are smoothed combining image input data and a user defined fill parameter (equal to 0.3 in this work). The resamp structure is generated by invoking the Matlab function "maketform" and specifying the "cubic" and "fill" parameter.

TDIM_A: a row vector listing the input transform dimensions. In this case the deformation is applied only on the horizontal direction.

TDIM_B: a row vector listing the output transform dimensions. Tdim_A and Tdim_B indicate which dimensions of the input and output arrays are involved in the spatial transformation and they specifies the precise correspondence between dimensions of arrays A and B, and the input and output spaces of the transforming law defined with the parameter TMAP_B.

TMAP_B contains the deformation law (linear or sinusoidal in this thesis work) that define the transformation map.

The equations that define the transformation, stored in the TMAP_B parameter, are expressed, in the linear transformation case, by the following expression:

u = xi -amplitude*(xi/image_width); v = yi;
where u and v define, respectively, the transformation along the horizontal and vertical axis, while xi and yi are the grey values of the input image. The amplitude parameter expressed in pixel define the magnitude of the deformation. In this thesis work the maximum magnitude applied was equal to 50 pixels. The applied sinusoidal deformation has, conversely, the following equation:

u = xi + amplitude*sin(pi*xi/half_sine_period); v = yi;
The resulting sinusoidal deformation represents a full sine period that spans over the entire image width.

Synthetic images : results

Introduction

In order to evaluate the accuracy of the DIC softwares tested during this work (PhotoWarp and Match-ID), the results will be presented hereafter. Three different linear deformations (respectively of 1, 5, and 50 pixel) and two sinusoidal deformations (respectively of 1 and 30 pixels) were applied on synthetic images. The displacement and strain fields results are shown before and after the filter application. The method that has been used for strain fields computation and filtering is the same that has been applied during the experimental campaign, and whose details are discussed in section 5.5.3. The DIC strain fields will be presented for each linear deformation, along with a graph that compares the imposed displacements with those measured with DIC. After a synthetic image couple (non-deformed + deformed) have been generated, it is elaborated with the DIC code and the resulting displacement field is then loaded into a separate Matlab code that allows the comparison between the determined displacements and the theoretical ones according to the following expression :

difference=DIC_measured_displacement-imposed_displacement

PhotoWarp results

Before discussing in details the results relative to PhotoWarp it is important to explain why the DIC strain fields appear as they have been "framed". This is in fact due a peculiar behaviour of the DIC code, that pads the image border with zeros. Figure 4.10 shows the DIC displacement and strain fields obtained when an image warped with a linear deformation equal to 1 pixel has been analysed. From 4.17 (top) we can see that only one DIC measured displacement, comprised in the range between 0.4 and 0.6 pixel, is actually close to the imposed value. This is, again, an expected result, since 1 pixel deformation is very small. The selected magnitudes of sinusoidal deformation that have been applied are 1 and 30 pixels.

The data obtained through PhotoWarp by applying a sinusoidal deformation of 1 pixel, highlight a mismatch between the measured displacements and those imposed, as shown in Fig. 4.22. The same analysis has been carried out by applying a sinusoidal deformation equal to 30

The results obtained with Match-ID by applying a sinusoidal deformation of 1 pixel equally exhibit a poor match with the theoretical displacements, since only four measured displacements are close to the imposed ones, as shown in Fig. 4.24. 

Conclusions

The results obtained highlight how the accuracy of the tested software is tightly related to the imposed deformation value applied. In fact, a progressively increasing deformation value, results in measured displacement curves that approximate more closely the imposed displacements. From the comparison made it is possible to summarize that for small imposed deformations (5 pixel), MachID provides a greater accuracy than PhotoWarp. However, this result is reversed when we apply a higher deformation. In fact Photowarp, for deformations equal to 50 pixels, shows a satisfactory correspondence between the imposed displacements and those measured with DIC: all the measured displacements (except one) are very close to the imposed ones. In conclusion, the results obtained suggest the choice of PhotoWarp as software to be used in this work. The reasons behind this choice are linked to its satisfactory accuracy for the deformations magnitude of our interest, as well as to its calculation speed and operational efficiency derived by its parallelization possibility, which allow to perform multiple correlations.

Image quality assessment and data analysis methods

Imaging process quality assessment

The DIC technique, despite its apparent versatility and ease of use, has some disadvantages compared to established techniques, like, for example, strain gauges. The DIC measurement chain involves a large number of elements, each introducing its sources of error. We can divide the DIC errors in two main groups: those that depens on the software, and those related with the physical characteristics of the experimental setup. The first group includes notably the correlation algorithm and the errors inherently related with sub-pixel refinement, whose details have been already given in 4.3. The second category, instead, includes quality-induced errors coming from the photographs taken during the test. The picture quality is influenced by the image acquisition setup, by the degree of homogeneous illumination of the sample surface and by the nature of the speckle pattern, which constitutes the map that the DIC software use to track the grain movements. The random texture of the speckle is of fundamental importance for the correct application of DIC. Consequently, this chapter will focus on the description of the underlying principles which constitutes the base used during this thesis work for the development of the software for the speckle characterization and image quality assessment, and for data post processing and material characterization.

Speckle pattern analysis

Speckle pattern characterization is of fundamental importance to establish a consistent experimental program based on DIC technique. Despite the fact that each speckle pattern application aims at obtaining a random, almost binary (black and white) droplet deposition using different techniques (airbrush, amongst them), the differences between the resulting pattern on different samples are expected to be as small as possible, to regularize the detection uncertainties while still retaining their random qualities. To accomplish this, after a speckle pattern application, its physical properties must be characterized. Important parameters are, for instance, the homogeneity throughout the sample surface of the random texture and the mean size of the black spots (supposing a white background colour). Different techniques exist to investigate the speckle characteristics, which can be divided into two main groups: those that adopt a global approach, in the sense that they determine a "resuming" parameter related to the speckle, and those that concentrate on separate subsets of the image on which they perform a speckle analysis, and for this reason are considered local methods. Amongst the methods belonging to this last group we count the autocorrelation method, initially proposed by [START_REF] Rubin | A simple autocorrelation algorithm for determining grain size from digital images of sediment[END_REF] [START_REF] Rubin | A simple autocorrelation algorithm for determining grain size from digital images of sediment[END_REF] and derived from laser speckle techniques, and the morphological method, proposed by [START_REF] Lecompte | Quality assessment of speckle patterns for digital image correlation[END_REF] [START_REF] Lecompte | Quality assessment of speckle patterns for digital image correlation[END_REF] which concentrates on speckle characteristics and on the subset size. The global approach method is a recent and promising approach, proposed notably by Pan et al. (2010) [START_REF] Pan | Mean intensity gradient: An effective global parameter for quality assessment of the speckle patterns used in digital image correlation[END_REF], which tries to overcome some issues of the local methods, like their inherent dependency on the criteria adopted for speckle size determination and the computational complexity of the determination. In this thesis work both the local and global approach have been integrated into a Matlab code and then used together to fully characterize the speckle pattern morphology.

The autocorrelation method, proposed by Bornert et al. ( 2009) [START_REF] Bornert | Assessment of digital image correlation measurement errors: methodology and results[END_REF], has been chosen as local approach, while for the global approach it was the method firstly introduced by Pan et al. ( 2010) [START_REF] Pan | Mean intensity gradient: An effective global parameter for quality assessment of the speckle patterns used in digital image correlation[END_REF] that has been implemented. A detailed discussion on the theoretical foundations of the two methods will be reported in the following paragraphs.

Autocorrelation method

Introduction

Since in the following sections we will be dealing with concepts taken from the signal analysis, we believe that a preparatory discussion can greatly help the reader in undertanding the mathematic behind the concept of autocorrelation. Digital signal processing (DSP) usually deals with discrete, real valued or even complex signals in the time domain or in the space domain. In fig. If two signals "f" and "g" are defined in the time domain, and we want to determine their similarity, it is necessary to perform what, in signal processing, is called a cross-correlation. The core idea is that we want to compare "f" to "g", by shifting "f" for every time quantum to detect if it is partially, or completely, contained within "g". Autocorrelation is closely related to the concept of cross-correlation since it can be considered as its special case, where "f" is compared with itself. Autocorrelation is a mathematical tool which is generally used for finding repeating patterns, such as the presence of a periodic signal obscured by noise (see fig. 5.2) or to analyse dynamic light scattering data to determine particle size distributions. This last application is closely related to speckle pattern characterization, and its mathematical fundamentals, as well as the physical implication of its application, will be the discussed in the following paragraph. 

Spatial domain and Fourier transforms

For a function f(x), which represents a generic mono-dimensional signal, it is generally possible to write its corresponding Fourier transform, denoted with F(s):

F (s) ≡ ∞ -∞ f (x) e -2πisx dx (5.1)
where i = 2 √ -1. Generally "x" is a measure over time "t" (hence it is a time-domain signal), and so "s" corresponds to the inverse of time, or frequency. The product of "x" and "s" is, for this reason, dimensionless. For a bidimensional signal its expression will be rewritten as:

F (u, v) ≡ ∞ -∞ ∞ -∞ f (x, y) e -2πi(ux+vy) dxdy (5.2)
where "u" and "v" are respectively the spatial frequencies in x and y directions. A physical interpretation of the Fourier transform is that, while the time-domain signal represents how the energy of the signal distributes over time, its Fourier transform represents how the energy distributes over the spectral frequencies. In this sense the didactic approach made by considering firstly a time-domain signal has been done since in this domain it is intuitive to understand the concept of frequency. However the consideration made for a time-domain signal are equally valid for a spatial domain signal, hence they can be directly transferred to it without losing their meaning. The spatial domain is the normal image space, in which a change in position along an image "I" directly reflects a translation in the scene "S", of which "I" is a projection. Any distance measured on "I" (in pixels), corresponds to a real distance (in millimetres, for instance) in "S".

In the spatial domain, pixel intensities are the equivalent of the intensity of a discrete signal in the time domain, and the frequency with which the pixel values change inside an image represents "s", hence its spatial frequency. To easily visualize the concept of spatial frequency it is useful to take as an example an image characterised by lots of closely packed and repeating edges (alternatively, black and white, for instance): the image will display great changes in intensity over short image distances. What is worth noting is the pixel distance between two cycles of periodically repeating intensity variations: in the spatial domain, the distance over which the same intensity repeats (its periodicity), is the spatial frequency (usually expressed in pixels). It will be clear now that an image made of closely alternating black and white features, will be characterised by a higher spatial frequency compared to an image where, instead, the period between two equal intensity values is longer.

Wiener-Khinchin theorem

Autocorrelation is connected to the signal power spectral density by the Wiener-Khinchin theorem that states:

The autocorrelation of a signal is the inverse Fourier transform of the power spectrum of the signal.

The theorem is expressed for a general random signal, providing that its Fourier transform exists.

It is worth recalling that the power spectrum (or its power spectral density) of a stationary time signal, describes how the power of the signal distributes over the different frequencies that composes it. The power signal S x , is mathematically expressed by the following equation

S x = |F (s) | 2 = F (s) • F (s) (5.3)
Where F (s) it's the conjugated complex of F(s). Using this expression, the Wiener-Khinchin theorem can be mathematically formulated with the following equation:

f ⋆ f = F -1 |F (s) | 2 (5.4)
Where f ⋆ f , sometimes referred as R x , represents the autocorrelation. Let's now consider the implication of this result: the autocorrelation of a signal can be calculated by knowing the distribution of the energy along the frequencies that composes the signal itself. But if the energy supplied was infinite, because the signal has an infinite extension (it repeats for an infinite amount of time, or extends indefinitely for the case of a spatial domain) its total power will be expressed by the following limit:

P = lim T →∞ 1 2T +T -T x (t) 2 dt (5.5)
which means that if the energy supplied by the signal is infinite, its power will still be a finite quantity. The power spectrum of the signal will be expressed by the following expression:

S x (f ) = lim T →∞ S T (f ) (5.6)
where S T represents the weighted average of the values of all the observation done on the signal. What the Wiener-Khinchin theorem says, is that the limit expressed in equation 5.6 exists, and converges to a value which is exactly the autocorrelation of the signal. The signal in our cas is simply a photo of the speckle pattern.

Matlab implementation

A Matlab implementation of the Wiener-Khinchin theorem is done by using the integrated functions fft2 (fast fourier transform), ifft2 (inverse fast fourier transform), conj (complex conjugate) and fftshift. These Matlab fast fourier transform functions are optimised for a 2D input, which means that given an image I, the result computed by fft2 in the Y direction will have the same size as that computed in the X direction, thus leading to a square image. The fftshift function is used to shift the zero frequency at the centre of the spectrum. It's useful to recall that the 0 frequency term, also called DC term represents the average brightness of the image. A DC term equal to zero means that the corresponding image has an average brightness equal to zero. The symmetry of the plot derives from the fact that

F (s) = F (-s) (5.7)
Once the the autocorrelation function is computed, it is then normalised between 0 and 1 and then fitted with a Gaussian equation as reported in equation 5.8

y = n i=1 a i e - x-b i c i 2 (5.8)
where "a" is the amplitude, "b" is the centroid (location), "c" is related to the peak width and "n" is the number of peaks to fit, which can take integer values between 1 and 8. The parameter "n" is in our case is equal to 1. The computed coefficients are stored in a Matlab "fittype" object, from where they can be retrieved for further elaboration. The autocorrelation function, calculated using the aforementioned method, is represented in fig. 5.5 where two results relative to two different autocorrelations are shown (respectively equals to 2 pixels and 5 pixels). According to the work of Bornert et al. [START_REF] Bornert | Assessment of digital image correlation measurement errors: methodology and results[END_REF], the parameter chosen to characterise the speckle pattern is half of the FWHM (Full Width at Half Maximum), where the FWHM represents the width of the autocorrelation function taken at half of its maximum. The FWHM is common in signal processing, since it allows to select the frequency range where less than half of the signal's power is attenuated, which implies that we are considering the signal range where the power is, at least, at half of its maximum value. FWHM is a mathematical convention used to characterize the extent of a signal profile when its "total width" can not be precisely measured since it doesn't have clearly defined edges, or because it extends almost indefinitely . Bornert et al. [START_REF] Bornert | Assessment of digital image correlation measurement errors: methodology and results[END_REF] suggested the use of half of the FWHM, called HWHM (Half Width at Half Maximum), which is a measure frequently used in spectroscopy to define the resolving power necessary to separate two different element lines. The authors identify three different widths:

• Fine: HWHM radius=1.1

• Medium: HWHM radius = 2.2

• Coarse: HWHM radius = 4.4

Bornert et al. [START_REF] Bornert | Assessment of digital image correlation measurement errors: methodology and results[END_REF] suggests that the optimal autocorrelation value should be as close as possible to the medium values, which is substantially confirmed by Sutton et al. [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF]. The motivation depends from considerations made on how the DIC method perform its analysis. In fact, when the pattern recognition and matching operation is done during DIC, the features contained in the speckle are oversampled to obtain high levels of subpixel accuracy. According to Sutton et al. [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF] if the autocorrelation process indicates that 1 < FWHM < 3, then there is a reduced over-sampling of the pattern. The displacements calculated when comparing subsets will be then probably affected by localized bias caused by aliasing. Conversely, if 3 <FWHM < 6, then a sufficient amount of over-sampling in the pattern is present and the pattern will allow an accurate displacements mapping. Otherwise when FWHM > 6, then the pattern is higly over-sampled. The FWHM / HWHM method has been adopted in this thesis work. In the matlab code the expression used to compute the FWHM parameter is:

FWHM = 2*HFit.c1*sqrt(log(2)+log(HFit.a1));
Where the HFit.c1 and HFit.a1 are the coefficients of a Matlab fittype object computed during the Gaussian fitting. To obtain HWHM, FWHM is then simply divided by two. The Matlab code developed performs this operation on a user definable square window: typically a 200x200 window is used, although no discernible differences where found by varying the windows size in the ±50 range. This options allow to sample different areas of the image to identify discrepancies. The HWHM is calculated two times: once on a horizontal line and once on a vertical line, both centred on the peak. This allow a full characterization of the peak morphology. The user also has the option to perform a full speckle pattern analysis on an image coming from the camera. By defining a size for the autocorrelation window, the code divides the image in subareas on which it separately performs the autocorrelation calculus. The software outputs two autocorrelation maps, one for the horizontal calculus and one for the vertical calculus. In fig. 5.9, a sample image of a horizontal autocorrelation result is shown. From this image we can appreciate the almost complete homogeneity of the autocorrelation value over the whole sample: if major deviations from optimal values are detected, the speckle pattern is fully redone before testing the sample in the true triaxial device. For this reason, the sample photographs, taken to evaluate its texture, are made with the sample inside the true triaxial device to simulate the test conditions, and hence include illumination and diffraction effects of sapphire window, neglecting diffusion and light attenuation induced by the lubricant layer. The autocorrelation code developed allows then a local and quasi-local approach on the autocorrelation determination method, thereby expanding the usual strictly local autocorrelation approach and giving the user the ability to perform a full-field speckle characterisation. 

Mean intensity gradient

According to Pan et al. [START_REF] Pan | Mean intensity gradient: An effective global parameter for quality assessment of the speckle patterns used in digital image correlation[END_REF] there is a need in the DIC domain for a global and easy to compute parameter for speckle pattern evaluation. The mean intensity gradient has been proposed to fullfill this need and details are provided in [START_REF] Pan | Mean intensity gradient: An effective global parameter for quality assessment of the speckle patterns used in digital image correlation[END_REF][START_REF] Pan | Recent progress in digital image correlation[END_REF] to describe its theoretical foundation. In [START_REF] Pan | Mean intensity gradient: An effective global parameter for quality assessment of the speckle patterns used in digital image correlation[END_REF] Pan et al. notably highlight that the parameter is derived from an already used criterion for quantifying the accuracy and precision of measured displacements using DIC. The Mean intensity gradient can be easily computed using the gradient operator available in many software calculus packages (like Matlab for instance), and has the following declaration:

δ f = W i=1 H j=1 |∇f (x ij ) | (W • H) (5.9)
where W and H (in pixels) are the image width and height, ∇f (x ij ) is the modulus of local intensity gradient vector, where f x (x ij ) and f y (x ij ) are the x and y directional intensity derivatives at pixel (x ij ), which can be computed using the gradient operator. In the Matlab developed autocorrelation code the mean intensity calculus has been implemented using the following declarations:

[FX,FY] = gradient(double(IM)); nabla=sqrt(FX^2+FY^2);
Delta_f=sum(sum(nabla))/(width*height)

Where FX and FY are the gradients along the x and y image directions. The nabla ∇ operator is given by the following equation:

|∇f (x ij ) | = f x (x ij ) 2 + f y (x ij ) 2 (5.10)
The maximization of ∇f (x ij ), as a way to minimize the noise that affects the displacement determination, is suggested also by Sutton et al. [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF] where they highlight the importance of the term S(∇F) 2 inside equation 5.11

V ar (t) ∼ = 2σ 2 i [∇F (x i )] 2
(5.11) Equation 5.11 shows that the variance in the motion measurements is proportional to the variance of the white noise distribution (σ, assumed to be gaussian in the work of Sutton et al. [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF]), and inversely proportional to the sum of the squares in the local gradients in the intensity pattern S(∇F) 2 . So maximising S(∇F) 2 , supposing as constant the white noise distribution, is equal to minimising the variance. It's worth recalling that F has the following expression.

F (X) = I + d∇ (5.12)

I IJ = 1 0 0 1 (5.13) d∇ IJ = ∂d 1 ∂X 1 (X 1, X 2 ) ∂d 1 ∂X 2 (X 1, X 2 ) ∂d 2 ∂X 1 (X 1, X 2 ) ∂d 2 ∂X 2 (X 1, X 2 ) (5.14)
In the work of Pan et al. [START_REF] Pan | Mean intensity gradient: An effective global parameter for quality assessment of the speckle patterns used in digital image correlation[END_REF] five 8-bit (0-255 grey level range) speckle patterns, with a resolution of 768x576 pixels, were characterised using the mean intensity gradient parameter. The speckle patterns A, B and D are particularly interesting in relation to this thesis work since they were acquired by randomly spraying black and white paints on flat specimen surfaces. The resulting mean intensity gradient is, respectively, A (34.6444), B (21.5143) and D (12.3400).

The authors generated a series of translated speckle images for each speckle pattern by applying the appropriate shift in Fourier domain according to shift theorem. The sub-pixel displacements applied in the x-direction range from 0 to 1 pixel, corresponding to a shift of 0.05 pixels between two successive images. The authors apply also a simulated image noise with an additive random Gaussian noise, with mean value of 0 and variance of 4. The displacements of each translated speckle pattern were computed by DIC with a 31x31 and 61x61 pixel correlation window. The resulting analysis of mean bias error of measured u-displacement, as a function of sub-pixel displacement, for the five speckle patterns using 31x31 pixels, shows that the speckle patterns with larger mean intensity gradient produce a smaller mean bias error. The absolute value for the mean bias error of the A pattern is around 0.0036 for a sub-pixel displacement of 0.2, and 0.0075 for the B pattern. When the authors analyse the speckle pattern D, the results obtained with a larger subset of 61x61 pixels, compared to the 31x31 ones, shows a slightly reduced mean bias error, thereby confirming the fact that larger subsets are needed to improve isotropy when speckle pattern don't exhibit a satisfying quality, as said also by Sutton et al. [START_REF] Sutton | Image Correlation for Shape, Motion and Deformation Measurements: Basic Concepts, Theory and Applications[END_REF].

True Triaxial apparatus: Data elaboration

The data registered during each test from the experimental device are initially post processed using Excel to obtain ε 1 and σ 1 -σ 3 . The axial shortening of the sample (ε 1 ) is calculated with the following equation:

ε 1 = l -l 0 sample height (5.15)
where l and l 0 are the normalized data from the LVDTs. The stress difference σ 1 -σ 3 (the difference between the major principal stress minus the minor principal stress), is calculated using the following equation:

σ 1 -σ 3 = (P 1 -P 1φ ) • axial piston area sample width • sample depth (5.16)
Where P 1 is the pressure at the top of the piston, and P 1φ is the initial pressure to counterbalance the friction on the piston. The axial piston area is equivalent to 5044.6 mm 2 . The stress-strain curve can be plotted once ε 1 and σ 1 -σ 3 are known. Each point on the stress-strain curve is characterized by a time coordinate registered during the test. The photographs that will be used for the DIC analysis are selected according to their time code: their number is chosen to space them evenly across the stress-strain curve. During the test, two pictures per minute are taken. The ε DIC are determined from digital image correlation and hence should be considered as an "indipendent" measure which will be used to correct the ε LV DT . However, before detailing the mathematic, it is priorly necessary to show how the axial shortening of the sample is determined from DIC data.

Axial shortening of the sample: determination

A Matlab code has been developed to calculate the sample shortening from DIC data. The code extracts the incremental vertical displacement field from the PhotoWarp nodal values (*.nod) file and work on the reconstructed vertical displacement matrix to measure the shortening occurred to the sample during the test. Two horizontal rows are selected inside this matrix, one along the up-most portion of the sample and one along the lower portion: by calculating the difference between the median values of the data contained inside the aforementioned rows, it is possible to obtain the sample shortening (expressed in pixel). The photographs number, its time coordinate and the determined axial shortening are used then to compile a *.dic text file that is subsequently used during the curve correction step.

Stress-Strain Curve correction using DIC determined displacements

In this experimental work the stress-strain curve is corrected taking into account the cell stiffness and the data calculated from DIC. At this purpose a Matlab code has been developed in order to perform the correction and generate the elaborated stress-strain curves. To perform the correction, the software takes as input three files: the PhotoWarp *.nod file containing the determined horizontal and vertical displacement fields, a *.dic file containing the axial shortening determined from DIC and a *.car file containing the mechanical characteristics of the truetriaxial apparatus along with the physical dimensions of the sample. The DIC corrected curve is determined by calculating, for every curve data point, the following expression:

ε DIC Corrected = ε LV DT + ∆ε DIC + ∆ε Stif f ness (5.17)
where e LVDT represents the mechanical data coming from the experimental device LVDT, and the correction terms ∆ε DIC and ∆ε Stif f ness are computed according to equations that will be detailed in Annex A. The global work flow for performing the correction is presented in fig. 5.10 In the first step ε LV DT is computed from equation 5.15 and the first correction with ∆ε Stif f ness is done. The obtained value is then is compared to the corresponding ∆ε DIC at each selected photograph and a second correction is done in order to fit the curve to the selected points obtained by DIC (see fig. 5.11). In order to maintain the continuity of the curve first order derivative at each selected points, this correction is based on a third order polynomial interpolation. A stress-strain corrected plot is the final output calculated by the software, along with an excel spreadsheet file containing the computed data. The final plot, as shown in fig. 5.11 contains three curves: the green curve represents the data acquired with the LVDT, the blue curve represents the data obtained through the stiffness correction and the red curve represents the curve corrected from DIC determined data. As can be seen, the most important correction is applied at the beginning of the curve, that is where the cell stiffness has a non-linear behaviour. 

Strain fields computed from displacement fields

The strain field derivation from the displacement field can be done in different ways: it can be directly calculated during the correlation procedure or it can be computed subsequently from the obtained displacements by numerical differentiation. This second method requires dealing with data that contains noise [START_REF] Pan | Two-dimensional digital image correlation for in plane displacement and strain measurement: a review[END_REF], as displacement fields can be thought as the sum of an exact field with a systematic and a random error. Minimising the systematic error is not an easy task, since it implies keeping under control the many error sources related to the measuring devices. In order to better understand the influence on DIC results, in section 4.3 an accurate analysis has been done to determine the amount of uncertainties introduced by the DIC code. In fact, determining the displacements on synthetically deformed images, allow measuring the DIC algorithm accuracy and sensitivity under conditions where the only error is the inherent random noise. However, in real-life laboratory conditions, the image acquisition and the subsequent DIC displacement field determinations are still affected by the random error component, whose influence becomes prominent when doing computations involving a differentiation step. The strain field computation from measured displacements pass through the determination of the displacement field gradient: a step which amplifies the noise, if it is not performed properly. If the random errors are not controlled, then the resulting strain fields will be unreliable. [START_REF] Sutton | Full-field representation of discretely sampled surface deformation for displacement and strain analysis[END_REF] [START_REF] Sutton | Full-field representation of discretely sampled surface deformation for displacement and strain analysis[END_REF], to reduce this phenomenon, proposed to filter the fields in order to control the level of perturbation. The suggested work flow is developed along three main step as listed below:

1. measuring the displacements from the digital images;

2. filtering the displacements;

3. differentiating the displacements in order to obtain the strain field.

In this thesis work the PhotoWarp DIC software has been used to determine the displacement fields. Although Photowarp outputs displacement fields and strain fields, only displacements are actually used to compute strain fields, since the code does not allow to control the averaging step before derivation and so we decided to develop an additional code. The strain field computation is done with a separate Matlab code that performs the filtering step and determine the strain field using a finite differences method proposed by [START_REF] Geers | Computing strain fields from discrete displacement fields in 2d-solids[END_REF] [START_REF] Geers | Computing strain fields from discrete displacement fields in 2d-solids[END_REF] and based on a previous work of [START_REF] Peters | Tools for the measurement of stress and strain fields in soft tissue[END_REF] [START_REF] Peters | Tools for the measurement of stress and strain fields in soft tissue[END_REF].

Finite difference method

The finite difference methods is based on the discretization of the derivation operator, accomplished by doing a Taylor expansions between the data points. The method proposed by Geers et al. [START_REF] Geers | Computing strain fields from discrete displacement fields in 2d-solids[END_REF] is based on a Taylor expansion truncated at the second order term. For our purpose, the model has been used in its linearized form (first order term). The theoretical discussion will refer to fig. 5.12, which represent a 2D-continuum, on which a plane deformation is applied. The material behaviour is characterised by determining the displacements of a discrete set of points placed on the material surface. The points' material coordinates in the initial conditions (t = 0) are designated with upper-case letters (or X, in vector notation), while the spatial coordinates at time "t" are designated with lower-case letters (or x, in vector notation). The material and spatial coordinates systems are considered to be superimposed with the rectangular Cartesian coordinate axes, hence at time t = 0 X may then be written as

X = x 0 (5.18)
If we consider two neighbouring particles, which occupy the points P 0 and Q 0 on the 2Dcontinuum at time t = 0, then the position vector of P 0 is identified by x 0 , while the position vector of Q 0 , can be written as x 0 + dx 0 . In the deformed configuration at time "t" the two particles move to the points P t and Q t , identified by x t for P t , and x t +dx t for Q t . The deformation tensor in P t at time "t" is defined as F :

dx t = F • dx 0 (5.19)
which can be rewritten as:

F = ∂x t ∂x 0 (5.20)
At a fixed time "t" the actual position vector x t of a point P t can be considered as a function of the initial position vector x 0 . The position vector of a neighbouring point x t + △x t can then be written as a vectorial Taylor-series expansion, truncated after the first-order terms :

△x t = ∂x t ∂x 0 • △x 0 + a (5.21)
where "a" represents the theoretical discretization (or truncation) error. Considering equation 5.20, equation 5.21 can be rewritten as:

△x t = F • △x 0 + a (5.22)
To better visualise the points configuration, the following fig. 5.13 will give a visual representation of the generic P t point. If we consider the P t point we can see that is surrounded by k neighbouring particles (points Q ti in Fig. 5.13). Equation 5.22 can be written for each point Q ti , and at least six Q ti particles coordinates are required to solve the unknowns in 5.22 and thus determine an estimation for F in P t . Each equation will contain a term "a i " accounting for the discretization error but, since all particle positions have been measured experimentally, then an additional measurement error must be considered. The left-hand side of equation 5.22 can be rewritten for each pair (P t , Q ti ) and results in k equations:

d i = △x ti -F • △x 0 i -a i iǫ[1, 2, . . . , k] (5.23)
The "d i " vectors represent the sum of the stochastic deviation caused by inherent measurement errors and the random part "δa i " of the discretization error. To obtain the estimates for "F" and "a" it is then necessary to minimize the deviation by minimizing the scalar function :

J = k i=1 d i • d i (5.24)
The minimization procedure (for details see [START_REF] Geers | Computing strain fields from discrete displacement fields in 2d-solids[END_REF] [START_REF] Geers | Computing strain fields from discrete displacement fields in 2d-solids[END_REF]) leads to the following equation:

A • F T = C (5.25)
Where F T is the conjugate of the deformation tensor, and A and C are 2x2 matrix defined for every DIC determined displacement by the following expressions:

A = kX -m 0 • m 0 (5.26) C = kW -m 0 • m t (5.27)
where k represents the number of points surrounding the nodal point P t . Between the nodal point and each of neighbouring point the sums X, W, m 0 and m t are computed. These parameters have the following expressions:

m t = k i=1 △x t i (5.28) m 0 = k i=1 △x 0 i (5.29) X = k i=1 △x 0 i • △x 0 i (5.30) W = k i=1 △x 0 i • △x t i (5.31)
Once A and C are determined, F can be calculated from the following expression:

F = C T • A -T (5.32)
Where F is the deformation gradient tensor that will be used for the subsequent determination of the Green-Lagrange strain tensor given by the following equation.

ε = 1 2 F T • F -I (5.33)

Matlab implementation

The Matlab implementation of the strain field calculation can be summarized with the algorithm presented in fig. 5.14. The filtering performed in step 3 of the algorithm is done by taking the average of the 25 pixel surrounding the nodal pixel examined. The choice of using the mean of the surrounding 25 pixels has been done after testing larger and smaller subsets, and 25 resulted as the optimal filtering parameter in our case. When large subset of points are chosen (49 for instance), the filtering operation suppress valuable data, while smaller subsets (16 or smaller), often results in a non-sufficient filtering. The finite difference calculus is implemented in a Matlab code by declaring equation from 5.26 to 5.35, and substituting into them the data relatives to the displacement fields measured with PhotoWarp. The code compute the filtered and unfiltered displacement fields and calculates,showing them in separate Matlab figures, the Green-Lagrange strain tensor components. It then calculates the first and second strain tensor invariants by using the following expressions (written for 2D):

I 1 = ε 11 + ε 22
(5.34) 

I 2 = ε 11 • ε 22 -(ε 12 • ε 21 ) (5.35)

Bands thickness measurement: introduction

Shear bands are observed in rocks at different scales, ranging from bands of fewer microns identified in samples at the laboratory scale through SEM observations, until arriving in situ, where bands can have dimensions in the range of kilometres. However, in laboratory, the experimenters face a scale problem. The sample diameter should be at least 10 times bigger than the biggest grain in the rock [101], but apart from that, the ratio between the geometric size of the specimen and the grain size is allowed to vary inside a wide range [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF]. The thickness of a shear bands in granular media like sand, depends essentially on the grain and sample size (see Vardoulakis [START_REF] Vardoulakis | Bifurcation analysis in geomechanics[END_REF] and Bésuelle and Rudnicki [START_REF] Bésuelle | Mechanics of Fluid-Saturated Rocks[END_REF]). If the sample dimensions are bigger than the grain size, then it will be the grain size the most influencing parameter. Conversely, if the sample dimensions are reduced so much that the average grain size is not far in magnitude from the sample dimensions, then the shear band thickness is influenced by the sample geometry (boundary effect) [START_REF] Vv | Bifurcations, Instabilities,Degradation in Geomechanics[END_REF]. A similar phenomenon can be observed in laboratory on very thin granular rocks. As the ratio between the specimen geometrical dimension and its grain size is very high, what happens is that the shear zone is very thin compared to the sample size (Tillard, 1992 [105]). A proportionality between average grain size and the shear band thickness can then be hypothesized and it is apparently possible to relate this extreme thinness of the fail zone, to a scale-effect phenomenon [START_REF] Desrues | An Introduction to Strain Localisation in Granular Media proc[END_REF]) [START_REF] Desrues | An Introduction to Strain Localisation in Granular Media proc[END_REF]. The shear band thickness is usually a measurable physical quantity, but depending on the experimental conditions, this parameter is sometimes difficult, if not even impossible, to evaluate. This is due to the non integrity of the sample after that it has been removed from the testing cell, which clearly prevents the measurement of the band's thickness. To overcome this experimental issue a protocol aiming at conducting non-destructive tests has been followed by some authors (i.e., El Bied 2000 [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF]). The main idea is to test the sample until it exhibit a shear band, without producing a fracture capable of determining a material discontinuity. Different experimental works have been done by halting the test just before rupture, to be able to obtain more information on shear bands. El Bied, in his experimental work [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF], to preserve the sample integrity and to be able to successively measure the shear band thickness, halted his tests when he observed an important and abrupt fall of the sample resistance. However, even if an accurate protocol is respected, this does not always guarantee the success of this procedure. As shown in [START_REF] Bied | Etude expérimentale et modélisation du comportement des roches granulaires : écrouissage, radoucissement et rupture en mode localisé[END_REF], some problems related to the rock's nature can make the evaluation of shear bands characteristics impossible. However, this can be understood considering that sandstone can be thought as a cemented matrix made mainly of quartz grains, where the micro-mechanisms that can eventually lead to a fracture evolve depending on the fracture toughness of the grains and of the whole matrix [START_REF] Santarelli | Failure of three sedimentary rocks in triaxial and hollow cylinder compression tests[END_REF]. If the fracture toughness of the grains is greater than that of the matrix, microcracks will develop in the matrix and will be blocked when they reach a grain. In this case an important formation of sand during the test can be observed, which make the experimental evaluation of the band thickness impossible and compromise even its orientation determination. To solve the problem related to the strong rock brittleness, which led to a significative loss of material cohesion, El Bied wrapped the specimens with adhesive tape along their height. This solution offers the advantage of allowing the reconstruction of the band thickness after the test, by counting the grains glued to the tape. The shear band formation has been observed also by Bésuelle (1999) [1], testing cylindrical Vosges sandstone samples. The bands were detectable thanks to a whiter colour on the sample surface, which suggested a local alteration of the material. This characteristic coloration is due to quartz grain crushing. The data of Bésuelle are in agreement with Ord e al. (1991) [START_REF] Ord | Shear band formation in gosford sandstone[END_REF], since these authors observe, on the Gosford sandstone, shear bands with chalky, whitish appearance, which helps their characterisation and measurements.

Matlab implementation

Measuring the band through DIC requires dealing with some limitations induced by the resolution of the images, by the dimensions of the region of interest (ROI) of the DIC and by the averaging process related to the strain calculus (for further details see section 5.5.3). The minimum values that can be measured, when using a ROI size of 10x10 pixels and a node distance of 10 pixel is 270 μm for images taken with the Nikon D3x (pixel size of 9µm) and 210 µm for images taken with the Nikon D800E (pixel size of 7 µm). In this thesis the thickness of the shear bands formed on Vosges sandstone specimens loaded in plane strain compression, has been calculated by using a code developed in Matlab. The code use the data coming from the DIC software PhotoWarp. The band thickness is determined by executing the measurements on the second invariant of strain tensor field calculated (see Fig. 5.15) with the following expression: to three pixels (the minimum to perform a reliable Gaussian fit). The algorithm in fig. 5.18 resumes the main steps followed by the developed Matlab code. 

I 2 = ε 11 • ε 22 -(ε 12 • ε 21 ) (5.36)

Global Volumetric deformation: measurement

The digital image correlation data allow determining the global volumetric deformation of the sample during the test. A Matlab program has been developed to process the displacement fields obtained from PhotoWarp. The main idea on which the code is based is to calculate the global volumetric deformation by making a difference between areas: the area of the specimen in its deformed configuration is subtracted from the area measured before deformation. Initially, a reference area is defined by selecting a region delimited by a number of landmark points. Then the surface of this area is determined by dividing it in smaller triangular subareas, which implies that each landmark point represents a triangle vertex. The landmark points are all part of a grid (see fig. 5.19, the blue circles represents the landmark points in the non-deformed configuration, while the red squares represents the landmark points in the deformed configuration) and their mutual distance can be defined by the user. The sample area in the deformed configuration is computed by adding to each landmark point the amount of displacement measured using the DIC vertical and horizontal displacement field. This results in a shift of the landmark points, with respect to their initial position, proportional to the deformation of the sample at that point location. The area in the deformed configuration is then recalculated basing on the deformed landmark point configuration. The specimen's area is computed for a number of selected increments, which corresponds to the DIC photographs made at progressively increasing stress. The optimal spacing of the landmark points varies according to the DIC image resolution. The influence of this parameter on the accuracy of the area determination has been studied in order to find its optimal value for each test. Each triangular sub area surface has been calculated by using equation 5.39:

M = Area T = 1 2 x 1 z 1 1 x 2 z 2 1 x 3 z 3 1 (5.37)
Which states that the area of a triangle whose vertex are, respectively X(x 1 ,z 1 ), Y(x 2 ,z 2 ) and Z(x 3 , z 3 ) is given by taking the half of the absolute value of M. The sub-areas are then summed to obtain the total area. Since all the tests have been done under plane strain compression, the sample partial volume is calculated by multiplying the value of the specimen area for the sample depth.

V 0 = Area bef ore def ormation • depth of the sample (5.38) Where V 0 equals to the volume of the sample in the non-deformed state, and the depth of the sample is considered to be constant due to the application of plane strain compression. The volume partial values obtained for each DIC increment are subsequently used to determine the total increment from the non-deformed state by using the following equation:

ε vi = V i -V 0 V 0 (5.39)
where Vi is the specimen's volume in the deformed "i" state. The curve representative of the global volumetric strain will then be constructed using the experimental points relative to the individual volumetric changes. The area has been also calculated with two other methods: the first that will be presented is based on the application of the Green's theorem, while the second that is discussed is based on the calculation of the trace of the strain tensor.

Measurement the surface change by a contour integral

This method propose to develop the expression of the difference of area of the specimen between two configurations, in the reference configuration and the deformed configuration, respectively:

A 1 = Ω1 dΩ and A 2 = Ω2 dΩ = Ω1 det(F )dΩ (5.40)
where

F = ∂x ∂X = 1 + ∂u ∂X and det (F ) = 1 + u 1,1 + u 2,2 + (u 1,1 • u 2,2 -u 1,2 • u 2,1 ) (5.41)
The difference of areas is expressed by

A 2 -A 1 = Ω1 [det(F ) -1] dΩ ⋍ Ω1 (u 1,1 + u 2,2 ) dΩ = Ω1 div (u) dΩ (5.42) assuming u i,j • u k,l ≪ u m,n (5.43)
With the flux-divergence theorem, one can express

A 2 -A 1 ⋍ ∂Ω u • n ds (5.44)
Where n is the unit outline normal vector. This method has the interest to reduce the computation to a contour integral of the displacement field obtained by DIC, which is extremely simple if the reference surface is rectangular.

Measurement using strain tensor trace

If we import the components of the strain tensor ε xx and ε yy fields determined using PhotoWarp, we can calculate the volumetric deformation by computing the trace of the strain tensor, which is equal to the first invariant of the strain tensor

I 1 = ε 11 + ε 22 = ε v (5.45)
The volumetric deformation is calculated for each point of the displacement vector matrix. If we take an average on all the rows and columns of the matrix, a mean volumetric deformation value is directly obtained without the need to calculate the sample surface area. Consequently, the incremental trend of the volumetric deformation during the test can be directly reconstructed.

For comparison in fig. 5.20 is presented a curve of the determined total volumetric deformation, calculated with the three different methods. The strees-strain curve is super-imposed to ease the understanding of the corresponding loading state of the sample. The strain localization phenomenon, frequently observed in geomaterials, has been actively studied in the last thirty years at laboratory scale. Particularly interesting results can be obtained when the measured strain fields are studied taking into account their temporal evolution, which allows detecting the onset of the strain localization and following its evolution in the post localization regime. This chapter will focus primarily on the discussion of the mechanical data obtained testing in plane strain compression nine Vosges Sandstone samples, using the new true triaxial apparatus described in chapter 3.1. It is useful to remind the reader that one of the main differences between our triaxial apparatus and the other known devices reported so far in the literature, consists in the fact that the vast majority of them do not allow a visual observation of the sample during the loading. This characteristic, which clearly rule out the possibility of taking pictures of the sample, is instead implemented in the new true triaxial apparatus of the Grenoble 3SR research group, which then offers the possibility of fully exploiting the DIC method to obtain mechanical information on the sample behaviour during the loading. The test campaign done in this thesis work aimed at studying the mechanical behaviour of the material under different confining pressures ranging between 20 and 50 MPa. This chapter will firstly present to the reader a discussion concerning the principle of the plane strain test, which will be followed by a description of the characteristics of the material of which the samples are made of, and then by a general overview of the tests carried out at different confining pressures. The results obtained will then be compared with the data obtained by Bésuelle [1] [28] in axisymmetric triaxial conditions on the Vosges sandstone, and reported in his PhD thesis. After this comparison, the single stress-strain curves pertaining to each of the test done for this thesis work will be individually presented. The stress difference σ 1 -σ 3 , plotted versus the normalized axial strain, will be reported for every test along with red markers indicating the position of every photo used for DIC analysis. It is worth recalling to the reader that, since during every test a photograph of the sample under loading is taken approximately every 30 second, it is necessary to perform a selection amongst them. The group of images, which has been chosen to be used for DIC analysis, is formed by selecting amongst all the photographs, those that are positioned along the time coordinate in a way suitable to capture the events that may occur during the loading. The resulting data obtained allow the study of the strain localization, whose results will be presented and discussed along with the aforementioned curves. By combining the data coming from the apparatus LVDT's and the DIC derived data, each tests allow to obtain a wide range of experimental data like, for instance:

• material's peak resistance

• detection of the onset of localization,

• band's thickness,

• band's orientation,

• global volumetric deformation, as well as the local behaviour inside the band (dilatant or compactant).

• follow the evolution of strain localization during the test

• detect the shear band patterns

• analyse the post-localization regime It will be shown that for every test an initial homogeneous deformation regime has been observed, followed invariably by a localised regime: the homogeneous material behaviour is lost at the onset of the strain localization (found before the stress peak). Since the evolution of strain localization has been followed for the entire loading duration, a detailed discussion will be presented on the subject to present and analyse the phenomena detected during each test. The band's slope will be measured at three different moments during the loading: at the onset of localization, at the stress peak and during the post-peak regime. When a band evolution mechanism has remained active during the whole test duration, the band's slope measured at the stress peak and at the end of the test will be compared. The influence of the confining pressure on the parameters which characterize the material will be discussed. Furthermore, it will be highlighted at which extent the image quality influences the detection of the onset of localization on the incremental strain fields obtained by DIC. At this effect, a thorough evaluation of the image taken in real test conditions has been performed in order to assess and improve, when possible, the image quality. The band's thickness has been measured at the stress peak and at the end of the test by using a technique described in section 5.6. During the test campaign the camera that was used was not always the same, thus the smallest size that can be measured on the photos varies slightly between the tests. The photographs of the tests pertaining to the first group (made with a Nikon D3x) are characterised by a minimum detectable size equal to 0.018 mm (equivalent to the double of the pixel size), while in those pertaining to the second group (made with a Nikon D800E) the minimum detectable size equals to 0.014 mm1 . For two tests the data obtained from DIC have been subsequently compared to the micro-scale sample microstructure detected at different magnifications using an optical and an electronic microscope: the comparison result will be presented and discussed in Chapter 7, which focuses on the microstructure analysis. This chapter is divided into three main section: The first section will give a global overviw of the tests and compare them with the triaxial tests done by Bésuelle [1], the second section will present and discuss separately each test, highlighting the features detected, and relating them to the mechanical behaviour of the material, while the third section will discuss the early strain localization and its evolution over time. In the second section, apart from the corrected2 stress-strain curve, the volumetric deformation, plotted against the axial deformation obtained from the measured DIC cinematic fields, will be presented, along with a complete set of strain fields obtained from DIC analysis. Contextually, the stress path on the deviatoric plane for each text will be presented.

Principle of the test in plane strain compression

Although the experimental device used during this thesis work allow performing true triaxial tests, it has been chosen to conduct the tests in plane strain compression, as this loading configuration offers the possibility of determining the strain fields using surface measured data before and after strain localisation. A fluid pressure is applied on the sample along the σ 3 minor stress direction mediated by a silicon membrane. The lubricated sample is in contact with a rigid, sapphire window, and with a sapphire platen connected to a loading piston along the principal intermediate stress directions. The sample can be observed during the test through the sapphire window. Any strain along the direction orthogonal to the observed sample's surface, which corresponds to the intermediate stress direction, is impeded. Due to boundary conditions, the localization bands are free to develop on the surface perpendicular to the minor stress direction, while there are constraints on other surfaces that generally induce a reflection of the bands. The strain localization bands are generally parallel to the intermediate stress direction (at least for an isotropic material), and so the observed surface is representative of what occurs in the whole specimen. The displacements measured on the exposed sample's surface are for this reason representative of the kinematics of the whole sample volume. A loading test done by applaying these conditions can be considered homogenous, assuming that the sample initial conditions are also homogenous, and that this specific condition is maintained during the test in order to not introduce an artificial heterogeneity. To accomplish this result the sample preparation is performed in strict conformity with the existing standards [101], which means having tight parallelism tolerances between opposite surfaces and also high quality surface planarity (the ends of the specimen shall be flat to ± 0.01 mm and shall not depart from the perpendicular to the longitudinal axis of the specimen more than 0.05 mm in 50mm). Friction is reduced by using a suitable lubricant, thus attenuating the surface friction to obtain a more homogeneous deformation field right from the beginning of the loading process, without inhibiting the strain localization.

The Vosges Sandstone

The Vosges sandstone studied in this thesis work comes from the Woustwiller quarry, located in the Sarreguemines district of the Moselle region, in France. This material has been studied because of its importance for reservoir description, which requires a detailed quantitative sedimentological and mineralogical data integrated with a petro-physical and geological description to interpret the lateral and vertical variations of reservoir characteristics. The more the data are integrated and understood and the more it will be possible to model and predict the behaviour of the material, which in turns means the possibility of better controlling hydrocarbon production or deep burial processes. The Vosges sandstone has been extensively studied at the 3SR Laboratory of Grenoble. Its behaviour in triaxial testing condition has been described by Bésuelle [1] [28], Charalampidou [START_REF] Charalampidou | Etude expérimentale sur la localisation des déformations dans les grés poreux[END_REF] and Tudisco [START_REF] Tudisco | Development of ultrasonic tomography technique for geomechanical studies[END_REF]. In the present work, the Vosges sandstone has been studied in plane strain compression. The experimental results became part of the physical data used in the PhD thesis work of El Moustapha Khadijatou [START_REF] Moustapha | Identification de lois de comportement enrichies pour les géomatériaux en présence de la localisation de la déformation[END_REF]. The work of El Moustapha has allowed the numerical modelling of biaxial tests, with the aim of calibrating a second gradient model based on post-localisation experimental results. The Second gradient formalisms has been used to restore an objectivity of the computation (no mesh size dependency) in presence of localization bands.

Sandstone shows an open porosity that can be easily observed with the naked eye: its appearance is characterized by a predominant reddish colouration. A mineralogical analysis reveals that the material is constituted mainly by quartz, feldspars and micas (see tab. 6.1). The average grain size is around 0.2mm. Microscopic analysis allowed the determination of the siliceous nature of the inter-granular cement. The red pigmentation is due to the alteration of iron-rich minerals like black micas (biotite) and magnetite. When these minerals decompose, iron ions migrate towards the nearby grain boundaries, thereby forming a thin, pinkish, coating. This process, usually called rubefaction, continues during the sediment burial process. In this work an analysis done at the grain scale have been done using an optical microscope (OM) and a scanning electronic microscope (SEM) on thin sections taken from two sandstone samples loaded respectively at 6.4 Plane strain test campaign: global discussion on curves

Introduction

This section will be dedicated to a comprehensive presentation of the results obtained during the experimental campaign carried out on Vosges Sandstone samples, which were tested in plane strain compression over a range of pressures spanning between 20 and 50 MPa, as reported in tab. 6.2. The stress-strain curves relative to a specific confining pressure form a group that will be separately discussed hereinafter, to compare the tests made in the same conditions and characterize the samples' mechanical behaviour. The axial strain reported in the stress-strain curves is calculated dividing the axial shortening by the initial height of the specimen. In order to correlate the influence of the cell pressure to the mechanical response of the material, a selection of stress strain curves, obtained for different values of σ 3 , will be plotted along with the corresponding curves representing the global volumetric deformation. 

Global analysis on 20 MPa tests

Fig. 6.2 shows respectively the stress strain curves and the global volumetric deformation for three tests (BxR_GVR_1, BxR_GVR_5, BxR_GVR_6) carried out with a cell confining pressure of 20 MPa. As reflected from the stress strain curves, it exists a marked difference between the tests in terms of strain at the peak, particularly between the curve relative to the test BxR_GVR_5 and those relative to tests BxR_GVR_1 and BxR_GVR_6 respectively. To properly evaluate the data, it is worth pointing out to the user the fact that the test BxR_GVR_1 has been done without lubrication on the four sample surfaces perpendicular to the major principal stress and to the intermediate principal stress. Furthermore, the sample's surface perpendicular to the intermediate principal stress has not been painted with a speckle pattern, as it has been done, conversely, for the other two samples. Stress-strain curves show generally an almost linear initial trend, which is followed by a non linear portion and then by a peak. The post-peak behaviour of these sample starts with a loss of strength followed by an abrupt rupture, which characterize the three curves with a stress drop. This phenomenon is due to a loss of control of the experimental device induced by a non-sufficient stiffness of the loading cell. The brutal rupture is caused by the rapid release to the specimen of the elastic energy stored inside the loading cell, which lead to a pronounced sample shortening. When this happens, since the hydraulic system operates with a constant displacement rate, it tries to counterbalance the effect by reducing the pression. Once the effective shortening value of the sample is reached, then the pression is increased again in order to continue the test (see Fig. 

Global analysis on 30 MPa tests

Fig. 6.3 shows, respectively, the stress-strain curves and the global volumetric deformation for two tests (BxR_GVR_4, BxR_GVR_7) carried out with a cell confining pressure equal to 30 MPa. As reflected from the plotted stress-strain curves, it exists an appreciable difference in terms of strain at the stress peak between the BxR_GVR_4 test and the BxR_GVR_7. The stress-strain curve show an almost linear initial trend, which is followed by a non-linear portion and then by a peak. The post-peak behaviour showed by the curve starts with a loss of strength followed by an abrupt rupture, which characterize both curves. Even for these tests, this phenomenon can be ascribed to a loss of control of the experimental device, which was caused, as already noted for the 20 MPa tests, by an inadequate stiffness of the load cell. The period during which the loss of control of the experimental device is registered has a duration of 4 seconds for the BxR_GVR_4 test and 3 seconds for the BxR_GVR_7 test. The time needed for the stress to rise until reaching the plateau is equal to 4 seconds for the BxR_GVR_4 test and 5 seconds for the BxR_GVR_7 test. In the BxR_GVR_4 test, when the stress plateau is reached, the curve continues to rise progressively until reaching a second stress peak. The BxR_GVR_7 test shows also a stress increase after reaching the stress plateau. However, probably because the test was not continued, we do not observe another stress drop. The global volumetric deformation curves of the BxR_GVR_4 and BxR_GVR_7 tests exhibits a contracting behaviour in the initial linear portion of the curve. When a second stress drop is observed, the volumetric deformation shows an even more pronounced compactant behaviour. It can generally be affirmed that the measured global volumetric deformation has a contractant behaviour in the linear portion of the stress-strain curve and attains its maximum at the stress peak. After that, it temporarily shows a dilatant behaviour until the stress plateau is reached, where it exhibit again a contractant behaviour. 

Global analysis on 40 MPa tests

Fig. 6.4 shows, respectively, the stress strain curves and the global volumetric deformation for three tests (BxR_GVR_8, BxR_GVR_9 and BxR_GVR_10) carried out with a cell confining pressure equal to 40 MPa. The stress-strain curve of the test BxR_GVR_8 shows the initial portion of the curve with an almost linear trend but, at around two thirds of the maximum stress, a pronounced deviation from this trend is observed. This is due to a mechanical reason: during the test the pressure in the P1 pump has been reduced momentarily due to a mistake, while the σ 2 and σ 3 values remained constant: this issue is belayved to not strongly influence the subsequent loading. The stress-strain curve of BxR_GVR_9 test shows a linear initial trend, which is followed by a non-linear portion and then by a peak. The BxR_GVR_9 stress-strain curve, in a region located at approximately just over half of the maximum stress value, shows an irregular trend which is not representative of the material behaviour, but can be ascribed, instead, to the experimental device. This erratic behaviour is due to an incorrect setup: during the test the manual control was changed to automatic mode and this caused a temporary loss of control of the load cell. After this event the curve resumed the linear behaviour, which is followed by a non-linear portion and then by a peak. The tests done at 40 MPa cell pressure are in good agreement in terms of deformation at the stress peak, and this is particularly true for BxR_GVR_8 and BxR_GVR_10 tests. The global volumetric deformation curves exhibits a contractant behaviour along the linear portion. It can generally be affirmed, basing this conclusion on the global volumetric deformation curve, that these tests exhibit a contractant behaviour in correspondence to the linear portion of the stress-strain curve, which attains a local maximum value at the stress-strain peak. After that, the sample behaviour (BxR_GVR_8 and BxR_GVR_10) shifts temporarily to dilatant until the stress plateau is reached, where it becomes again contractant. 6.5 shows respectively the stress-strain curve and the global volumetric deformation for a test (BxR_GVR_11) carried out with a confining cell pressure equal to 50 MPa. The stressstrain curve show an almost linear initial trend, which is followed by a non-linear portion and then by a peak. The global volumetric deformation exhibits a contracting behaviour during the linear portion of the curve. During this test no dilatant behaviour of the global volumetric deformation is observed, while the contractant behaviour is instead detected both during the linear portion of the stress-strain curve and in the post-peak regime.

Global analysis on 50 MPa tests

Yield curve

The yield surface plotted in the Mises shear stress versus the mean shear stress is shown in Fig. 6.6. The curve slope (µ) is generally called friction coefficient (for positive values): it has an inversely proportional relationship with the means stress, as its value decreases when the mean stress increases. This behaviour is shown in Fig. 6.6 where the tangent between the circles representing the 20 and 30 MPa confining pressures has a slope of 47 degrees, while the tangent's slope between the 40 and 50 MPa circles reduces considerably and become almost equal to zero. 

Mean stress influence

Tests carried out on Vosges sandstone show different trends of the stress-strain curves and of the global volumetric strain curves according to the different confining pressures applied, which confirm the influence of the confining pressure on the material behaviour. The stress-strain curve (σ 1 -σ 3 ) plotted versus the axial strain shows an increase of the material resistance at the peak when the confining pressure is increased. With an increase of the confining pressure the sample becomes more rigid, as shown in tab. 6.3. The material stiffness has been calculated by dividing the value of the stress-strain curve computed at the elastic limit by the relative axial strain. For tests carried out with a confining pressure equal respectively to 20, 30, 40 and 50 MPa, it is possible to observe that the curves tends to be closely grouped, apart the curve relative to the BxR_GVR_06 test (see Fig. 6.7). Moreover, when considering both their initial linear portion and the portion approaching the stress peak, they almost invariably overlap, although this can not be said for the BxR_GVR_06 curve. The confining pressure influence is detectable not only on the stress-strain curve, but also on the global volumetric deformation as shown in Fig. 6.7 , where we notice that, as the confining pressure increases, the global volumetric deformation exhibits a progressively increasing contractant behaviour. The contractant behaviour is similar for all the curves at the beginning of the load, but after the stress peak is reached, the material behaviour change according to the confining pressure applied. The dilatant behaviour becomes progressively lesser prominent when observing tests with progressively higher confining pressures. At confining pressure equal to 50 MPa it is apparent that the global volumetric deformation is compactant, while dilatancy is observed near the stress peak at 20 MPa, and quasi inexistent volume variation at 30, 40 and 50 MPa. As can be seen the peak resistance of the Vosges sandstone increases as the confining pressure increases: slope is positive and gradually diminish until it becomes equal to zero. Following the global analysis regarding the results of the plane strain compression experimental campaign, and the considerations made on the confining pressure influence, the next section will present a brief discussion of the results obtained by Bésuelle [1] in his triaxial campaign, in order to be able then to compare the triaxial compression resuls with the plane strain compression results. 

Introduction

The overview that has been proposed in the previous sections, was focused on the results obtained in the experimental campaign done in plane strain compression on Vosges sandstone. In the following section a synthetic presentation aim at illustrating the mechanical behaviour of the same material, tested in axisymmetric triaxial compression: the data that will be used come from the work of Bésuelle and are reported in his PhD thesis [1].This will allow the possibility of examining the results obtained through two different loading configurations, thus enabling their comparison. A synthetic presentation of the characteristics of the samples tested in triaxial compression is provided in tab. 6.4 as a quick reference to the reader. The samples used by Bésuelle to perform his tests were of a cylindrical shape, with a diameter of 40 mm and a total height of 80 mm. The parallelisms of the top and bottom sample surfaces was verified with a mechanical comparator, with a least count of 0.002 mm to comply with the ISRM norm requirements [101] which disciplines this types of triaxial tests (the parallelism must stay within +/-0.01 mm). A lubricating mixture, made from stearic acid and Vaseline, acted as a friction reducer between the sample and the platens [START_REF] Labuz | Reducing frictional constraint in compression testing through lubrication[END_REF]. This specific mixture was used also in the experimental campaign done in plane strain compression. The stress-strain curves obtained by Bésuelle during his experimental campaign will be presented in the following, for the range of confining pressures equivalent to those used in this thesis work, hence from 20 to 50 MPa. 

Triaxial compression tests at 20 MPa

The triaxial tests carried out with a confining pressure of 20 MPa exhibit a concavity facing upward during the initial portion of the stress-strain curve3 . The curve, shown in Fig. 6.9, evolves, then, linearly while the volumetric deformation indicates a contractant behaviour. An inflection of the stress-strain curve follows, and leads to the stress peak, which is characterized by the sample dilatant character. The post-peak regime starts with a sample loss of resistance, which sometimes is progressive and sometimes is rapid and abrupt, until reaching a residual plateau. 

Triaxial compression tests at 30 and 40 MPa: discussion

Tests conducted with confining pressures equal respectively to 30 and 40 MPa exhibit a stress strain curve with a linear trend at the beginning of the loading. The volumetric deformation shows a progressively greater contractant character as the confining pressure is increased. The maximum contractant value deducted from the volumetric deformation curve is detected at the end of the linear portion of the stress-strain curve and marked in Fig. 6.10-6.11. When the sample attains the peak stress the corresponding volumetric deformation has a dilatant character. The axial stress decrease, then, progressively to attain the plateau: this is done sometimes with a slow progressive decrease, while sometimes the transition between the peak and the plateau is more abrupt. 

Triaxial compression tests at 50 and 60 MPa: discussion

The stress-strain curves for a confining pressure equal to 50 and 60 MPa (see Fig. 6.12 and 6.13 ) exhibit the same characteristic trend already detected for those plotted at 30 and 40 MPa, which means that they possess an initial linear portion, followed by a well identifiable stress peak, and tend to stabilize more or less abruptly towards a residual stress, after the rupture. Conversely, the volumetric deformation has a more peculiar character if compared to the 30 and 40 MPa tests, showing a more contractant behaviour. At 50 and 60 MPa we observe a lack of dilatant character even at the stress peak. 

Influence of the confining pressure for triaxial test

Tests done on Vosges sandstone in axisymmetric triaxial compression, show different trends of the stress-strain curve and of the global volumetric strain curve, depending on the different confining pressures applied, which indicates its influences on the material behaviour. A global comparison between different triaxial tests is shown in Fig. 6.14. The stress-strain curve (where q is the deviatoric stress σ 1σ 3 , and ε is the axial strain) shows an increased resistance at the peak when the confining pressure is increased (see Fig. 6.15 with the representation of I1 versus I2). The trend indicates that an increase in the confining pressure leads to a stiffer behaviour of the sample, as confirmed by tab. 6.4. The curve inflection leading to the peak is also less premature when the confining pressure increases. Indeed the volumetric deformation depends upon the value of the confining pressure. At the beginning of the deviatoric loading, the slope of the volumetric deformation curves are substantially similar, and do not seem to be influenced by the value of the lateral pressure. After this initial contractant portion, the volumetric behaviour becomes dilatant: this behaviour occurs later when the confining pressure is increased. 

Triaxial tests compared to biaxial tests: conclusions

The analysis done on the data available from two different loading devices, which apply two different loading conditions on the same material, allow to conclude that when the confining pressure increases, then also the peak resistance and the material's stiffness increases, as shown in tab. 6.3 (relative to the plane strain tests) and tab. 6.5 (relative to the triaxial tests). However, when comparing the triaxial and biaxial results, it can be observed from the aforementioned tables that the material stiffness, detected for the plane strain conditions, is higher than the corresponding values measured in the triaxial device. It is apparent, for the triaxial data, that it does not exists a linear relation between the confining p ressure a nd t he p eak r esistance. For the triaxial test with an increase of the confining p ressure w e o bserve a n i ncrease o f t he peak resistance and of the material's stiffness until the confining pressure of 50 MPa is r eached: past this treshold the peak resistance and the material's stiffness tends to decrease. In fact we can see that the stress peak value measured at 60 MPa is lower than the value measured for a 50 MPa test, and so is the material stiffness. For plane strain compression results, obtained in a range of confining pressure between 20 and 50 MPa, we observe that when the confining pressure increases the peak resistance and the material's stiffness increase. The Fig. 6.15, show the devi-atoric strain plotted versus the volumetric deformation for triaxial and plane strain tests. The global volumetric deformation curves for both test typologies, show always a more contractant character when the confining pressure increases, until reaching the condition, valid for 50 MPa tests, were no dilatancy is detected. Furthermore, a parallel and detailed analysis to charac-terize the band features (e.g. their orientation) between the two experimental campaign, can be undoubtedly an interesting source of insight regarding the mechanical behaviour. However, since only postmortem analysis can be made on the samples tested in triaxial compression, only bands' orientation at the end of the test can be measured, and confronted to the band's orientation measured in plane strain compression (see Fig. 6.16). For further details on the method developed by Bésuelle to determine the band's slope the reader can refer to Bésuelle [1] show in Fig. 6.18. The next section will be devoted to a thorough comparison of the plane strain tests: each of them will be individually analysed to map all the notable phenomena detected through DIC.

Prior to this, an explanation of the principle chosen to measure the band's orientation will be given.

Strain localization: detection principle for plane strain compression

The detection of the onset of strain localization and of its temporal evolution has been carried out through the analysis of DIC derived data. When the sample is removed from the experimental apparatus, after the test, the shear band is clearly visible on the sample's surface. The same shear band is identified through DIC analysis, albeit with more details than those obtained with a simple visual post-test observation. The DIC analysis, performed between two photographs took at two different moments during the test, allows to obtain a highly detailed view of the identified band, which in turn leads to a more accurate determination of the band morphology and of its underlaying deformation mechanisms. Furthermore, the use of DIC analysis has allowed also the study of the onset of localization, offering the possibility of following its evolution in a way that would have been otherwise difficult, if not impossible, to document. Although detailed information can be obtained by testing the specimen at the end of the load with specific analytic techniques, like for instance microstructural microscopy or tomography, these techniques are not inherently applicable in real time to follow the deformation mechanisms during the loading. However, since these techniques offer an invaluable insight to characterize the micro phenomena, their contribute will be profitably integrated with DIC data to gain a comprehensive vision of the sample, from macro to micro scale, as will be shown in chapter 7. The DIC analysis offers the possibility to explore the full displacement and strain fields during a test and allow following the evolution over time of the different band's patterns developed on the sample surface. This analysis can be repeatedly applied, of course, for different tests done with different values of the confining pressure, which leads to the possibility of exploiting the DIC derived data to evaluate the influence of the pressure applied along the minor principal stress direction on the sample behaviour. The shear band angle is measured along the vertical axis, as shown in Fig. 6.17. 

Description of the band's measuring technique for triaxial tests

Bésuelle, in his PhD thesis work [1], identifies the shear bands developed on the sample surface as whitish and powdery zones, caused by the fracturing of a portion of the material constrained within the band's boundaries. Bésuelle was able to measure the shear band orientation thanks to the deposition of this powder on the membrane that wraps around the cylindrical sample, after the sample has been removed from the testing apparatus. Prior to measuring the sample it has been necessary to cut and lay flat the membrane as shown in Fig. 6.18. The angle measurement, which coicide with slope of the shear band, is made by taking the tangent to the powdery traces at their inflection points, or where the trace seems more straight. 

Introduction

In this section each test will be analysed by examining the stress-strain curve, the volumetric deformation, the stress path (Lode angle) and the selected incremental strain fields. A synthetic recall of the Lode angle will be presented before the tests discussion.

Lode Angle

The Lode angle accounts for the magnitude of the intermediate principal stress with respect to the maximum and minimum principal stress values, and it is usually indicated with a the Greek symbol θ. It is usually expressed in terms of the second and third invariants of the deviatoric stress tensor as proposed by Nayak and Zienkiewicz [START_REF] Nayak | Convenient forms of stress invariants for plasticity[END_REF]:

cos (3θ) = 3 √ 3 2 • J 3 J 3/2 2 (6.1)
Where the expression for J 2 and J 3 are respectively:

J 2 = 1 6 (σ x -σ y ) 2 -(σ y -σ z ) 2 + (σ z -σ x ) 2 + τ 2 xy + τ 2 yz + τ 2 zx (6.2) J 3 = 1 3 s ij s jk s ki = σ x -1 3 I 1 τ xy τ xz τ yx σ y -1 3 I 1 τ yz τ zx τ zy σ z -1 3 I 1 (6.3) 
and where I 1 is the first invariant of the stress tensor 4 which has the following expression:

I 1 = σ x + σ y + σ z (6.7)
The physical interpretation of the invariants can be summarized as follows: I 1 accounts for the effect of the mean stress, while J 2 represents the magnitude of shear stress and J 3 indicate the shear stress direction. The invariant θ, as previously anticipated, varies according to the values taken by the intermediate principal stress with respect to the major and minor principal stresses. The value of θ is 0 degrees when the intermediate principal stress σ 2 becomes equal to the minor principal stress σ 3 (axisymmetric triaxial compression), and becomes 60 degrees when σ 2 , is equal to σ 1 (axisymmetric triaxial extension). It is for this reason that θ can be interpreted thus as the measure of the intermediate principal stress magnitude in relation to the minor and major principal stresses [START_REF] Wolf | A plasticity model to predict the effects of confinement on concrete[END_REF]. Fig. 6.19 is a graphical interpretation of the θ angle and r in the stress space, with σ h being the hydrostatic axis, and the black circles some generic 4 It is worth recalling that the three-dimensional stress state of the material is defined by the stress tensor σij = σx τxy τxz τxy σy τyz τxz τyz σz

(6.4)
The stress tensor is typically decomposed into two terms: one which represents the purely hydrostatic stress, σm, and another one, sij, which is the deviatoric stress tensor, whose expressions are, respectively: deviatoric planes normal to it. Let's consider the purely hydrostatic loading in the principal coordinate system (σ 1 , σ 2 , σ 3 ), referred as σ h this loading will be represented in the principal coordinate system as the axis where the following equation is verified σ h = σ 1 =σ 2 =σ 3 . Let us now concentrate the attention on the planes that are perpendicular to this axis: a generic stress state laying in one of these planes will be represented by a point whose distance from the hydrostatic axis has a magnitude equal to the invariant r.

σm = 1 
r = J 2 (6.8)
This leaves θ as the only unknown which is needed to completely define the stress state in the chosen axis system and, as previously anticipated, value for θ is computed from equation 6.7.2.

To better visualise θ, figure 6.20 offers a view along the hydrostatic axis of the deviatoric plane.

For plane-strain tests, which are characterised by the ε 2 = 0 conditions, the Lode angles θ are comprised between 15 and 30 degrees, while for triaxial compression test and triaxial extension test, the Lode angle is equal to 0 and 30 degrees, respectively [START_REF] Matsuoka | True triaxial tests on normally consolidated clay and analysis of the observed shear behavior using elastoplastic constitutive models[END_REF][START_REF] Nakai | Modeling of soils behavior based on tij concept[END_REF] .21 shows the evolution of the stress difference (major stress minus minor stress) versus the axial strain in a test done at 20MPa. The labels placed alongside the red markers indicate the corresponding number of the photo used for the DIC analysis. The curve has an initial trend which is almos linear, with a slight upward curvature, and is followed by a slope inflection until the stress peak is reached. The peak is detected for a corresponding value of the axial strain equal to 0.009, and is followed by a post peak loss of resistance represented by the abrupt stress drop. The brittle failure observed was caused by a non sufficient cell stiffness and a non-optimal loading control of the pressure regulator. The brutal rupture is caused by the rapid release to the specimen of the elastic energy stored inside the loading cell, which lead to a pronounced sample shortening (see Fig. 6.1). This test is the first of the programmed tests done with the new true triaxial apparatus. The sample's surface has not been previously prepared by depositing an artificial texture, thus the resulting detail level obtained in DIC images is not comparable with that of the subsequent tests.

The relative autocorrelation coefficient map is shown in Fig. 6.23: since no speckle pattern was applied we can see how the natural texture of the material does not offer an optimal value for a detailed DIC analysis. The incremental DIC fields representing the second strain tensor invariant are shown in Fig. 6.24 and 6.25, along with the corresponding first invariant in Fig. 6.26 and 6.27 allow to perform an in-depth analysis of the band formation process. The first band (A) is identified at the 533-534 increment, located between the peak and the abrupt resistance drop of the stress-strain curve. This band starts in the upper right corner of the sample, and runs through the sample with a slope of approximately 30 degrees, measured along the vertical axis. The band, measured on the shear strain field obtained by DIC, has a thickness of 0.7 mm, which is approximately three times the mean grain size. The band exhibits a dilatant behaviour, which means that the porosity increases inside the band. Moreover, it can be observed that this specific band seems to deactivate during the abrupt stress drop.

However it reappears in the 554-558 increment, which is located at the beginning of the residual regime. The band exhibits a split in its portion near to the upper right corner in the sample. An additional stress increment, followed by a new resistance drop, leads to the formation of two additional bands, respectively (B) and (C), detected in the 608-614 and 614-620 increments. The first band (A) originate in upper right corner of the sample and runs along its surface until reaching the specimen left side, with a slope of approximately 30 degrees. The second band (B) starts on the right side of the sample and has a 35 degrees orientation: this band is visible in the 638-655 increment: it runs until reaching the upper portion of the sample and has a width of 0.64 mm. The first band (A), previously identified at the stress peak and which was almost deactivated, will become again active during the 638-655 increment, maintaining the initial width (0.7 mm) measured at the onset instant (i.e. the stress peak). Both the two bands exhibit a dilatant behaviour. Unfortunately, for what concerns the BxR_GVR_01 test, due to the lack of speckle pattern applied on the specimen surface, the transition from a diffused mode to localised deformation can not be visualised on the DIC strain fields. In fact, the first information obtained through the analysis of the incremental strain fields, is the localization band identified at the stress peak at the 533-534 increment. The bifurcation point identified on the DIC corresponds with the stress peak and has a Lode angle of 16 degrees. The stress path on the deviatoric plane, as can be seen in Fig. 6.22 , has a linear trend until the peak is reached. .28 shows the evolution of the stress difference against the normalized axial strain in the BxR_GVR_05 test, carried out at 20MPa. The curve after an initial convexity exhibit a linear portion, followed by a concavity before the stress peak is reached at a corresponding value of the axial strain equal to 0.009: after the peak a loss of resistance follows (which is well controlled by the loading system) and the curve shows an abrupt stress drop. The sample's surface has been previously prepared by depositing an artificial texture, and the resulting detail level obtained in DIC images is not optimal. The relative autocorrelation coefficient map is shown in Fig. 6.30: we can see how the the artificial texture does not offer a satisfactory value (see for further details section 6.9) for a detailed DIC analysis. The DIC incremental strain deformation fields, are shown in figures 6.31, 6.32 and 6.33, while the corresponding first invariant are shown in Fig. 6.34, 6.35 and 6.36

The first band (A) is identified at the 1448-1455 increment, located between the peak and the immediately subsequent time increment. The band originates at the right upper corner of the sample, and has a slope of 30 degrees: the band thickness was not intentionally measured at this instant, as the overwhelming amount of noise could have introduced an unacceptable bias during the determination. The following increment, which represents the abrupt sample rupture and identified by the code 1457-1458, shows the propagation of a deformation band that travels across the sample, passing almost through its centre until reaching the left side: the band has a total length of 42 mm. The band does not possess a homogeneous linear trend, since its central portion has a slope of 30 degrees along the vertical axis, while the top and tail portions are oriented along a 40 degrees direction. At the 1457-1458 increment the band's thickness, measured across the central portion, is 0.60 mm wide and exhibits a dilatant behaviour. In the subsequently analysed DIC increment, after the quasi complete unloading and while the stress slowly rises again, the band appears to be in a non-active state, and reappears only after the stress plateau has been reached.

The 1498-1529 increment, which is located on the aforementioned plateau and where a slight stress rise is still observed, shows a very slight variation of the localisation pattern at the top. A new band portion appears: this portion will join subsequently with the central part and replace the previous top part of the initial band. A discontinuity is observed between these two portions along with a change of the band's shape, located right in the area in which it has originated. After a subsequent stress drop, depicted in the 1567-1568 increment, DIC increments starting from the 1549-1567 one, shows that the band's portion located in the upper right corner appears to be more prominent than before, while also exhibiting a linear trend. The physical characteristics of the examined band had not undergone major changes during the test, since the band's width has remained constant until the end of the test and its dilatant behaviour remains confirmed.

For what concerns the BxR_GVR_05 test, the transition from a diffused mode to localised deformation can not be visualised on the DIC strain fields due the unsatisfactory quality of the speckle pattern applied. In fact, the first information obtained through the analysis of the incremental strain fields, is the localization band identified at the stress peak, at the 1448-1455 increment. The bifurcation point identified on the DIC corresponds with the stress peak and has a Lode angle of 12 degrees. The stress path on the deviatoric plane, as can be seen in Fig. 6.29 , has a linear trend until the peak is reached. .37 shows the evolution of the stress difference in a test done at 20MPa, plotted against the axial strain. The curve has an almost linear initial trend followed by a slope inflection until the stress peak is reached for an axial strain equal to 0.009, which is followed by a post peak loss of resistance represented by an abrupt stress drop. Compared to the previously discussed tests carried out at the same confining pressure, the stress-strain curve does not exhibit the convexity at the beginning of the loading. The sample's surface has been previously prepared by depositing an artificial texture, and the resulting detail level obtained in DIC images is optimal. The relative autocorrelation coefficient map is shown in Fig. 6.39: we can see how the the artificial texture does offer this time a satisfactory value (see for further details section 6.9) for a detailed DIC analysis. The fields of the second and first invariant of strain tensor are shown, in order, in Fig. 6.40, 6.42 and 6.43, 6.44.

In Fig. 6.42, at the 8608-8624 increment, it is possible to observe a dense texture of parallel and conjugated shear bands, which are also already visible in the 8579-8593 and 8593-8608 incremental strain fields. In the 8608-8624 increment, the strain field is clearly non-homogeneous, and two opposite orientations are detected: the first one, oriented along a plane that runs from the lower left corner towards the upper right corner and the second laying on an oblique plane that runs from the lower right corner towards the upper left corner of the sample. These bands exhibit a predominant slope around 45 degrees. The number of active bands reduces considerably before reaching the stress peak value (some bands still exist, but are no more active). Right after the stress peak (8655-8675 increment), the onset of two more prominent bands (A) and (B) is observed with respect to those already present in the central portion of the sample: the first (A), more pronounced and possessing a greater length, starts in the lower left corner, while the second (B) starts in the top right corner. The (A) band has a slope between 30 and 33 degrees and the (B) band has a slope that ranges between 30 and 45 degrees: their width is equal to 0.70 mm for the band on the right (B), and 0.60 mm for the band on the left (A).

Bands that are found in the central portion of the sample have a slope between 32 and 45 degrees.

The bands exhibit a general dilatant behaviour. Following the brutal stress drop (8675-8676 increment), the bands texture is no more detectable through the incremental displacement fields computed by DIC: this deformation mechanism appears deactivated, except for a portion of a band that stay at the bottom left corner. The 8676-8677 increment is characterised by a shear band that goes through the sample with a slope of about 30 degrees. It would be normal to assume that the formation of this band is the result of the coalescence of the bands nucleated at the opposite corners of the sample, and evaluated in the previously discussed 8655-8675 increment. However, when carefully examining this increment, it is possible to understand that this hypothesis is not correct, since the band observed at the peak, at the top right corner of the sample, is subsequently deactivated. From this consideration, it is easy to understand that it is not a previous band that has reached and coalesced with the band at the lower left corner of the sample, but a newly formed band, or the propagation of the A band of the 8655-8675 increment.

At the 8676-8677 increment the sample appears crossed by a deformation band that goes through its centre, starting from the lower left corner and propagating towards the right border, which is intercepted at about three quarter of the sample height: the width of the band measured at the centre is equal to 0.40 mm and shows a dilatant behaviour. The pattern made by a dense band texture is no more identifiable, although previously detected by examining the two regions of the sample separated by the band. The corresponding mechanisms seem, from this partial evidence, deactivated. However, by varying the colormap depth of this increment, it is possible to observe that the dense bands texture found with DIC at an early stage is still present, as shown in Fig. 6.41. In the 8677-8678 increment, which corresponds to an elastic unloading, we can observe a dense pattern. This can be interpreted as an elastic deformation in a specimen where elastic properties become heterogeneous due to previous strain localization. Regarding the BxR_GVR_06 test, the transition from a diffused mode to localised deformation can be visualised on the DIC strain fields due to the satisfactory quality of the speckle patternapplied.

In fact, the diffused deformation is visible well before the stress peak at the 8579-8593 increment.

The shear bifurcation occurs in the hardening regime before the peak for a Lode angle of 13 degrees. The stress path on the deviatoric plane, as can be seen in Fig. 6.38, has a linear trend until the peak is reached. The BxR_GVR_04 test has been carried out with a confining pressure of 30 MPa, and shows an almost linear initial trend of its curve (shown in Fig. 6.45), which slightly bends before the stress peak, reached for a value of about 0.011 of the axial strain. After softening a slow stress rise is then observable, until a new maximum is reached, albeit with a lower magnitude and followed right after by a new stress drop. Subsequently, the curve rise again until stabilizing on an almost horizontal plateau. The results relative to the autocorrelation maps (shown in Fig. 6.47) indicate satisfactory values in the upper portion of the specimen surface, while the lower portion is noticeably of lesser quality (for further details on the autocorrelation coefficient see section6.9). The analysis that has been carried out on the deformation fields (second and first invariant of strain tensor shown, in order in figures 6.48 and 6.49) to study their evolution, has allowed to determine the onset of localization, which was found at the 3551-3568 increment (an increment positioned at the stress peak and shown in Fig. 6.48), the band's slope is oriented at around 45 degrees.

The width of the band measured at this increment is around 0.30 mm and possess a dilatant behaviour. Following the brutal stress drop, the evolution of the deformation band is followed in the 3572-3580 increment. The band (A), located at the 3572-3580 increment, starts at the top left corner, propagate until reaching the right side of the sample at about half of the sample's height: the width of the this band is about 0.72 mm, and shows a dilatant behaviour. This band does not appear as a continuous plane, but instead appears as tiny intersecting discontinuity plane, which follows one another. The band's slope have been determined: its value is approximately 40 degrees. After the brutal stress drop, when the stress rise again progressively, this band splits into two bands. This evolution can be observed at the 3604-3644 increment. The band aspects that have been described are interpreted as 3D effects caused by bands which are not perfectly plane and parallel to the intermediate principal stress direction.

In chapter 7, which will focus on a discussion of the tomographic results, the 3D effects will be discussed. Soon after the second stress maximum is reached at the 3644-3654 increment, the subsequent stress drop leads to the deactivation of the previously described shear bands (A), and to the subsequent formation of two more bands (B) that show similar characteristics and slope as the two bands described so far. The newly formed bands originate at the opposite side of the sample, and are identified in the 3644-3654 increment. The two shear bands (A) (which were deactivated in the 3644-3654 increment) become active once again after a subsequent slight stress rise, and four shear bands (A, B, C and D) are thus identified at the end of the test in the 3673-3674 increment. They run with slopes ranging between 40 and 42 degrees: each band has a width of 0.4 mm and exhibit dilatant behaviour. In Fig. 6.46 the corresponding stress path in the deviatoric plane is shown. The bifurcation point identified on the DIC corresponds with the stress peak for a Lode angle of 11 degrees. The stress path on the deviatoric plane, as can be seen in Fig. 6.46, has a linear trend until the peak is reached. The test BxR_GVR_07 has been conducted with a confining pressure of 30 MPa. The stressstrain curve shown in Fig. 6.50 exhibits an almost linear trend in its initial portion, which is followed by a slight bend until the stress peak is reached for a corresponding axial strain of around 0.008. A stress drop (well controlled by the loading system) follows after the peak, and subsequently a slow stress rise is observed. The results relative to the autocorrelation maps (shown in Fig. 6.52) indicate rather mediocre values (for further details regarding the autocorrelation influence on the image quality see section 6.9). The study done on the evolution of the deformation fields shown in figures 6.53 and 6.54 (second invariant of strain tensor) that the onset localization is identified well before the stress peak at the 0239-0255 increment (although the bands were visible in the 209-224 and 224-239 increments, despite the noise level in the strain fields), thanks to a band's pattern on the sample's surface made of small bands oriented between 38 and 45 degrees. These deformation mechanisms are more localised near the bottom left corner, and have the tendency of propagating towards the right side of the sample, and extends for about one third its height.

These deformation mechanisms will generate, as the loading increase, a shear band (A) that will go through the whole sample propagating until reaching the right side of the sample, running along non-linear development path. The width of the band (A) was found to be 0.70 mm before the stress peak, located at the 267-280 increment. During this increment (and more clearly during increment 255-267) a set of conjugated and "en echelon" bands is detected in front of the main band. This suggests that (A) represents the outcome of an existing small band. The band propagates until reaching the right side of the sample, after the stress peak, and from this point onwards its physical characteristics remains almost constant until the stress plateau is reached. The band (A) shows a split in its centre in the 332-364 increment, and gives rise to two bands. This splitting mechanism continues evolving during the load, so that at the end of the test the original single band is divided into three intersecting bands following one another and possessing with a slope that ranges between 30 and 42 degrees. The bands' width is comprised between 0.60 and 0.64 mm, and all of them exhibit a dilatant behaviour (Fig. 6.55 and 6.56). The shear bifurcation occurs in the hardening regime before the peak for a Lode angle of 10 degrees. The stress path on the deviatoric plane, as can be seen in Fig. 6.51, has a linear trend until the peak is reached. The BxR_GVR_08 test has been carried out using a confining pressure equal to 40 MPa. The DIC strain fields are reported in figures 6.60, 6.61, 6.62 and 6.63. The results relative to the autocorrelation maps (shown in Fig. 6.59) indicate good values in the left side of the sample's surface, while the remaining area does not have the same quality level (for further details regarding the autocorrelation influence on the image quality see section 6.9). The initial portion of the curve, reported in Fig. 6.57, is linear, however, at around two thirds of the maximum stress, a pronounced deviation from this trend is observed (due to a mistake while controlling the loading device, details have been already given in 6.4.4). When analysing the 966-989 increment (which is positioned before the stress peak), a band's pattern made of small bands oriented at 38 degrees can be observed on the sample's surface. The deformation mechanisms originate at the both the top corners of the sample and propagate towards the specimens centre, intersecting between them. The lower portion of the specimen is characterized by the presence of bands coming mainly from the lower left corner and propagating toward the sample centre. A similar trend is observed in the lower portion of the sample, even though they are less pronounced.

Furthermore, by evaluating the 1013-1029 increment (which is positioned just before the peak), a small set of intersecting bands originates from the top right corner, and tends to propagate towards the centre of the sample with a slope of between 40 and 45 degrees, measured along the vertical axis. These bands seem to be a subset of the bands detected in the previous increment, while the other bands that were visible appears now as deactivated. The 1029-1050 increment, which corresponds to the deformation field computed right after the stress peak, shows a single shear band (A) that starts from the top right corner and propagate towards the core of the sample and beyond with a slope between 30 and 40 degrees. The shear band (A) do not show a linear propagating trend: its central width is 0.40 mm and the band shows a behaviour between dilatant and compactant. The 1050-1063 increment represent the last studied increment before the stress starts to slowly rise: by following the stress drop it is possible to see that the shear band (A) continues to propagate until reaching the left side of the sample, with a slope measured on the linear central portion of about 40 degrees. The 1063-1101 is the first increment that has been analysed on the stress plateau. The DIC analysis done on this increment allows to conclude that the band does not exhibit a linear trend, and, particularly towards its ends, a tendency towards the splitting becomes observable.

At the end of the test, as showed in the increment 1101-1154, the aforementioned splitting gives rise to increasingly distant shear bands, whose orientations ranges between 35 and 45 degrees. The bands' width is 0.40 mm, but this value become almost twice in the region where the two bands join. The band's pattern is well visible on the deviatoric strain field in the 1101-1154 increment, where 3-4 bands concentrating a strong deviatoric strain emerge. These bands are clearly connected and bridge zones can be observed between them. The volumetric strain field indicate that dilatancy concentrate in the band's core, while compaction tends to localize more inside the bridge zones. This analysis can be extended also to the following increment, 1154-1206. The stress path on the deviatoric plane, as can be seen in Fig. 6.58, has a linear trend until a marked drop occurs, which correspond to the loading mistake already described. The stress path is not anymore linear onward, and it regain the Lode angle of the linear portion only before the stress peak is reached.The shear bifurcation occurs in the hardening regime before the peak for a Lode angle of 10 degrees. 

Test BxR_GVR_09: 40MPa

The BxR_GVR_09 test has been conducted using a confining pressure equal to 40 MPa. The DIC deviatoric and volumetric strain fields are reported in figures 6.67, 6.68, 6.69 and 6.70.The results relative to the autocorrelation maps (shown in Fig. 6.66) indicate good values (for further details regarding the autocorrelation influence on the image quality see section 6.9). The stressstrain curve in Fig. 6.64 shows an initial linear behaviour, which is followed by a small bend until the stress peak is reached for an axial strain of 0.012. After a small and controlled softening, the stress begins to slightly rise again until reaching an almost constant value (stress plateau), then a small softening occours at about 0.025 axial strain followed by another plateau. In this test, the strain localization is found under the form of numerous diffused parallel and conjugated bands by DIC analysis at the 0282-0301 increment (visible also in the 265-282 increment), well before the stress peak. The band pattern has a better contrast in the 301-326 increment, showing some predominant shear bands that develop at the four corners of the specimen and travels towards its centre with a slope between 30 and 45 degrees.

It can be remarked that the bands seems to have a lower intensity on the central portion of the sample, than that which they exhibit on the corners, where they seem more active. It is from these initial bands that, just before the stress peak (increment 326-352), three distinct bands originate. The first band (A) is detected at the top left corner of the sample and has a slope around 42 degrees. The two other bands, which originate on the lower left (B) and lower right (C) corners, do not exhibit a linear trend and have a slope of 40 degrees for the band on the lower left corner (B), and 35 to 42 degrees for the band on the lower right corner (C). The band's width ranges between 0.50 and 0.80 mm. The shear bands are compacting and a dilatant area can be observed in front of the band (C), which is the most active band. The 383-394 increment is computed just before the stress plateau is reached. At this increment, only one band (C) is predominant: it starts in the lower right corner and propagate towards the left side of the sample, which intercepts at about half of the sample's height. The measured width is in the range between 0.60 and 0.65 mm and the band shows a contracting behaviour. The bands (A and B) previously described are deactivated in this increment.

A slight stress rise, imaged in the 394-430 increment, shows that the band (B) located in the lower left corner of the sample, becomes again active, and is still compacting, only to deactivate again after a further stress rise in the 430-464 increment. This last increment shows that the band (C) that runs across the sample, starting from the sample's lower right corner has changed its shape and orientation during its evolution, splitting into different bands that follows themselves and which do not exhibit a linear trend. The band is dilatant except in its bottom right corner where the band is transforming. In the 502-525 increment, a new band appears at the top right corner. At a close inspection this band is composed by small conjugated and "en echelon" bands. The band has a compacting character. In the following increment, corresponding to the small stress softening, this last band travels across the specimen's surface, while the other band is deactivated. The 553-587 increment analysed at the end of the stress plateau shows that two bands are predominant in the post-localization regime and a network of tiny bands is detected in this increment between them. The (E) band starts at the top right corner of the sample running across its surface until reaching the (D) band. The slope varies slightly and ranges between 35 and 45 degrees. The (D) band, conversely, starts on the left side at about half of the sample height and has a slope of 42 degrees. An in depth analysis of these bands allows to characterize their width: in the core portion the width is around 1.30 mm, while the top and tail portions are thinner, measuring around 0.50 mm. The width difference is due to the coalescence of different bands. The bands exhibits a dilatant behaviour at their ends and a contractant behaviour in the central portion (the bridge zone). This is probably linked to the material's pattern: the two bands determine a not linear sliding surface. The sliding movement causes compaction in the non-straight areas and dilatancy in the bands' terminal portion. The stress path on the deviatoric plane, as can be seen in Fig. 6.65, has a linear trend and the shear bifurcation occurs in the hardening regime before the peak for a Lode angle of 11 degrees. 

Test BxR_GVR_10: 40MPa

The BxR_GVR_10 test has been carried out maintaining using a confining pressure equal to 40 MPa. The DIC strain fields are given in figures 6.74, 6.75 and 6.76, 6.77 (second and first invariant of strain tensor, respectively). The results relative to the autocorrelation maps (shown in Fig. 6.73) indicate satisfactory values (for further details regarding the autocorrelation influence on the image quality see section 6.9). The stress-strain curve, shown in Fig. 6.71, exhibits an almost linear initial trend, followed by a small inflection just before reaching the stress peak, that occurs at a value of 0.011 of the axial strain. After a small stress drop the stress begins to rise again until reaching a constant value (stress plateau). During this test, as already reported for previous tests, the strain localization has been detected by DIC before the stress peak as a diffuse pattern made of parallel and conjugated shear bands, and specifically at the 0999-1019 increment (shown in Fig. 6.74). The band's pattern is similar to that described for test BxR_GVR_09: the detected difference consists in the preferred development of the bands at the stress peak on the lower portion of the sample. In the 1047-1061 increment the bands propagate from the corner towards the centre. After the stress peak, two bands (A, B), detected at the 1061-1074 increment, are visible on the sample's surface: they propagate from the lower corners until joining together in an area positioned at about one third of the sample's height.

Their width is approximately 0.60 mm, while their behaviour is contractant. The (B) band, propagating from the lower right corner, shows a non-linear trend with a slope that ranges between 40 and 42 degrees. Similarly to (B), even the band (A) propagating from the lower left corner exhibits a non-linear trend, and appears splitted into two bands: the first one, starting at the corner, has a slope of about 35 degrees, while the second has a slope of about 40 degrees (all measures taken along the vertical axis), the two bands being linked by a conjugated band. The area around the (A) and (B) bands shows its activity since several small bands are detected in the 1061-1074 increment. The increment computed before reaching the stress plateau, the 1078-1092, shows that only one prominent band (A) is present: it propagates from the bottom left corner towards the right side where it reaches the border at about half the sample's height and it still has a contracting behaviour. It represents the extension of bands (A), while (B) appears as being more or less deactivated. The band is not perfectly straight, and has a slope of about 42 degrees in the centre, and 30 degrees at its origin. The last computed increment, identified as 1170-1206, is placed on the stress-strain curve plateau. This increment shows a growth of (C), (D) and (E) echelon bands, while (B) band appears partially reactivated comparing its activity with the one detected in the 1076-1092 increment. Furthermore, tiny conjugated bands are detected in the area surrounding the aforementioned bands. The parallel bands that can be identified in the central portion of the sample have a slope of about 42 degrees, while the (C) band, in the lower left corner of the sample, has a slope of 35 degrees. The measured bands' width is around 0.50 mm: the bands' behaviour is dilatant towards the ends and contractant in the central portion. The stress path on the deviatoric plane, as can be seen in Fig. 6.72, has a linear trend and the shear bifurcation occurs in the hardening regime before the peak for a Lode angle of 11 degrees. The BxR_GVR_11 test was carried out maintaining a confining pressure equal to 50 MPa. The results relative to the autocorrelation maps (shown in Fig. 6.80) indicate satisfactory values, and only the right side of the sample exhibits non satisfactory values (for further details regarding the autocorrelation influence on the image quality see section 6.9). The DIC strain fields are given in figures 6.81 and 6.82.The stress-strain curve, presented in Fig. 6.78, exhibits an almost linear initial trend, followed by a small stress inflection just before the peak is reached at a value of the axial strain equal to 0.012. After a small stress drop, the stress rises again until reaching a constant value. The localization is detected before the stress peak by DIC at the 3178-3196 increment (see Fig. 6.81), as a dense strain localization pattern formed by parallel and conjugated bands: the bands' slope ranges mainly between 35 and 45 degrees. The 3230-3242 increment, which is positioned just before the stress peak, shows that the bands' pattern is less dense, and two crossing bands appear predominant on the sample's surface. In the 3242-3259 increment (after the peak) the bands (A) nucleates well before the stress peak and is identified as a series of echelon bands that coalesce during the test to give birth to a single band that, starting from the centre of the sample runs towards the sample right side, with a slope that ranges between 35 and 45 degrees. A second band (B), originating on the right side of the sample, at around half of the sample height and joining the top left corner, crosses the first band passing across its centre, and has a slope that ranges between 35 and 45 degrees. The band's width ranges between 0.50 and 0.60 mm: the behaviour is contractant. The 3259-3264 increment shows that, before the stress-strain curve plateau is reached, only the last band described (B), remains active: its measured slope is around 42 degrees. Following a small stress rise, in the 3319-3346 increment, the formation of other bands or the reactivation of previously described ones, with orientations that are parallel and intercrossing to the (B) band is observed. The bands' width ranges between 0.50 mm (where two shear bands coalesce) and 0.30 mm in correspondence of the small bands (C) and (D). The stress path on the deviatoric plane, as can be seen in Fig. 6.79, has a linear trend and the shear bifurcation occurs in the hardening regime before the peak for a Lode angle of 12 degrees. 

Analysis of early formed bands: image quality importance

Accordingly to the analysis presented in section 6.7, the onset of localization is generally found before the stress peak, occurring typically for a value around 60 to 70% of the maximum stress. However, results show also that not for every test the localization has been detected before the peak, as shown in tab. 6.6. The discrepancy between the experimental results can be explained in terms of the quality of the acquired images, (which has been assessed using the autocorrelation parameter, discussed in detail in section 5.3). The present/following chapter aims at discussing the determining factors that may reduce, until sometimes compromising, the detection of the localization onset, and also presenting and discussing the mechanisms that lead to this phenomena and that allow its persistence and propagation over time. Consequently, before detailing the study done on early band formation, a preliminary discussion, made through the use of relevant examples, will be presented to elucidate the existing connection between image quality and autocorrelation coefficient. As a result the factors that play a fundamental role in the study of the early stages of localization will become clearer to the reader. Subsequently, a discussion regarding the physical aspects of the deformation mechanisms found before the stress peak will be presented, along with a statistical analysis done on the band's length and orientation registered at three important moments: before the peak, at peak and at the end of the test. 

The autocorrelation coefficient as an image quality grading parameter

The autocorrelation coefficient (see for a detailed discussion section 5.3), has proven a valuable parameter for grading the quality of the acquired images, allowing to evaluate the speckle pattern applied on the sample before this was tested in the loading device. The speckle pattern characteristics, which have been already discussed in section 5.2, it is not the only parameter that affects the resulting image quality. Other factors like, for instance, the thin layer of lubricant, the light distribution on the sample surface and the shutter speed/aperture combination set on the camera and its focus which depens also from the parallelism of the camera's sensor with the specimen's surface, can effectively impair the final expected quality. At this effect the value of the autocorrelation coefficient is evaluated before the sample surface is lubricated and before the intermediate and minor principal direction load is applied, thus allowing a rapid speckle remake in case of unsatisfactory result. If the resulting image has the desired quality, the sample is considered ready for the load test. At this point the speckle characteristics and the shutter speed aperture parameters have already been evaluated, leaving only the lubricant variable as the only potential source capable of affecting the result. To rule out this possibility the autocorrelation value is checked again on the first photograph taken after the sample has been inserted in the load device. The autocorrelation maps relative to four tests will be presented and discussed in the following: each map will be accompanied with the relative incremental strain field, to ease the study of early localization phenomena. The selected tests are, in order, BxR_GVR_04, BxR_GVR_05, BxR_GVR_06 and BxR_GVR_08. The criteria used in the selection was to form a varied group that can exhaustively depict the relation existing between image quality and the consequent DIC results, which strongly influences the detection ability of early formed bands. Consequently, for each test, a discussion will be presented to highlight the aspects influencing the detection ability through the analysis of the respective autocorrelation coefficients.

Test BxR_GVR_04: early formed band analysis

Fig. 6.83 shows the incremental strain field 3551-3568, computed before the stress peak for the BxR_GVR_04 test, along with the vertical and horizontal global maps of the autocorrelation coefficient. By examining these maps it appears as remarkable the difference between the correlation coefficients of the upper and lower portion of the surface. In fact the sample can be ideally thought as two distinct areas: while the upper area has, particularly in the rightmost part, values of the autocorrelation coefficient that ranges between 2 and 2.5 (section 5.3 will give further details regarding the autocorrelation coefficient values),which indicate a good image quality, the lower portion appears consistently coarser, with value ranging between 3 and 4.2. Furthermore, the autocorrelation coefficient is not constant, since it can be observed that the upper portion has different values if we compare right and left portions, the latter exhibiting values between 2 and 3.8. The early localization phenomena has been found right in this area, despite the non-optimal values of the autocorrelation coefficient. It is therefore quite logical to consider that perhaps other deformation mechanisms could have been detected if only the autocorrelation values were just more similar to those of the right upper portion. The inhomogeneity found on the field of autocorrelation coefficients is reflected in DIC results. This phenomenon can be easily spotted by comparing side by side the autocorrelation maps and the 3551-3568-2 incremental strain field, computed before the stress peak. The sample surface exhibits a considerable amount of noise in its lower portion, which is just where the autocorrelation coefficient takes its higher values. The heavy inhomogeneity of autocorrelation values can be explained according to three different hypothesis. The first one attributes to a non-optimized speckle pattern application procedure, hypothesis which I am inclined to discard, since a visual inspection on the speckle pattern do not suggest in fact the non-homogeneity thesis. A second hypothesis calls into question, conversely, the lubricant distribution on the sample surface. In fact a layer too thick of lubricant could have been applied in the lower portion, thus leading to the detected non-homogeneity of the autocorrelation and DIC values. Unfortunately, no data is available for the autocorrelation coefficient computed before the lubricant application, since this test was one of the first one done during the experimental campaign and so the autocorrelation coefficient study was not fully developed. A third hypothesis consider the reduced depth of field as a possible source of blurring, which may worsen, for instance, parallelism errors between the sensor and the sample surface. 

Test BxR_GVR_05: early formed band analysis

In Fig. 6.84, the 1430-1436 incremental strain field relative to the BxR_GVR_05 test, and computed before the stress peak, is shown along with the corresponding autocorrelation coefficients maps. Amongst the test done, the BxR_GVR_05 test has been selected since it is a clear example of an unsatisfactory result, which derives from a low quality image. In fact a correct interpretation the autocorrelation coefficient maps can allow to predict the poor results obtained after with DIC. During this test no detection of early stages of localization has been possible. Furthermore, while examining the 1430-1436 incremental strain field placed before the stress peak, it becomes clear that no analysis can be carried on the onset of localization, since the average value on the maps is equal to 5 on almost all the maps. That value is reflected, in a sense, by the incremental strain field, which appears constituted mainly by a diffused noise. 

Conclusions

This section has been dedicated to highlighting the connection that exists between the values taken by the autocorrelation coefficient and the resulting image quality, which directly influences the detail level attained when the images are processed to compute the DIC incremental strain fields. The four cases that have been presented so far, have been selected as being representative of the different conditions that were encountered during the experimental campaign. From the comparison between the autocorrelation maps and the incremental strain field results, it has emerged that when the autocorrelation values are above a certain limit, then the strain localization can not be anymore detected. Consequently, an optimal range of autocorrelation values has been deduced: basing on our work the optimal range is between 2.5 and 3. Inside this range a thorough analysis can be confidently carried out, since the resulting strain fields are not adversely affected by noise, thus allowing the detection of subtle phenomena like the early stages of localization. The details provided in this section are intended as a preparatory material to ease the understanding of the following section, which will focus on the early localization phenomena and to its persistence during the evolution of the load over time. Consequently, only tests where strain localization has been detected before the stress peak will be discussed.

Analysis of early band's formation and their persistence over time: introduction

The following section will focus on the discussion of the tests for which an analysis on the early localization has been carried out. The tests that will be presented are, in order: BxR_GVR_04, BxR_GVR_06, BxR_GVR_07, BxR_GVR_08, BxR_GVR_09, BxR_GVR_10 and BxR_GVR_11.

For each aforementioned test the incremental strain fields computed before the stress peak has been analysed to detect the onset of localization and allow, then, to determine its persistence at the stress peak. In fact, amongst the available increment three have been selected to be representative of the three topic moments in the load history of the sample, which are, respective: the onset of localization, the peak, and the end of the test. A full classification of the bands orientation and length has been also carried out in order to allow a comparison with the bands recorded at the stress peak and at the end of the test, to detect eventual variations in the orientation. This analysis will allow also to evaluate the influence of different values of the confining pressure on the early formation of bands. Furthermore, to detect in the most accurate way the persistence during the load of the early formed bands, the incremental strain field relative to different moments have been overlaid. Typically at least three overlays have been executed, comparing the results before peak with those at peak, then strain map at peak with that at the end of the test, and a comparison with the result from before peak with those at the end of the test. The band's characterization will be concluded, for every test, by a statistical analysis of the data measured, that will resume the observed phenomena in a more compact and integrated form.

Analysis method

In order to perform an accurate analysis of the early stages of the band's formation process it is mandatory to work on a set of highly detailed images which are constituted, in our case, essentially by high resolution incremental strain fields. The selected strain increments will be identified in the stress -strain curve with a green placeholder to locate its position in the sample loading timeline. The incremental strain maps have been typically split into four sub-quadrants, to allow both a detailed analysis to be performed on each quadrant and, also, ease the description and discussion of the phenomena detected. Noteworthy special cases are tests BxR_GVR_04 and BxR_GVR_08, where the sub-quadrant analysis approach has not been used since the low number of detected bands did not justify the application of the method. As a general rule, the incremental strain field where the band's analysis will be performed will be presented in a separate figure along with its magnification. The areas where a band analysis has been carried out will be identified on the magnified strain field by means of a white square. The areas within the white squares are reproduced in magnified form to the right of the strain field and contain the measured band's orientation. All the lengths and orientations measured in the quadrants are registered and then integrated in a coherent form into an Excel spreadsheet table, to be then subsequently presented in histogram form. Subsequently, to allow the comparison between the strain field obtained at the stress peak and those relative to the increments selected before and after it, a separate figure will simultaneously show the three strain fields. The bands that have been previously analysed using the quadrant method will be then highlighted with a circular marker. It should be noted that the circular marker positioning is absolute, so that the circles are always at the same distance from the sample border, regardless of the strain increment considered. A final note should be given also on the overlap figures. All the overlaps take into account the progressive sample shortening and the total shortening after the test has been measured from the images taken at the beginning of the test an at the end. When considering the overlay between the strain fields before the peak and at the end of the test, it must be considered that the height difference that can be seen is due to the sample shortening.

Test BxR_GVR_04: analysis of early formed bands

The stress strain curve relative to the BxR_GVR_04 is presented along with the selected incremental strain fields in Fig. 6.87. The presentation order that will be used for figures in the following discussion has been already discussed in 6.10.1, along with an explanation of the criteria that lays behind their current arrangement. The strain field were analysed and the onset of strain localization was found at an early stage of the loading. In fact, as can be seen from the 3551-3568 incremental strain field, the deformation localization is found before the stress peak.

Localization appears as small bands, which concentrates on a small sample area located in the upper left portion, with orientations ranging from 35 to 45 degrees, and lengths varying from 1.4 to 3.1 mm (see Fig. 6.88). The bands which were detected in the upper left corner, follow one after the other until the sample's surface core is reached at a distance from the border of 15 mm (which is approximately equal to one third of the sample height). Furthermore, it can be observed that some bands that are closer to the corner, are conjugated bands, rather than those that are located towards the centre, which tend to be longer, but are not accompanied by conjugated bands.

To evaluate and analyse the persistence of early formed bands at the stress peak, in Fig. 6.89 are presented all the incremental deformation fields that were selected for discussion: the previously detailed 3551-3568 increment (before the stress peak), the 3568-3572 increment (at the stress peak), the 3604-3644 and 3654-3664 increments (after the stress peak), and finally the 3673-3674 increment, positioned at the end of the test. Looking at the 3568-3572 increment, a band that does not lays on a single linear plane is observable: it propagates, instead, with different orientation for about 21.3 mm towards the sample centre, and maintains the same slopes measured in the 3551-3568 increment, which was computed before the stress peak. The 3604-3644 increment, shows a band that originates on the upper left corner of the sample and runs towards the sample right side. This band has different slopes along its length. A first portion is oriented at 40 degrees and has length equal to 9.9 mm, while a second portion is oriented at 33 degrees and has a length of 6.6 mm, while the last segment, with a slope of 35 degrees, has a length of 5.9 mm. This band has at its left, a parallel band which is 6.1 mm long, while at its right it is possible to find a band oriented at 33 degrees, and extending for 3.3 mm, which comes from the second segment of the principal band (the one oriented at 33 degrees).

The birth of a new band is detected on the right side of the sample, exhibiting a first portion oriented a 30 degrees with a length of 8.3 mm and a second portion oriented at 40 degrees and measuring 10.9 mm. The distance that separates the aforementioned bands is 1.8 mm, measured at the band's centre where the formation of conjugate bands is observed. In the next strain field examined after the second softening, the 3654-3664, the deformation bands which had originated in the upper right corner and on the right side, are not anymore detectable, although two new bands are found. The first band originating on the left side of the specimen, possess a slope of 37 degrees and propagates toward the centre with a length of 20.5 mm, while the second band, although possessing the same slope (37 degrees), starts instead in the upper right corner and has a total length of 16 mm. The distance between the two principal bands, measured in the region where they run parallel, is 2 mm: conjugated bands running with a slope of 30 degrees are also found inside this bridge region.

The strain field 3673-3674, positioned at the end of the test, shows a band pattern whose analysis is complex, and must rely on the comparison with the previous described increments to correctly identify the shear bands activation and deactivation mechanisms. In fact, the strain field exhibits for classification a number of different bands. The first band detected, which lays on a single, although non-linear plane, originate on the upper left corner of the sample and propagates for 9.1 mm, with a slope of 37 degrees in the first portion, then changes to a 43 degrees orientation in the second portion and runs for 3.7 mm. This band seems to be the same detected in the upper left corner in the 3604-3644 increment. The other band examined is the one that starts on the left side of the sample, which runs with a slope of 37 degrees for 18.9 mm towards the sample centre. This band exhibit in its ending portion two conjugated bands, one standing on its the left, and one on its right. The one which stands on the left, propagates towards the upper left corner, laying on a plane which does not present a constant orientation.

In fact, the band has initially a slope of 33 degrees and a length of 2.8 mm, then the slope increases progressively to 36 degrees for a length of 4 mm and then to 42 degrees for 5.8 mm. The band that has just been examined in the above lines seems to be the same one which was detected at the 3604-3664 increment, located on the right respect to the principal band that has formed on the upper left corner. Besides that, the other band that was detected on the upper right corner of the sample is the same detected at the 3654-3664 increment. The band which is detected at the right side of the sample, lays on a single, non-linear, plane that has a slope varying between 30 and 40 degrees, and propagates for 11.8 mm towards the sample centre. Furthermore, at its right, another band is observed, oriented at 32 degrees and propagating for 13.5 mm, until it crosses the band detected on the right side of the sample. 

Test BxR_GVR_06: analysis of early formed bands

The stress strain curve relative to the BxR_GVR_06 test is presented along with the selected incremental strain field in Fig. 6.94. The previous analysis made on the BxR_GVR_04 test, has shown that the bands detected before the stress peak occupied only a small sample area. Conversely, the BxR_GVR_06 test, exhibits in the sample surface a dense small bands formation. The bands were detected early through the incremental strain field 8608-8624. The same criterion chosen to analyse the BxR_GVR_04 test, has been used in order to detect the early localization. Small interesting areas of the pattern have been identified and marked with the aid of white squares positioned on the incremental strain field examined (figures 6.96 -6.99). However, some areas of the pattern, even if containing deformation mechanisms, were excluded from the analysis since they exhibit particular physical characteristics, which do not allow accurate measurements to be taken. To illustrate this issue, Fig. 6.100 shows a magnification of a small sample area, characterized by the particular, and non-measurable, deformation mechanisms mentioned above.

By observing the areas where a band analysis has been performed, which are identified in the magnified strain field by means of a white square, it can be seen that the bands detected before the stress peak has variable orientations ranging between 30 and 50 degrees, with lengths varying from 1.4 to 3.1 mm. Furthermore, when examining Fig. 6.101, which display the three incremental strain fields chosen for this analysis, respectively the 8608-8624 increment (before the stress peak), the (8655-8675) increment (after the stress peak), and finally the (8655-8675) increment (at the end of the test), we can follow the onset of the early localization, its persistence and its evolution during the test. From a first visual analysis, done by observing the three patterns related to the incremental strain fields chosen, it can be observed that in the 8608-8624 increment, a dense small bands formation can be detected on the sample surface, which concentrates more on the corners and on the specimen surface core. It is remarkable how this diffused pattern of shear bands appears soon after the stress-strain curve has lost its linear regime. The dense band pattern detected before the stress peak, is not found when analysing the 8655-8675 increment (at the stress peak), although the presence of two predominant bands is observable.

The bands originate in the lower left corner and in the upper right corner of the sample. The band located in the upper right corner lays on a single non-linear plane, that has orientations ranging between 30 and 45 degrees, and propagates for a length of 9.7 mm. The end of this band is characterized by three small "en echelon" bands. The band found starting at the bottom left of the sample, lays instead, on a single plane and is characterized by different orientations, ranging between 30 and 33 degrees, its length is 7.8 mm. The final part of the band, right after the continuous portion just described, continues to propagate towards the centre of the sample reaching about one third of its height through a series of small echelon bands, that exhibit lengths comprised between 1.3 and 2.2 mm and varying orientation ranging between 38 and 45 degrees.In the core of the sample surface, the presence of some bands is detected, with orientation ranging between 32 and 45 degrees and lengths comprised between 1.3 and 5.8 mm. The analysis conducted on the 8803-8836 increment at the end of the test, detect two bands on the strain field. The first band starts on the right side of the sample and propagates toward the centre with a length of 20.8 mm, with an orientation ranging between 20 and 28 degrees.

Conversely, the other band band, which has been detected in the lower left corner of the sample, propagates for 16.3 mm and appears as laying on a single plane that has multiple orientation: it begins with a slope of 40 degrees, then shifts to a 35 degree in a second portion to end with an orientation of 30 degrees. After having described the onset of the early localization and its evolution during the test through the support of incremental deformation fields, it is possible to begin a separate analysis, in order to evaluate their persistence. For this purpose, the considerations made will refer to the overlap of the incremental strain fields shown in Fig. 6.102 and 6.103. The overlay, made from the 8608-8624 incremental strain field (calculated before the stress peak) and at the 8655-8675 increment (at the stress peak), highlights how the bands detected at the stress peak on the upper right and lower left corner develops from the coalescence of the bands detected before the stress peak. Furthermore, the overlay of the two strain fields shows that the dense bands detected before the stress peak, are not detected just after the stress peak. However, it appears clear that the bands that are still present at the stress peak, are the same detected early in the 8608-8624 strain field (placed before the peak). It appears that while some of the early band deactivate, a few other remain active. The analysis made on the overlap of the 8655-8675 incremental strain field (after the stress peak) and 8803-8836 strain field (at the end of the test), shows that both two increments confirm the presence of the band located in the lower left corner, although its orientations has changed between the two increments, has it has it has been already discussed. Furthermore, the band on the upper right corner, at the stress peak appears deactivated at the end of the test. In Fig. 6.104 (Top) the number of bands computed with respect to the different measured slopes is presented. From this figure we can observe that before the stress peak the most frequent bands possess an orientation ranging between 30 and 50 degrees. After the stress peak the slope reduces considerably and the most frequent value is around 30 degrees. In Fig. 6.104 (Bottom) is instead presented the cumulative bands' lenght measured with respect to their orientation (measured taking as reference the vertical axis). The histograms shows that, for bands measured before the stress peak, the higher cumulative lenght is associated with bands oriented at 45 degrees. At the stress peak, the higher cumulative lenght values are measured for orientations ranging between 38 and 42 degrees. After the stress peak the bands' cumulative lenght ranges between 20 and 30 degrees. .105 shows the stress strain curve relative to the BxR_GVR_07 test: the green markers on the curve indicate the increments that have been chosen to study the band's early formation and persistence over time using the strain fields. The results obtained for this test will be presented in a different way, compared to the method which has been used so far to discuss the other tests. The main difference lays in the fact that the analysis has been divided in two separate steps. This procedure has been used in order to thoroughly characterize the deformation mechanisms on the sample surface. As a general rule, when analysing the strain field, it is necessary to adjust the colormap in order to find the best parameters that maximize the readability of the full strain field. In fact, once a specific set of upper and lower colormap limits has been chosen, it should be remembered that a compromise has been implicitly made on the variability of the data that can be fully represented by the chromatic scale. Since in this test neither of the parameters set were entirely able to offer the desired representation clarity (compare Fig. 6.106 and Fig. 6.111), it has been decided to analyse the increment by applaying for every different steps a different colormap.

The physical reason that lays between this decision could be ascribed to the deformation mechanisms that developed during the load. Generally, the incremental strain fields analysed before the stress peak, shows a diffused patterns of shear bands on the sample surface, which often do not tend to concentrate on a specific area, neither has a bold or defined contours. Conversely, the BxR_GVR_07 incremental strain field, measured before the stress peak, exhibits a clear, well developed, band located in the sample lower portion, with no visible signs of diffused strain localization. To clearly visualize this band, some small tweaks of the colormap parameters are sufficient, although these settings do not allow a full surface analysis. To solve this issue the higher and lower values of the colormap have been tweaked accordingly, to allow the full surface analysis. However, as previously anticipated, the new colormap settings compromise irremediably the band's appearance, producing a huge colour saturation. Therefore, the deformation mechanisms analysis has been done firstly on the lower portion of the sample, and subsequently, prior to a colormap adaptation, on the whole sample surface. In Fig. 6.110 the stress strain curve relative to the BxR_GVR_07 test has been presented: the green markers identify the selected incremental strain fields, which are shown with two different colormap settings in order to rapidly visualise the differences that colormap adjustment produces.

The first group represents the strain fields, with no changes from the Matlab automatic settings, while the second group represent the modified strain field that will be used for the analysis.

The following discussion will be made considering the images of the second group, to investigate the band formed in the lower area of the sample surface. Figure 6.107 shows the incremental strain field 0239-0255, computed before the stress peak. The deformation mechanisms starts in the lower left area, at a distance from the left sample border equal to 1.6 mm. The band appears formed by the propagation of "en echelon" bands, following one after the other until the band reaches the specimen surface core. The total band length is 9.3 mm. The echelon bands orientation varies from 36 to 55 degrees and their individual lengths range from 1.7 to 2.7 mm. Five incremental strain fields have been used to fully characterize the onset, the eventual evolution and persistence of early formed bands. Two of all the strain fields considered, respectively the 0239-0255 and the 0255-0267, are placed before the stress peak, while the other follow are placed at critical points like the stress peak (increment 0280-0292), after the rupture (increment 0298-0299) and at the end of the test (increment 0423-0459). The band's evolution can be followed by comparing the two strain field placed before the stress peak. The band analysed in the second increment 0225-0267, appears continuous, propagating for 3.2 mm with a slope of 30 degrees. The band appears subsequently not laying anymore on a single bedding plane, but rather on an ideally prolongation of it, and appears as a succession of echelon bands that maintains the orientation of those already detected at the 0239-0255 increment, the only difference being the tendency towards the propagation towards the sample centre: the measured length is 13.0 mm. The 0280-0292 increment (at the stress peak), shows instead a band that lays on a single non-linear plane, with slopes varying from 33 to 45 degrees. This band propagates diagonally towards the centre of the sample almost reaching a length equal to half the sample's height. In the area located near to the terminal portion of the aforementioned band (this last segment of the band is oriented at 44 degrees), the presence of conjugated bands is found in the upper portion. Additionally, a number of tiny bands possessing a slope around 45 degrees is found in this area. The area located at the end of the principal band, shows the presence of echelon bands with slopes ranging between 34 and 41 degrees. The 0298-0299 increment shows a band that propagates until reaching the right side of the sample, and lays on a single plane possessing orientations ranging from 30 to 40 degrees.

The 0423-0459 increment shows, instead, a band that starts from the right side of the sample and which travels standing on a single plane that changes orientation from 30 to 45 degrees, until reaching the sample core. Furthermore, a second band originates on the bottom left sample corner and runs with a slope of 42 degrees for 1.7 mm, after which it changes orientation to 35 degrees, and then continues running with a slope of 9.1 mm. Another band is observed, starting from the central portion of the last described band, which aims toward the centre of the sample with a slope of 32 degrees. The distance between these two bands, measured where they run parallel, is 0.6 mm. Between the bands three conjugated bands are also detected. In order to classify the persistence of the early formed bands during this first reported analysis, a series of overlap has been done between the incremental strain fields, shown in Fig. 6.108, 6.109. This makes it easier to understand the early-detected deformation mechanisms before the stress peak, their persistence and the natural evolution in increments evaluated before and at peak stress. Instead, the overlaps made with the increments positioned between the peak stress and the increments after the peak, highlight how some of the deformation mechanisms found at the stress peak are deactivated, and particularly how the bands at the end of test exhibits a different orientation and geometry.

In the following, the analysis made to detect signs of early localization on the entire sample surface will be discussed. In Fig. 6.111 the 0239-0255 incremental strain field (placed before the stress peak) is shown through a different colormap scale, in order to clearly detect the active deformation mechanisms in the material that can be viewed as a diffused pattern of shear bands. The analysed bands have different orientations, which vary between 30 and 55 degrees, as it can be observed from the magnification placed next to the four quadrants, representative of the examined areas. By carefully analysing the chosen incremental strain fields, we conclude that the detection of the early band's persistence on the entire surface of the sample is not easy to follow. In fact the analysis do not allow to confirm without doubts the identification of early deformation mechanisms in the incremental strain fields examined before the stress peak and after it. Furthermore, the lack of clear detection of early formed bands is further emphasised in the overlaps shown in Fig. 6.117, 6.118 of the incremental strain fields, which forces us to affirm that it is not possible for this specific test to characterize the bands persistence has it has been already done for other tests.

However, the numerous conjugated bands that are detected near the shear bands propagating from the bottom left corner (especially in increment 280-292 in Fig. 6.116) can be viewed as early bands that were already previously existing. To conclude on this test it can be noted that the diffused pattern of shear bands appears just after the stress-strain curve lost its linear trend, like it has been already shown for test BxR_GVR_06. In Fig. 6.119 (top) the number of bands computed with respect to the different measured slopes is presented. From this figure we can observe that before the stress peak the most frequent bands possess an orientation ranging between 30 and 55 degrees. After the stress peak the slope reduces considerably and the most frequent value is between 30 and 35 degrees. In Fig. 6.119 (bottom) is instead presented the cumulative bands' lenght measured with respect to their orientation (measured taking as reference the vertical axis). The histograms shows that, for bands measured before the stress peak, the higher cumulative lenght is associated with bands oriented between 40 and 45 degrees. At the stress peak, the higher cumulative lenght value is measured for orientations of mainly 40 degrees. After the stress peak the bands' cumulative lenght is mainly 35 degrees. 

Test BxR_GVR_08 : analysis of early formed bands

The stress strain curve relative to the BxR_GVR_08 is presented along with the selected incremental strain fields in Fig. 6.120. The presentation order of figures that will be used for the following discussion, along with an explanation of the criteria that lays behind their current arrangement, has been already discussed in 6.10.1. As can be seen from the 1013-1029 (and in 0989-1013) incremental strain field, the deformation localization is found before the stress peak and the analysis conducted has detected the presence of a band originating on the upper right corner of the sample and propagating for 19.3 mm with an orientation of 45 degrees. This band is characterized by the concurring presence of other conjugated bands possessing slopes ranging between 40 and 45 degrees. Four incremental shear strain fields were selected to analyse this test, shown in Fig. 6.122. The first examined increment is the 1029-1050 increment (placed right after the stress peak) through which the presence of small "en echelon" bands can be detected on the upper right corner, with orientations ranging from 40 to 43 degrees. These bands propagates for 4 mm, until they meet a band which exhibits a single non-linear plane, with orientation ranging between 25 and 40 degrees and propagating for 24.1 mm towards the left side of the sample.

Through the 1063-1101 increment we detect a band that runs across the sample: it starts from the left side and propagate for 22.6 mm toward the upper right corner, with a slope of about 40 degrees. The final portion of this band splits into two branches, leading to the formation of two bands oriented at 40 degrees, which propagate for 4.3 mm: the distance between these two bands is 0.4 mm. The top right corner of the sample is characterized by the presence of two bands whose orientation is approximately 30 degrees. The last 1154-1206 increment examined show two bands: one band starts from the left side, and run across the sample surface for 18.9 mm with a slope comprised between 30 and 37 degrees, while a second band is located in the upper right corner and propagates toward the sample surface core for 17.3 mm. The end of this band is characterized by the presence of "en echelon" bands, with orientations ranging between 33 and 40 degrees. The two aforementioned bands, which travel across the sample surface, are separated by a distance of 3 mm, and in the bridge zone we observe the presence of conjugated bands with slopes ranging between 32 and 38 degrees, possessing lengths comprised between 1.2 and 2 mm.

Through the overlap made between the 1013-1029 increment and with the 1029-1050 increment, shown in Fig. 6.123, it is possible to find that the portion of the band oriented at 40 degree, which was detected at the peak stress, is in fact the result of the coalescence of "en echelon" bands observed in the same area in the 1013-1029 increment before the stress peak. Furthermore, by examining the overlap made with the 1029-1050 increment and the 1154-1206 increment, shown in Fig. 6.123, we can see that the band observed right after stress peak is only partially detectable at the end of the test. To be more accurate, only the band's segment, which was identified in the upper left portion of the band oriented at 40 degrees, is detected. Moreover, the presence of "en echelon" bands can be observed in the overlap realized between the 1013-1029 and 1154-1206 increments, shown in Fig. 6.124. The "en echelon" bands are positioned just between the two bands detected at the end of the test, and this lead to consider the fact that they may derive from the deformation mechanisms detected before the stress peak. In Fig. 6.125 (top) the number of bands computed with respect to the different measured slopes is presented. From this figure we can observe that before the stress peak the most frequent bands possess an orientation ranging between 38 and 45 degrees. After the stress peak the slope reduces considerably and the most frequent value is around 40 degrees. In Fig. 6.125 (bottom) is instead presented the cumulative bands' lenght measured with respect to their orientation (measured taking as reference the vertical axis). The histograms shows that, for bands measured before the stress peak, the higher cumulative lenght is associated with bands oriented between 40 and 45 degrees. At the stress peak, the higher cumulative lenght value is measured for orientations of mainly 40 degrees. After the stress peak the bands' cumulative lenght is mainly 38 degrees. .126 shows the stress-strain curve relative to the BxR_GVR_09 test: the green segments on the curve, mark the selected strain incremental fields for early bands formation and persistence analysis. Figure 6.127 shows the 0282-0301 incremental deformation field, through which the onset of localization has been identified right after the stress-strain curve lost its linearity: a diffused pattern of shear bands is found on specimen surface, becoming generally more dense around the corners. Furthermore, a marked propagating tendency towards the specimen surface core is observable, with a total length approximately equivalent to one third of the sample's height. The band's orientation ranges from 28 to 55 degrees. A total of six incremental strain fields have been considered to analyse this test, shown in Fig. 6.132. The first incremental strain field considered has been the 0352-0372, which is placed just after the stress peak, and where a band starting in the upper left corner of the sample can be observed. The band has a slope that ranges between 40 and 45 degrees and a total length of 7.48 mm. Moreover, just at 1.41 mm from the end of this band, another band with a 41 degrees orientation is detected.

By means of white markers that allows following the persistence of early formed bands, the 0282-0301 increment (before the peak) and the 0352-0372 increment (at the peak), have been concurrently analysed to find that the bands, found before the stress peak, are still detectable just after the peak. The same results are obtained when considering the lower area of the specimen surface. The deformation mechanisms found before the stress peak are then found to be the precursors of the bands which will be later identified at the stress peak. The lower area of the specimen surface is characterized by two distinct bands: the first one is detected at 1.4 mm from the inner membrane left border, and appears as laying on a non-linear plane, thus exhibiting a variable slope comprised between 30 and 42 degrees and a total length of 9.4 mm. At its end, concentred in a small area, other bands are detected, with orientations ranging from 42 to 45 degrees and lengths comprised between 1.1 and 2.0 mm. The second main band that runs across the sample surface at the peak, starts, conversely, at the lower right corner. Even this band is born from the coalescence of the deformation mechanisms detected before the stress peak. Its length is 14 mm, propagating towards the surface core, until reaching almost one third of the specimen total height and reaching the height of the other previously described main band and going past it. The band slope is comprised between 30 and 45 degrees, orientation shared also by other detected conjugated bands, while the measured length spans between 1.2 and 2.1 millimeters.

In the 0383-0394 incremental strain field, it is observed that the previously detected bands found in the lower and in the upper left corners of the sample appear de-activated. Conversely, we observe the propagation of the band detected at the right corner of the specimen at the stress peak: this band propagates until reaching the left side of the same with a slope comprised between 33 and 40 degrees. This evolution trend was expected. In fact, by analysing the increment just after the stress peak, the presence of " en echelon" bands that tends to propagate toward the left side of the sample can be observed, located in the area placed just in front of the band that originated from the right hand side, like a process zone. The 0394-0430 increment shows globally the same bands found at the stress peak. However, the band that in the 0383-0394 increment ran through the sample until reaching the left side, appears partially deactivated, leaving " en echelon" bands in its place as residuals of propagation, and the band at the lower left corner appears to be active again. The incremental deformation field 0502-0525 shows the birth of a new shear band in the upper right corner, propagating towards the left side for 23 mm, in the form of " en echelon" bands and continuous plane. The continuous planes that contribute to this band formation, shows an orientation comprised between 40 and 42 degrees, while the "en echelon" bands are oriented between 40 and 45 degrees. The band in the lower right corner, develop towards the sample surface inner core for 14.3 mm with a slope ranging between 37 and 45 degrees, while the band that has been found at the left side becomes again active, appearing as a unique plane that develops for 14.2 mm. At half of its length a second, conjugated, band is found, that has a slightly curved shape and propagates towards the lower portion of the sample with a length of 14.9 mm. The distance, measured in the central area, between the aforementioned band and the band coming from the lower right corner, is 2.8 mm. Furthermore, the central area exhibit also some conjugated bands oriented between 40 and 45 degrees. In order to detect the persistence and the temporal evolution of the phenomena found before the stress peak at the 0282-0301 increment, and those found at the peak, at the 0352-0372 increment, an overlap image has been made for the aforementioned increments, shown in Fig. 6. [START_REF] Mogi | Effect of the triaxial stress system on the failure of dolomite and limestone[END_REF]. By closely examining the overlaid images, the bands detected in the upper left corner are found in both increments, and so are the deformation mechanisms located in the lower area of the sample's surface.

Conversely, the overlap made from the 0352-0372 and 0583-0587 increment in Fig. 6.133, shows that the bands analysed just after the stress peak are not anymore detected at the end of the test. The same conclusion is obtained when examining the overlap made with the 0282-0301 increment (before the stress peak) with the 0553-0587 (after the stress peak), shown in Fig. 6.133 . The overlaps made from the incremental strain field 0352-0372 and 0394-0364, along with that made from 0352-0372 with 0502-0525, shown in Fig. 6.134 and 6.135 serve the scope of illustrating the activation and deformation mechanisms during the test. In Fig. 6.136 (top) the number of bands computed with respect to the different measured slopes is presented. In this figure we can observe that, before the stress peak, the most frequent bands possess an orientation ranging between 35 and 45 degrees. After the stress peak the slope reduces considerably and the most frequent value is between 40 and 45 degrees. In Fig. 6.136 (bottom) is instead presented the cumulative bands' lenght measured with respect to their orientation (measured taking as reference the vertical axis). The histograms shows that, for bands measured before the stress peak, the higher cumulative lenght is associated with bands oriented between 45 and 48 degrees. At the stress peak, the higher cumulative lenght value is measured for orientations of mainly 40 degrees. After the stress peak the bands' cumulative lenght stands mainly between 38 and 45 degrees. 

Test BxR_GVR_10: analysis of early formed bands

The stress strain curve relative to the BxR_GVR_10 is presented along with the selected incremental strain fields in Fig. 6.137. The presentation order of figures that will be used for the following discussion, along with an explanation of the criteria that lays behind their current arrangement, has been already discussed in 6.10.1. Five incremental strain fields, shown in Fig. 6.143 were selected to carry out the analysis on this test, two of which were chosen before the stress peak. The onset of strain localization was found at an early stage of the loading, which is clearly visible in the 1019-1035 increment (positioned before the stress peak) and shown in Fig. 6.138, where it is clear that the localised deformation mechanisms are more or less homogeneously distributed on the whole sample surface. However, some of the bands detected on the sample surface, are more prominent than others, and in order to analyse the persistence of the early localization phenomena, all the detectable bands, were identified using a white marker as shown in Fig. 6.143. The same markers are placed on the first 1019-1035 increment. In order to maintain a consistency of identification throughout the analysed increments, the markers are always placed in the same position, thus acting as a fixed reference.

Through the analysis conducted on the 1047-1061 increment (analysed before the stress peak), it can be seen that the early localization detected in the 1019-1035 increment (first increment analysed before peak stress), appear now on the specimen surface as less dense and uniformly distributed. In fact, the lower sample area appears to be the one that is more affected by the early localization phenomena, and where the bands exhibit their tendency to propagate from the specimen corners towards its centre, with a total length that is equal approximately to one third of the specimen height. By observing the 1061-1074 increment placed on the stress peak, it is possible to conclude that no early deformation mechanism is active in the upper area of the sample. Conversely, in the lower portion of the sample, two bands are detected: one of them, start at a distance of 2 mm from the lower left corner and propagates for 17.5 mm toward the specimen centre. This band does not lay on a single plane, but it is rather the fusion of two parallel bands by means of conjugate bands: the orientation of the band planes varies between 36 and 45 degrees. The band detected on the lower right corner of the sample, shows an orientation ranging between 30 and 45 degrees, and propagate for 17.4 mm, until it intercepts the band that originates from the lower left side of the sample.

In the 1078-1092 increment another band was detected, starting at the lower left corner and propagating for 6.7 mm with an orientation of 30 degrees. Furthermore, positioned at 2.2 mm from its end, another band has been detected, propagating with an orientation ranging between 35 and 40 degrees toward the right side of the sample at about half the sample height. The band detected on the lower right corner in the previously described increments, appears here (1078-1092) deactivated. Since the 1170-1206 incremental strain field exhibit a more complex pattern, it requires an elaborated discussion in order to accurately describe the analysed deformation mechanisms. The first band that has been examined was identified on the lower left corner of the sample. This band has two different orientations: a first portion has a slope of 30 degrees and propagates for 7.5 mm, while a second segment of the band has an orientation of 45 degrees and a length of 3.66 mm. A new band has been detected, positioned just at the right of the first band analysed, and near to the portion of the band which presents a slope of 30 degrees: this newly detected band has an orientation of 33 degrees and is 2.4 mm long. Furthermore, an area with the presence of some bands with a slope ranging between 33 and 45 degrees has been detected, this time positioned near to the band oriented at 45 degrees: these bands propagate for a length ranging between 2 and 3.6 mm. The presence of two bands is detected on the right side of the sample. They originate at about half of the sample height and have the following characteristics: the first one, oriented at 33 degrees, has a length of 6.1 mm, while the longest band, with a length 10.2 mm, has a variable orientation ranging between 33 and 40 degrees. Two other bands are found on the sample surface, one of which seems to be an extension of the band previously detected and oriented at 33 degrees. This last band propagate towards the sample centre with an orientation of 40 degrees and a length of 9.1 mm. Moreover, the other band, found right on the left of this band, shares with it the same orientation and propagate for 9.9 mm. The distance between the aforementioned bands is 0.8 mm, and in-between the bands, it is possible to detect three conjugated bands with an orientation of 45 degrees. From Fig. 6.144, 6.145 and 6.146, representing the overlap between the different incremental strain fields that has been examined, it is possible to see how the deformation mechanisms detected before the peak stress, coalesce to give rise to the bands detected soon after at the stress peak, and subsequently, see how these bands are transformed during their evolution over time. In Fig. 6.147 (top) the number of bands computed with respect to the different measured slopes is presented. In this figure we can observe that, before the stress peak, the most frequent bands possess an orientation ranging between 35 and 38 degrees. After the stress peak the slope reduces considerably and the most frequent value is between 35 and 48 degrees. In Fig. 6.147 (bottom) is instead presented the cumulative bands' lenght measured with respect to their orientation (measured taking as reference the vertical axis). The histograms shows that, for bands measured before the stress peak, the higher cumulative lenght is associated with bands oriented at 38 degrees. At the stress peak, the higher cumulative lenght value is measured for orientations of mainly 42 degrees. After the stress peak the bands' cumulative lenght stands mainly between 40 and 45 degrees. 

Test BxR_GVR_11: analysis of early formed bands

The stress strain curve relative to the BxR_GVR_11 (50 MPa) is presented along with the selected incremental strain fields in Fig. 6.148. The discussion uses a figure presentation order which has been already discussed in 6.10.1, along with an explanation of the criteria that lays behind the figures arrangement. The strain localization has been detected before the stress peak, identified at the 3213-3230 increment, show in Fig. 6.149. As can be seen from the shown incremental strain field, the onset of strain localization appears as a diffused pattern of shear bands on the specimen surface, although the central part of the sample exhibit some more prominent bands. The examined bands show an orientation ranging between 30 and 60 degrees, and their length is in the range between 1.3 and 5.5 mm. The early band analysis aims at finding the onset of strain localization, and determine whether the bands that appear to be more prominent on the sample surface at the localisation, will be the ones that will subsequently give birth to the bands detected on the sample surface at the stress peak. At this regard, figure 6.150 shows the strain increments chosen in order to study the persistence of the earlayr bands and their evolution over time.

Through the analysis of the 3213-3230 incremental strain field (before the stress peak), it is possible to imagine which will be the persistent bands at the stress peak. In fact, by comparing the 3242-3259 increment (after the stress peak) to the 3213-3230 increment (before the stress peak), we can see that a large number of the previously examined bands, which appeared homogeneously distributed on the specimen surface, are now deactivated. Furthermore, the presence of two bands that runs across the sample is observed. A first band, starting from the right side, propagates toward the left side for a length of 16 mm, ending shortly past its centre. The other band originates on the right side of the specimen and propagates towards the upper left corner for 26.7 mm. However, both the two described bands does not lay on a single linear plane, but instead propagates by alternating linear portions with echelon bands, exhibiting different orientations ranging between 38 and 48 degrees, and are also characterized by the presence of conjugated bands with an orientation ranging between 30 and 45 degrees.

By observing the 3259-3264 increment (end of strain softening), it is possible to see that only a band is detected, this is the same band observed in the previous 3242-3259 increment (after the stress peak) . In the 3259-3264 increment, the detected band start on the right side of the sample and propagates toward the upper left corner, with the same orientation previously measured in the 3242-3259 increment after the stress peak. The ending portion of the band, which is close to the upper left corner, is characterized by the presence of echelon bands oriented between 35 and 45 degrees. In the 3264-3291 (beginning of the stress plateau) increment strain field, the presence of two shear bands is detected: one of these bands runs across the sample arriving from the right side and propagating towards the upper left corner. This band does not exhibit a constant orientation and is not characterized by a single plane, thus its characterization is not easy. However, its orientation has been measured and ranges between 40 and 44 degrees, with a length of 18.5 mm, propagating toward the specimen centre: subsequently the band extends for 14.5 mm with an orientation of 40 degrees. The end portion of the band shows three conjugate bands with an orientation of 35 degrees.

The other band analysed in the 3264-3291 increment, shares with the previously discussed bands the same issues regarding the orientation measuring. The band is characterised by three, noncontinuous, planes, positioned one after the other, and propagates toward the upper border of the sample for 18 mm, with an orientation ranging between 35 and 45 degrees. The distance between the two analysed bands is equal to 3.6 mm. The 3319-3346 increment (end of the test) shows almost the same bands analysed on the previously 3264-3291 increment, but a change of orientation of the band is detected in its portion near to the upper left corner. In this area, the band propagates for 5.9 mm and is constituted by echelon bands orientated at 43 degrees. By observing the Fig. 6.151, 6.152, which represents the overlaps realized using the incremental strain fields analysed, it is possible to appreciate both the persistence of the early formed bands before the peak stress and their temporal evolution. The overlap between the 3213-3230 increment (before the stress peak), and the 3242-3259 increment (after the stress peak ) shown in Fig. 6.151, shows that the band found at the stress peak, which starts from the right side and propagate toward the centre of the same, can be thought as the evolution of the early detected deformation mechanisms found before the stress peak. The same conclusion is reached when observing the overlap made between the 3242-3259 increment (at the peak of stress) and the 3259-3264 increment, shown in Fig. 6.151, where the band that propagates on the upper left corner of the specimen is the same one detected at the stress peak.

Conversely, the analysis conducted on the overlap between the 3242-3259 increment (after the stress peak ) and the 3319-3346 increment (at the end of the test) shown in Fig. 6.152, shows that the band that runs across the specimen surface at the peak, starting from the right side and propagating towards the upper left corner, is no longer active. This band appears to be deactivated from the 3264-3291 increment onward. In addition, the band that runs across the specimen at the stress peak, starting from the right side to reach the centre of the specimen, appears deactivated. Between the two analysed bands, a conjugate band has been detected, possessing an orientation of 43 degrees and a length of 3.7 mm. In Fig. 6.153 (top) the number of bands computed with respect to the different measured slopes is presented. In this figure we can observe that, before the stress peak, the most frequent bands possess an orientation ranging between 35 and 40 degrees. After the stress peak the slope changes and the most frequent values are between 38 and 48 degrees. In Fig. 6.153 (bottom) is instead presented the cumulative bands' lenght measured with respect to their orientation (measured taking as reference the vertical axis). The histograms shows that, for bands measured before the stress peak, the higher cumulative lenght is associated with bands oriented at 38 degrees. At the stress peak, the higher cumulative lenght value is measured for orientations of mainly 44 degrees. After the stress peak the bands' cumulative lenght stands mainly between 44 and 48 degrees. 

Discussion

The mechanical behaviour of the Vosges sandstone was investigated in this work in a range of confining pressure between 20 and 50 MPa, in order to characterize the deformations developed and to better understand their inner mechanisms. The experimental campaign was conducted on prismatic specimens (having height of 50 mm, width of 25 mm and depth of 30 mm), and aimed at systematically studying the mechanical behaviour in plane strain compression and detect the onset of strain localization and its evolution. The samples surface preparation and the friction reduction were two main points around which the experimental testing protocol has been developed. In fact, these two parameters contribute heavily to the quality of the final result, since from a correct speckle pattern application derives the ability to follow the subtle deformation processes during the tests, and a proper lubricant application prevents nonhomogeneities before strain localisation, which directly impair the ability of obtaining a correct evaluation of the shear band characteristics (namely their orientation and thickness). Of the three specimens tested at a confining pressure of 20 MPa, the BXR_GVR_01 test, which has not been lubricated, exhibits a peak of resistance greater than the others (compared to tests BXR_GVR_05 and BXR_GVR_06). However, it must be considered that the lubricant application can bring as drawback the rock embrittlement, due to its penetration inside the material pores (chemo-poro-mechanical effects). In order to prevent the penetration of the lubricant the specimens's surface has been coated with layers of white paint deposited using an airbrush, that simultaneously protect the surface from the lubricant (giving a high surface smoothness), and constitute the base layer for the DIC black speckle. The detection of the onset of strain localisation has been done through a detailed analysis made on DIC incremental strain fields, which has allowed to characterize the band's physical parameters such as their orientation, thickness and volumetric behaviour. In Fig. 6.154 the second strain invariant incremental fields, relative to the different confining pressure applied, are presented in order to show the evolution of the shear band angle. The strain fields clearly allow to affirm that the slope of the shear band (measured taking as reference the vertical axis) increases with an increase of the confining pressure. At 20 MPa, at the end of the test, the sample surfaces are crossed by shear band's showing an orientation of approximately 30 degrees. These bands generally start in a sample corner and propagate until about one third of the total sample height, passing across the surface centre. At 30 MPa, the visible shear bands exhibit an orientation that ranges between 30 and 35 degrees, and the bands occur either as a single plane or as multiple bands mutually parallel and intersecting along orthogonal paths. At 40 MPa the formation of multiple shear bands crossing the sample's surface has been observed: the detected patterns show different physical characteristics, that varies between the tests. Generally, at a confining pressure of 40 MPa, it is frequent to observe several planes, sometimes conjugated, which do not tend to organize only along parallel configurations. The measured orientation of the principal shear band is around 40 degrees at the end of the tests, while other conjugated bands are detected with orientation ranging between 35 and 48 degrees. At 50 MPa the band's orientation increases, the principal shear band is oriented in a range between 40 and 45 degrees, while the other shear bands detected have slopes ranging between 38 and 48 degrees. The sample region interested by the shear bands formation includes, approximately, around half of the sample's total area. The shear bands analysed do not lay, generally, on a single linear plane. The detailed analysis conducted on the early formed bands and their persistence on the material, has provided in-depth insights on the formation and subsequent evolution of shear bands during the test.

The DIC data indicate that, well before the stress peak, it is possible to detect complex and dense geometries of parallel and "en echelon" shear bands: these patterns are observable at all the applied confining pressures, and therefore the shear band mechanisms comprising only a single band (typically found at 20 MPa pressure), should not be considered as the only observable mechanism. The bands density detected in the sample surface before the stress peak varies according to the applied confining pressure. The bands found for confining pressures ranging between 20 and 30 MPa, are more closely packed together, resulting in a denser surface pattern, and shorter mutual distance. Conversely, the bands detected on samples tested with values of confining pressure ranging between 40 and 50 MPa, appear less densely distributed. Furthermore, and this is valid for all the test that have been performed, the number of active bands decrease progressively during loading, down to a very few bands at the peak and in strain softening. The analysis done on the band's orientation has shown also that the confining pressure significantly influences their slope. The slope has been measured before and after the stress peak. As a general indication, it is possible to affirm that for confining pressure equal to 20 and 30 MPa, the band's orientation before the peak has slopes which are greater than those found at the end of the test. For confining pressure equals to 40 and 50 MPa the difference between the measured band's orientation before and after the peak is less pronounced.

As a general rule, if the bands found at the stress peak are still detected at the end of the test, then their slope do not consistently varies between the two loading moments. In fact, the difference between the slope measured at the peak with that detected at the end is in the range of ± 2-3 degrees. Diffuse pattern of active bands, located mainly on the sample surface core, are found at the peak stress on specimen tested at 20 MPa. These bands exhibit greater angles (ranging typically between 30 and 45 degrees), than the resulting band (oriented between 27 and 35 degrees) that will subsequently nucleate from the coalescence of the smaller bands found on the sample. At the end of the test no diffused deformation mechanisms are detected in the incremental strain fields between the blocks separated from the principal shear band. Even for 30 MPa tests, besides the principal band, diffuse pattern of conjugated bands are found at the stress peak, having angles ranging between 34 and 45 degrees, while the principal band runs across the sample surface with orientations between 33 and 44 degrees. Therefore, there is not a significant difference between the orientation of the main band and that of the diffused bands. At the end of the test the shear band is mainly oriented between 30 and 35 degrees, and as previously found for the 20 MPa test, no diffused deformation mechanisms are detected between the two blocks in the incremental strain field. For tests done at 40 MPa, the diffused deformation mechanisms which are found exhibit orientations ranging between 35 and 45 degrees. Tiny bands portion, exhibiting smaller angles, are generally detected at the sample edges, where they nucleate. At the end of the test two opposite bands are generally found, which tend to propagate one toward the other. In the area where they run parallel, the presence of numerous small "en echelon" or conjugated bands is revealed by the strain fields. These small bands have orientations ranging between 32 and 45 degrees, while the main band is mainly oriented between 38 and 45 degrees. The analysis made at the stress peak for tests made with a confining pressure of 50 MPa, show the presence of two main bands, which are not laying on a single plane, but are rather made by small bands following one after the other, possessing orientations ranging between 38 and 45 degrees. At the end of the test a single plane is detected, oriented between 40 and 45 degrees, and the diffused deformation areas become more prominent, affecting a wider area which is found closer to the main band. The diffused bands are oriented between 38 and 48 degrees. Therefore, the analysis which has been made, allow to conclude that an increase of the confining pressure leads not only to a change of the bands orientation, but, at the stress peak, also to the reduction and localization of the diffused bands around the main bands.

At the end of the test a significant difference on the material surface is detected. The sample surface does not exhibit only a single band, but diffuse deformation zones are also detected, which were not found in the samples tested at confining pressure 20 and 30 MPa. The analysis which have been made allow therefore to conclude that an increase of the confining pressure changes not only the bands orientation that runs across the sample surface, but also the number of diffuse pattern of shear bands found at the peak of stress, which tend to occurs in increasingly smaller areas, and located very close to the main bands, as shown in Fig. 6.155. At the end of the test a significant difference on the material surface is detected. The sample surface does not exhibit only a single plane, but diffuse deformation zones can also be detected, which were not found in the samples tested at 20 and 30 MPa, as shown in Fig. 6.155. The analysis made on the band's thickness has been done at the stress peak and at the end of the test for different confining pressures. For 20 MPa tests the shear band thickness is generally comprised between 0.70 and 0.75 mm. These values tend to reduce at the end of the test, where they typically range between 0.62 and 0.68 mm. However, it should be noted that the formation of small bands, far from the main bands, has been observed in the BxR_GVR_06 test, and the thickness of these thinner bands is generally around 0.40 mm. The band's thickness measured at the peak for tests done at 30 MPa ranges between 0.70 and 0.72 mm, while the same bands measured at the end of the test tend to reduce their width, measuring between 0.64 and 0.67 mm.

It must be considered that some bands were not measured at the stress peak, since they were not yet present: their width at the end of the test was around 0.70 mm. For what pertains to tests done at 40 MPa, the bands thicknesses at the stress peak are not comparable amongst the test made with this confining pressure. In fact, for the BxR_GVR_08 test (40 MPa) the thickness of the shear band, measured at the stress peak, is 0.80 and becomes 0.72 at the end of the test. Conversely, for the BxR_GVR_09 (40 MPa) test, thinner bands were measured at the stress peak: the thinnest is 0.50 mm wide, while the widest is 0.80 mm. The band's thickness measured at the end of the test for the BxR_GVR_09 test is 0.40 mm for the thinnest and 0.60 mm for the thickest. Two bands were measured at the stress peak for the BxR_GVR_10 (40 MPa) test: the thinnest has a width of 0.68 mm, while the thickest is 0.75 mm wide. At the end of the test there are different bands that cut across the specimen surface, exhibiting different width. The thinnest band measures 0.30 mm, while the wider one is 0.58 mm. For the BxR_GVR_11 test (50 MPa) two prominent intersecting bands are visible on the specimen surface. They do not have the same width: the thickest of the two is 0.70 mm, while the thinnest measures 0.40 mm. At the end of the test a composite band pattern can be observed, which makes measuring the width quite difficult. However, when observing in the 3319-3346 increment the band's portion near to the top right corner, we can notice that it is constituted by numerous "en echelon" bands, while near the specimens core, some continuous band's portion have been detected. From a close inspection these continuous portion are in reality constituted by two thin and very close bands, each measuring 0.40 mm. Far from the principal bands, a number of thinner bands are detected, each possessing a width that ranges around 0.30 mm. Another band's physical parameter which has been studied is their volumetric behaviour. The shear bands observed for the samples tested at 20 MPa, as well as the diffuse pattern of shear bands before the stress peak, exhibit a dilatant behaviour. The incremental strain fields examined before and after the stress peak for specimens tested at 30 MPa, show shear bands possessing a dilatant character, although some bridge zones between them exhibit a compacting behaviour. This behaviour can be induced by the band's geometry. When two bands determine a non-linear sliding surface, their mutual sliding induce compaction in the non-linear zone. In samples tested at 40 MPa, a compacting behaviour has been observed in shear bands detected before the peak, while after the stress peak the bands exhibit a mixed behaviour between dilatant and compactant. Generally, when a band with a mixed behaviour is detected, its starting and ending portions are dilatant, and the compactant part is found in its centre. At 50 MPa the analysed bands exhibit a compacting behaviour. The results obtained in plane strain compression have been compared with the previous data coming from Bésuelle, which reported in his PhD thesis [1] the results obtained by testing the Vosges sandstone under triaxial compression in a range of confining pressure between 20 and 60 MPa. The shear bands angle (measured along the principal stress direction), increases as the confining pressure increases, as shown in the scheme presented in Fig. 6.156. At 20MPa, the samples are typically crossed by a band oriented at about 30 degrees: generally these bands lay on a single plane and start at a sample corner, running across its surface from side to side. Furthermore, These bands are surrounded by lighter layers of sandstone, which suggest that the adjacent areas has undergone an intense deformation. At 30 MPa, the white areas which have undergone strong deformation are predominant. Typically, two or three very thin parallel shear bands are observed, possessing an orientation around 35 degrees, and thickness equal approximately to five grains (which means a thickness of about 1 mm). For confining pressure comprised between 40 and 60 MPa, these whitish and powdery areas are increasingly numerous: they no longer run along parallel planes, but rather on intersecting planes having slopes between 40 and 45 degrees. The samples tested at the different confining pressures are shown in Fig. 6.157. Furthermore, the thickness of these intense deformation areas shows a marked growth. The distance between two parallel bands decreases, and range between two and three band thicknesses. The band formation is concentred in the central portion of the sample, but as the confining pressure increases, this area tends to diminish progressively. The band thickness measured for the triaxial and plane strain results shows a marked difference. For the triaxial tests the band thickness increases with the confining pressure, while for plane strain compression tests, the band thickness decreases for a confining pressure increase. Unfortunately, the study of the shear bands temporal evolution of triaxial data has not been done, since, as has been previously remembered, only post mortem data are available on samples pertaining to this experimental campaign. The analysis that have been done so far clearly illustrate that the band angle increases with the confining pressure for both experimental campaigns. Furthermore, the comparison made between the triaxial and plane strain results, shows that, as the lateral pressure increases, the shear bands become more and more numerous, laying frequently on intercrossing rather than only parallel planes. These planes are close one to the other when the confining pressure increases, and the sample area concerned by the shear bands become less important.

Conclusions

The rock softening of the Vosges sandstone has been studied under plane strain compression in a range of confining pressure between 20 and 50 MPa in order to characterize the deformations mechanisms and the failure mode observed. According to Paterson and Wong [START_REF] Paterson | Experimental rock deformation; the brittle field[END_REF] two types of failure regimes can be found in rocks: the brittle and ductile regimes, even if between them, another intermediary regime exists, the semi-brittle regime. We can affirm from the experimental analysis, that the sample tested at confining pressures of 20 and 30 MPa exhibit a brittle behaviour since we observe that after a small permanent plastic deformation, or even without plastic deformation, the specimens undergo a sudden loss of resistance (strain softening). Conversely, the specimens tested at 40 and 50 MPa confining pressures, exhibit a semi-brittle behaviour, intermediate between the brittle and ductile rupture, with formation of compacting bands, and microstructure evidences of pores collapsing and grains grinding. The stress-strain curves shown in Fig. 6.7,indicate that the behaviour of the material becomes progressively stiffer as the confining pressure increases. As shown in Fig. 6.8 the higher is the confining pressure, and the higher is the peak resistance (frictional behaviour). The rock peak resistance is also influenced by material's intrinsic physical parameters, such as its mineralogical composition, its grains size and porosity. The yield surface, shown in Fig. 6.6 and plotted in the Mohr plane, shows a strong non-linearity. Between the 20 and the 30 MPa confining pressure, the slope is equal to 0.47, while at 50 MPa the slope value approaches to zero. This phenomenon, considering the mean stress value attained for the 40 and 50 confining pressures, can be interpreted as the result of a widely spread damaged zone. The global volumetric deformation exhibits a progressively less dilatant behaviour as the confining pressure rises, until a fully developed compactant behaviour can be observed on the volumetric deformation curves plotted for a confining pressures equal to 50 MPa. From the analysis done on the stress-strain curves and the incremental strain fields it systematically emerged that the early strain localization has been detected before the stress peak, generally at 60-70% of the stress difference maximum. This phenomenon has been identified through the loss of homogeneity of the strain field. A diffuse pattern of shear bands appears just after that the stress-strain curve has lost its linear trend. The transition between the linear portion of the stress-strain curve and the peak can be then interpreted as the moment where the specimen undergo a change of deformation mode from homogeneous to localised. Furthermore, it has been noted that the diffuse pattern of shear bands detected before the stress peak, is still detected at the end of the test, leading to hypothesise that the inhibition of their development is caused by the propagation of the principal shear band across the specimen's surface during the test.

Microstructural characterization of deformation 7.1 Introduction

Strain localization in sandstone is a phenomenon that has been extensively studied under different loading conditions and at different confining pressures to understand the material mechanical response. For this reason, a conspicuous amount of scientific literature exists on the subject. Strain localization is a phenomenon where deformations are concentrated either in tiny areas or in small shear bands of finite thickness whose characteristics, as highlighted by Antonellini et al. [4] and Haied [START_REF] Haied | Etude expérimentale de la rupture en mode de déformations localisé dans un grès[END_REF], are closely dependent on the confining pressure applied. However, the thickness is not the only parameter influenced by a change of the confining pressure. In fact, in his experimental work done on a Vosges sandstone, Bésuelle [1] observed a strong dependence between the shear band slope and the confining pressure, with a tendency toward the increase of the band angle with an increase of the confining pressure. However, in order to fully analyse and characterize strain localization, numerous observations done at the grain scale are required. The microstructure study allow to relate the micro-mechanisms developed inside the shear bands (such as grain grinding and grains' rigid body movements) with macro-phenomena, as well as providing valuable data to understand and explain the band's porosity evolution. Furthermore, observations done at the grain scale inside the shear bands can reveal important details on the shear band character (either dilating or compacting), since it is heavily influenced by the micro-phenomena. Therefore, the microscopic analysis techniques has been extensively used since the 1970s to describe the plastic deformation, and have allowed to better understand which mechanisms were active during the strain localization phenomena.

Overview

An extensive number of experimental works (Friedman et al [START_REF] Friedman | Observation of brittle deformation fractures at the maximum stress of westerly granite and solenholen limestone[END_REF], Haied [START_REF] Haied | Etude expérimentale de la rupture en mode de déformations localisé dans un grès[END_REF], Menéndez et al [START_REF] Menéndez | Micro mechanics of brittle faulting and cataclastic flow in berea sandstone[END_REF], Ord et al. [START_REF] Ord | Shear band formation in gosford sandstone[END_REF], Antonellini et al. [4]) testify the role played by the microstructure analysis in the description of mechanisms such as grains rotation, pore collapse, grain bonds cracking, grain grinding, and grain crushing. The pores network and the grain matrix evolve together during deformation. In fact, in a study conducted by [START_REF] Ord | Shear band formation in gosford sandstone[END_REF] [START_REF] Ord | Shear band formation in gosford sandstone[END_REF] on the Gosford sandstone tested under lubricated condition and in plane strain compression, it has been observed that the formation of a single shear band after the sample rupture coincided systematically with the formation of a dilatancy zone surrounding the band. This dilating portion of the specimen was parallel to the rupture surface, and was observed at strong confining pressures.

No visible changes in the microstructure were revealed when samples, taken from specimens unloaded in the hardening regime during the post-localization phase of non-homogeneous deformation, where observed under the microscope. These observations confirm that the onset of strain localization brings into play rigid body movements, micro rotations and grains displacements, and explain the diffuse deformation areas that the authors have observed along the final rupture plane. The existence of localized areas, having widths ranging between one or two grains width, were found in the lower portion of samples unloaded near the stress peak: these areas were separated by less fissured zones exhibiting intergranular and intragranular fissures.

Conversely, the sample loaded at rupture, exhibited some shear zones containing heavily cracked grains: these cracks were produced in a specimen region with a thickness ranging between one and two millimeters. As a result, Ord et al (1991) [START_REF] Ord | Shear band formation in gosford sandstone[END_REF], conclude that the macro crack found on Gosford sandstone specimens is produced by a progressive deterioration of the microstructure. The onset of strain localization originate rather from rigid body movements and micro-rotations in the grains matrix, than from grains cracking, and is only subsequently followed by minor grains cracking phenomenon before the stress peak. Although the microstructure alteration is less evident before the stress peak, it is nonetheless evident after rupture, possessing a non-zero thickness around the observed failure plane. The rupture zone has a thickness that allows it to be observed to the naked eye, and is characterised by a shear plane inclined with respect to the direction of maximum compression. Ord and co-workers [START_REF] Ord | Shear band formation in gosford sandstone[END_REF] have tested Gosford sandstone samples under different confining pressure, and have detected the spontaneous loss of deformation homogeneity during their tests. The macro fissures developed were the result of a gradual and progressive microstructure alteration. When the fissured area of a sample that was not brought to rupture has been examined, the existence of a localized deformation area possessing a width varying between one or two grains width has been detected: the cracking was either intergranular or intragranular. Furthermore, by analysing a sample led to rupture, the microscopic study revealed that the area surrounding the shear bands showed marked grains cracking phenomena. A network of micro cracks was observed around the macro fissure and, moving away from it, an area was found where the deformation, rather than depending from the grain cracking, was instead the result of rigid displacements and rotation of quartz and feldspar grains in the matrix. Antonellini et al. in 1994 [4] conducted a study on the bands microstructure of the Arches National Park (Utah) porous sandstone. The bands that in situ exist at the geological scale were sampled and then analysed in laboratory through thin sections observations. Their work has highlighted that the shear band's micromechanics is characterized by an initial dilatancy, followed by grain crushing and compaction. This demonstrates that the presence of dilating or compaction bands depends from the rock porosity and from the confining pressure applied. In fact, the compaction behaviour and the cataclastic bands formation is foσ 3 und in presence of high porosity values and high confinement pressures, whereas weak confining pressures associated with a weak porosity lead rather to the formation of non-cataclastic dilatants bands. Baud et al. [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF] with the aim of characterising the observed failure modes and better understand the brittle to ductile transitional regime, made a very interesting comparative work testing under triaxial compression five different sandstones (Darley Dale, Rothbach, Berea, Bentheim, Diemelstand, with porosities ranging from 13% to 24%). The Darley Dale sandstone (porosity 13%) specimens were tested at an effective pressure between 80 e 110 MPa: the specimens tested at 95 MPa showed the formation of conjugate high angle shear bands. Intense grain crushing and axial cracking was observed, while outside shear bands, some axial cracks and little grain crushing were detected only in isolated clusters. High-angle conjugate shear bands, developing close to the specimen boundaries, were also found in Berea sandstone (porosity 21%) specimens tested at effective pressures of 90 MPa. Due to the progressive shortening of the specimen, shear bands developed as diffuse bands. Intense grain crushing was observed at their core, accompanied by significant intra-granular cracking at their boundaries. To observe diffuse compaction bands an effective pressure of 150 MPa was needed. The compaction band formed at the specimens borders, but they did not propagate toward the specimens core (even at higher axial strain values, ~3.2%). It is only at an effective pressure of 200 MPa that diffuse compaction bands formed at both boundaries, and discrete compaction bands, possessing a width of two grains, developed at the core of the sample following a curved path. Furthermore, discrete compaction bands were characterised by crushed grains, and micro-cracks were not detected past the distance of two grains. In Rothbach sandstone (porosity 19.9%) microstructure observations suggested that the compaction bands initiated as short discrete features that ceased to develop before propagating across the sample: numerous short discrete bands subsequently coalesced to develop a mosaic of diffuse bands. Discrete compaction bands were also observed in Bentheim and Dimelstadt sandstone (porosity respectively of 22.8% and 24.3%). Compaction localization occurred over a very wide pressure range (90 -395 MPa) and involved the formation of discrete compaction bands in a sub parallel arrays. Inside these compaction bands, crushed grains and smaller grain fragments were observed in an area having width of around 500 µm, while few cracks and negligible damage was observed outside the bands past a lateral distance of two-three grains. Finally, Baud et al. [START_REF] Baud | Compaction localization in porous sandstones: spatial evolution of damage and acoustic emission activity[END_REF] showed that Dimelstadt sandstone deformed in a similar way to Bentheim (see Fig. 7.1). The application of microstructure characterization has also been useful to study transport properties of rocks that are strongly influenced by the deformation process, such as their permeability. Sulem et. al. [7] tested the Fontainebleau sandstone (porosity of 21%) under triaxial compression (range between 7 and 50) in drained and undrained conditions at various confining pressures. The porosity, specific surface and grain size changes have been characterized inside the shear bands. At low confining pressure (between 7 and 14 MPa) for the drained samples, dilating shear banding has been detected, while for specimens tested at higher confining pressure (greater than 25 MPa), a different mode was detected. A compacting zone with high grain crushing and low porosity was observed in the band's centre. The porosity increased in the band at low confining pressure and decreased at high confining pressure and the phenomenon is accompanied by a reduction of permeability inside the shear band due to the increase of both tortuosity and specific surface. In globally undrained conditions, similar variations of the rock microstructure were observed depending on the confining pressure. At high confinement pressure, pore pressure generation inside the band results in the formation of connected channels in the heart of the band due to a local fluidisation of the crushed material. The shear zone structures for specimens tested at relatively low confining pressure (7 and 14 MPa) are similar for drained and undrained tests. The shear band observed in specimens tested in drained conditions under higher confining pressure (28, 40 and 50 MPa) is characterised by intense grain crushing and pulverisation (see Fig. 7.2). Pore pressure generation inside the band leads locally to fluidisation of the crushed material leading to the formation of interconnected channels in the heart of the band (Fig. 7.4). In Fig. 7.4 the fine crushed grains accumulate at the boundary of the shear band, arranging in clusters and clogging the space between grains. Inside the shear zones, the grain size distribution of the rock and the pore space are heterogeneous. Outside the shear band, the grains are cracked but not crushed, and cracking decreases rapidly outside the band. The importance of understanding the interplay at the microscale level between phenomena such as deformation, microstructure evolution and rock properties was also highlighted by El Bied et al. [6], which investigated the influence of confining pressure on the formation of dilating or contracting bands in Fontainebleau sandstone. Porosity and grain size variations inside the band were quantitatively evaluated to understand deformation mechanism such as grain cracking, grain crushing and pore space changes. Shear zone characterised by grain cracking, with no grain crushing, have been observed in two dry specimen (porosity 21%) tested respectively at a confining pressure of 7 and 28 MPa. These observations were confirmed on microphotographs of two other dry specimens tested at confining pressure of 28 MPa and 42 MPa, and shown in Fig. 7.5 and 7.6. The grains outside the band can be either intact or heavily cracked and a clear boundary delimits the two areas. Conversely, in specimens tested at high confining pressures, the shear band is characterised by intense grain crushing and pulverisation. Tiny particles of micrometric size are produced and the fragments are densely packed, giving a chalky appearance to the naked eye. Outside the shear band, close to the shear band boundaries, the grains are cracked but not crushed, and it is observed that the cracking phenomenon decreases rapidly while moving away from the band. From ElBied et al. [6] Microstructural analysis presented by Cilona et al. [START_REF] Cilona | Deformation bands in porous carbonate grainstones: Field and laboratory observations[END_REF], made on natural samples carbonates and on two sets of laboratory deformed specimen, found also application in the study of the natural and laboratory-induced deformation bands in carbonates rocks. The observations of thin sections sampled in situ revealed that, at advanced stages of deformation, pressure solution helps to reduce the grain size, enhancing comminuted flow and forming narrow cataclastic zones within the bands. The microstructure analysis of natural structures allowed to define the spatial distribution of pressure solution bands (PSs) within the dilating bands (DBs), to quantify the evolution of their spatial anisotropy factor and compute both grain size and pore size distributions. Hertzian cracks were detected at the grain contacts within the natural compacting shear bands (CSB), a phenomenon that is consistent with the pressure solution processes of these structures, that enhance pressure solution by locally decreasing the grain size. Furthermore, two sets of triaxial experiments were performed under wet conditions on selected host rock samples, and the results were compared to the specimens sampled in situ. The laboratory deformed specimens often displayed a shear-enhanced compaction behaviour and strain hardening, associated with various patterns of strain localization, like grain crushing, pore collapse and mechanical twinning as the micromechanisms leading to strain localization. The petrophysical properties of the laboratory deformation bands have been studied by means of detailed microstructural analyses. The comparative analysis highlighted that particulate flow, in nature, takes place without significant grain crushing and that grain contacts in nature have a more ductile response with respect to the laboratory experiments.

Microstructural study on Vosges sandstone

This chapter is devoted to the discussion of the grain-scale deformation mechanisms observed, post-mortem, in two Vosges sandstone samples. The two specimens that were chosen for observation have been tested at two different confining pressures, respectively 30 and 50MPa: the shear bands found are, respectively, dilating and compacting. In order to perform the microstructure analysis, it were of paramount importance that the specimens were not fully broken at the end of the test, impling that the specimens should not present material discontinuity, although they could exhibit shear bands after the test. During the plane strain compression experimental campaign, the specimens at the end of the test were generally unbroken, but this is a rather transient condition until the sample is separated from the hard transparent window. In fact, due to the lubricant, the specimen at the end of the test adheres so strongly to the sapphire window inner surface, that its removal can potentially compromise its integrity. However, despite this drawback, after carefully removing each specimen from the testing device, it was still possible to select in a narrow group which one to choose for microscope examination. A thorough microstructure analysis has been performed on thin sections made from specimens BxR_GVR_07 (30 MPa) and BxR_GVR_11 (50 MPa). The thin sections were prepared in the Lithopréparation Laboratory of the Montpellier-2 University by cutting a parallel specimen's slice at a distance of 1 mm from the surface that was imaged during the test. A first observation was made by using an optical microscope and, subsequently, a detailed analysis was performed with a scanning electron microscope (SEM). The SEM observations where made at CMTC in Grenoble with a 25X magnification using the back scattered electrons detector (BSD) on a Zeiss Ultra 55 SEM operated with a 15 kV accelerating voltage. The resolution of each SEM image is 1024x768. In order to obtain a full map of the thin section, 106 and 87 images where necessary, respectively for the BxR_GVR_07 and BxR_GVR_11 test. The images where then stitched together to obtain a full rendition of the specimen surface.The examined samples display significantly different localization structures. The BxR_GVR_07 sample, tested at a confining pressure of 30MPa, is characterized by shear bands that travel across its surface, exhibiting a few fractures in the bands' core. Furthermore, other bands spread across the material surface have been observed, although their intensity is less pronounced when compared to the main band. The BxR_GVR_11 sample tested at a confining pressure of 50MPa, shows several parallel and conjugated bands on its surface which exhibit a greater slope measured with respect to the principal stress direction, than those analysed on the BxR_GVR_07 sample. The bands examined on the BxR_GVR_11 sample are not characterized by the presence of fractures, as it has been observed for the BxR_GVR_07 test. The next section will present a detailed analysis made from observations done at the grain scale.

Samples description 7.3.1.1 BxR_GVR_07

The microstructure analysis done on the BxR_GVR_07 sample indicate the presence of shear bands that run across the sample surface, starting from the lower left corner and propagating towards its right side. The bands observed do not lay on a linear and continuous plane, and their slope ranges between 30 and 35 degrees (although a portion having a slope of approximately 42 degrees has been observed in the area where the two main shear bands join). In Fig. 7.7 the band's mosaic is shown. The microstructure observation revealed that the grains inside the bands appear from fractured to crushed, according to the beared deformation. By analysing the sample surface near the lower left corner, several fractures are detected in the bands' core (see Fig. 7.71 ), following one after the other for a total lenght of 6.27 mm and oriented at 35 degrees (measured taking as reference the vertical axis). The width of these fractures ranges between 0.073 and 0.54 mm. A specimen portion analysed at their left shows an area with a width of about 2 mm (see Fig. 7.8), which runs parallel to the main band for 3 mm and where the grains are strongly deformed and characterized both by intergranular and intragranular crack. Conversely, the analysis done in the sample portion at the right side of the fracture, shows a much narrower area where the grains appear strongly deformed: this area is 0.5 mm wide. The terminal portion of the described fractures, ends in an area with a width of 1.5 mm, where the grains are strongly deformed and crushed: the final portion of this area is characterized by the presence of another fracture, which propagates for about 4 mm with an orientation of about 32 degrees. During all the observations, the fracture borders and the regions near the ends of the fractures, showed invariantly strongly deformed and crushed grains. Details of these mechanisms are presented in Fig. 7.9). The mechanisms that were identified while moving along the shear band remained essentially the same: the fracture plane runs across the sample exhibiting a noncontinuous trend (see Fig. 7.7) and, when fractures appear at the heart of the band, the grains at either sides are strongly deformed and crushed (Fig. 7.9). The intergranular and intragranular fractures analysed in the band, are oriented mainly toward the major principal stress direction (as can be also seen in the green rectangle of Fig. 7.9). Moreover, small conjugated bands have been identified on the shear bands, propagating for a length between 0.8 and 1.5 mm (see Fig. 7.10): these bands are mainly characterized by intragranular and some intergranular crack. Few Hertzian fractures are detected, and the deformations identified in the conjugated bands were not as intense as those founds inside the main band. Furthermore, when observing grains in areas positioned far away from the shear band (approximately 1 mm far from it), a reduction in the cracks density is found, with intragranular cracks being the main cracking phenomenon detected (see Fig. 7.11): a pronounced border fissuration is already detected, which suggests the existence of grains movement. In these areas, the measured porosity is lower than that measured inside the band. A quantitative measure is presented in 7.5.2.

BxR_GVR_11

The microstructural analysis made on a thin section of the BxR_GVR_11 sample shows a shear band that travels across the sample surface, starting from the top left corner and propagating with a slope of 42 degrees, reaching the right side of the sample at about half of the sample height. In Fig. 7.12 the band's mosaic is shown. A preliminary analysis indicates that the principal band found on the sample has a thickness of about 1.5 mm. However, a detailed analysis reveals that what initially appeared as a single band, is in reality formed by three thin, contiguous bands. Heavily deformed grains were found in the core of each of the three bands when inspecting the corresponding SEM microstructure image. Inside the band, grains appear severely fractured and crushed (see Fig. 7.13). Some transgranular fractures (thickness between 0.045 and 0.062) have been detected close to these heavily deformed areas. The distance between these three main bands is equal to 0.5 mm, and the areas in-between them exhibit a marked intragranular and intergranular fissuration in the microstructure. The bands conjugated with the three principal ones show also crushed grains, which are compacted between themselves. The grains fissures are mainly oriented along the major principal stress direction, although some grains exhibit fissures oriented between the major principal and the minor principal stress directions. When observing the area that surrounds the aforementioned three principal bands, which means moving around the band only of a maximum equivalent distance of two grains, the SEM microstructure reveals grains that has generally between one and three fissures, and are mainly oriented along the major principal stress direction (see Fig. However, regardless of the number of fissures detected, the grains exhibit a common feature which consists in fissures located mainly along the borders, which appears bruised in some portions. In areas distant from the principal bands, less deformed bands can be observed in the material surface (see Fig. 7.15), and the analysis that was made on them showed different deformation mechanisms than those already described for the main bands and their conjugated ones. In fact, in these bands, which correspond to the early bands detected by DIC before the peak, and that were-de-activated after the peak, fissuration is mainly intragranular, and grains are either single or multiply fissured. However, neglecting for a moment the number of fissures detected, it should be noted that the grain borders were invariably fissured, clearly exhibiting a material decohesion that leads to their crumbling and to a loss of material. Some grains appears to be fully crushed. Furthermore, the grains observed on the early bands seems as though they are sliding down and are loosely connected between them.

Microstructure-DIC comparison : introduction

In order to be able to detect the early stages of localization, during this experimental work a considerable effort has been made to optimize the imaging acquisition chain for DIC measurements. The consequent gain in image quality resulted in an improved detection ability, which gave the possibility of detailing and characterizing the material deformation mechanisms during the loading. As a result, not only the onset of strain localization has been determined, but its evolution has been followed during the test. Furthermore, the high imaging resolution gave the possibility to compute, from DIC fields, relevant band properties such as their orientation and thickness. The DIC fields analysis gave also the ability of determining the dilating or compacting character of bands, as well as the possibility of investigating the rigid body rotations.

In the following sections, a parallel analysis between the SEM images and the DIC fields will be presented and discussed, and strains, displacements and rotations detected through digital image correlation will be compared with the mechanisms found with the microscope at the grain scale.

Method

Before doing a parallel analysis between the SEM microscope images and the DIC fields, the temporal evolution of the deformation mechanisms detected will be initially presented in the form of a selection of incremental strain fields relative to the tested samples. This will provide a reference map for the reader of the early localization phenomena and their evolution during the test. The parallel analysis consists then in comparing the DIC incremental strain field, before the stress peak, with the reverse global DIC2 in order to identify which deformation mechanisms are detectable in both fields. Finally, a correspondence between the deformation mechanisms analysed in the reverse global DIC, with those examined in the microstructure, will be searched.

BxR_GVR_07 test: overlap between microstructure and DIC

The Fig. 7.16, shows seven incremental strain fields (representing I2, the second invariant of the strain tensor) chosen for the BxR_GVR_07 test, which allow to visualize the temporal evolution of the deformation mechanisms developed during the test. The correspondence of the incremental strain fields to their temporal position on the stress-strain curve is indicated using black arrows. The seven incremental DIC fields are shown using two different colorbar values, since we want to be able to detail separately the shear band and the diffused deformation mechanisms developed far away from the main shear band. In fact, using only one colorbar value does not allow to clearly distinguish the two deformation mechanisms at the same time. With the aim of determining if the same deformation mechanisms identified before the stress peak are still present at the end of the test, an overlap between the 0255-0267 incremental strain field (before the stress peak) shown at the left in Fig. 7.17 and the reverse global DIC shown on the right in Fig. 7.17, has been done and presented in Fig. 7.18. The overlap highlights that the diffused deformation mechanisms identified by the incremental DIC far from the main shear band before the stress peak, are also identified in the reverse global DIC. The small height difference observed in the overlap is due the shortening of the sample after rupture. It was then necessary to assess whether it was possible to identify the shear bands detected on the DIC on the microstructure. At this purpose, a stitching of numerous SEM images (each taken with a 25X magnification) has been done to fully map the thin section surface. One of the major constraints to solve when presenting a parallel study between microscope images and DIC fields, is the magnification through which the results are presented. Therefore, acknowledging that it may be difficult to fully appreciate on a printed version the deformation mechanisms correspondence detected on the microstructure-DIC overlap, some sample areas at higher magnification will be presented. This is mainly done to ease the reader in the comparison, and allow him to appreciate how consistent is the agreement between the two techniques in identifying the deformation mechanisms. The correspondent SEM mosaic is shown in Fig. 7.19, while the overlap between the mosaic and the reverse global DIC is shown in Fig. 7.20. The SEM mosaic is shown again in Fig. 7.21 (at the left) and overlapped on the reverse global DIC (on the right), which is presented now using a different colormap that limits the detail level achievable on the main band to favour the identification of the deformation mechanisms developed far away from the principal band, which could not otherwise be seen and investigated. The coloured rectangles, placed on the SEM mosaic and chosen at different distances from the shear band, are the areas of interest on the specimen's surface that will be analysed, and where the deformation mechanisms will be characterized. The height difference that can be seen on the overlap, is induced by a cut that was made on the sample before preparing the thin section. In order to more clearly visualise the deformation mechanisms, and to easily understand and recognize them at the grain scale, the areas previously identified in the SEM mosaic, will be hereinafter separately illustrated and discussed on microstructure images having 100X magnification. Four white squares are chosen on each coloured area in order to analyse some interesting deformations mechanism. Moreover, for every coloured rectangle the overlap between microstructure images, second strain invariant field, first strain invariant field, rigid body rotation field and DIC displacement will be presented in order to study the mechanisms at the grain scale.

Turquoise area

The turquoise area on SEM mosaic, took at a magnification of 100X is show in Fig. 7.22, and is successively compared with the DIC second strain invariant field through an overlap, show in Fig. 7.23. The first band observed in the overlap between DIC and microscope image, is identified on the upper left corner and propagates with a curvilinear trend towards the bottom side of the rectangle, as shown in Fig. 7.24. The band detected through the DIC is also found in the SEM mosaic, and the analysis made inside the band at the grain scale showed the presence of deformed grains with intragranular fissuration, see for reference Fig. 7.23, 7.24, 7.25 and 7.27. Some grains inside the band are characterized by a variable number of fissures: these fissures can eventually travel across the grain surface. Some other grains have a less stronger intragranular fissuration, and the fissures are mainly found at the grain borders, which are often characterized by the presence of crushed material that disperse into the matrix porosity. Some grains are crossed by diametral opposed fissures, which lead in some cases to the splitting in two portions of the same. Consequently, a portion of the resulting cracked grains is characterized by heavy fissuration phenomena, while the remaining part is crushed. The grains are very loosely packed together, as distance can be seen between them, and they give the impression that they are "sliding down" in the nearby cavities.A conjugated band, positioned just at the right of the aforementioned band, is characterized by grains with varying degree of fissuration: some have only one fissure in them, which does not, when present, run across the grain, while other grains are strongly fissured and only a few are cracked. An example of the cracking phenomenon is particularly prominent in the iron oxide positioned at the right of the band, since it is crossed by a fissure that divides it in two, leaving it in a wide pore cavity along with an adjacent, underlying, crushed grain.A higher porosity is found also where the band originates, where cracked and crushed grains are found and appears as they are "falling down" inside the nearby cavities. The comparative analysis suggests that the deformation mechanisms measured on the DIC field corresponds to the microscopic image at the grain-scale, even in small areas where the cracked grains matrix exhibits a greater porosity, and the grain appear to slide down. 

Green area

The observations, made in the area delimited by the green rectangle (see Fig. 7.28) on the DIC, allowed the detection of two bands: a first band starts at the left side and propagates upwards until reaching the area top side, while the second band starts at the left corner and runs across the area. This band reaches the right side, where another band crosses it. At the microscopic scale (see for reference Fig. 7.30, 7.31, 7.29, 7.32 and 7.33) grains constituting the first band exhibit intragranular fissuration of varying intensity . Intragranular fissures do not always travel fully across the grains: they rather tends to concentrate more near the grains borders.Conversely, when fissures that travels across the grains were found, then they typically split the grains into multiple parts. A mica crystal (oriented at about 30 degrees with respect to the major principal stress) detected along this band, shows different fractures along its plane, and lies on a grain that exhibit numerous intragranular fissures crossing it along its lower portion. The second band that has been analysed (which starts from the lower left corner and runs toward the middle of the rectangle) includes grains that have either two or more propagating fissures (propagating along a single direction) or highly fissured grains, showing opposite propagating directions. In this last case the grains are crushed, sometimes only in a portion, while sometimes crushing affects all the grain's surface. Generally the observed grains exhibit a more pronounced fissuration along their borders. Along the band some deformed micas are observed: one of them appears to be heavily deformed, since the sheets from which it is composed are split and oriented along different angles, due to their decohesion and opening. The grains on this band region appears as though they are "falling down" as well as the micas and the crushed grains, which are surrounded by large pores. As an example of this phenomenon, some grain fragments found in the band that from the right side propagates towards the central band, appear as being not connected to one another, and isolated in a large matrix pore. 

Fuchsia area

The area delimited by the fuchsia rectangle differs from those analysed until now, since it is located near the main deformation band that runs across the sample surface. The DIC detected strong deformations localised in some portions of the examined area (see for reference Fig. 7. 34, 7.35, 7.36, 7.37 and 7.38), and the microscopic analysis revealed that those deformations are produced by the fracture that started in the band's core (found in the lower right corner of the fuchsia rectangle) and by a conjugated band. The grains found at the opposite sides of the fracture are fully crushed and compacted between them. Furthermore, moving away approximately 1.5 mm from the fracture, the grains do not appear anymore crushed, but are instead characterized by a strong fissuration and by the presence of fractures, which become progressively less severe as we move away from the main band.

Conversely, the intensity of phenomena like grains fissuring and crushing on the band (numerous heavily fractured and crushed grains have been observed) is greatly reduced when comparing this region to areas located far away from it. 

Black area

A black border identifies an area selected on the SEM images mosaic. The DIC fields indicate that some portion of this area, although not evenly prominent, are nevertheless interested by deformation phenomena. grains are characterized by a less severe intragranular fissuration, which instead tends to be quite intense at their border. A higher porosity has been observed on the band area, where some crushed grains are detected. Grains appear to be single or multi-fissured, and fissures do not generally propagate past the grain border, although they sometimes cut through the whole grain. An intense fissuration detected at the grain border can be interpreted as the result of grain rotations phenomena. Conversely, a few other grains are fractured and splitted in different portions: the matrix porosity in the area where they were found is higher than the porosity of the nearby, less deformed zones.Another band which is found in the same examined area propagate from the lower left side, and extend towards the upper right corner: the grains inside this band are less deformed than those found in the previously described band and exhibit less intragranular fissuration, oriented mainly along the major principal stress direction. The presence of fractured grains was not detected. Some of this band's areas have wider pores, which contain non-coherent material derived from the small fissuration of the grain borders or the bruising of their cement. 

BxR_GVR_11 test: overlap between microscope image and DIC

The Fig. 7.52 shows six incremental strain fields (representing I2, the second invariant of the strain tensor) relative to the BxR_GVR_11 test, which were chosen to visualise the temporal evolution of the deformation mechanisms. Black arrows indicate the position of the strain fields on the stress-strain curve. With the purpose of understanding if the same deformation mechanisms identified before the stress peak are still detectable at the end of the test, an overlap has been done between the incremental strain field 3213-3230 (before the stress peak) and the reverse global DIC shown in Fig. 7.53. The overlap between the two DIC fields, shown in Fig. 7.54, confirms that the same deformation mechanisms identified in the incremental strain field before the stress peak are also identified in the reverse global DIC. The small height difference, that can be seen in the overlap between the two images, is due to the shortening of the sample after rupture. To furtherly develop the analysis it was then necessary to identify if the same shear bands detected in DIC fields were identified in the microstructure. For this purpose, a mosaic of SEM images, which represents the full surface of the thin section, has been made and is presented in Fig. 7.55, while its overlap with the reverse global DIC is shown in Fig. 7.56. As previously highlighted when commenting the overlaps relative to the BxR_GVR_7 test, the magnification at which the result are presented could pose some readability problems. Therefore, acknowledging that it may be difficult to fully appreciate on a printed version the correspondence of deformation mechanisms between SEM mosaic and DIC fields, some selected magnified areas will be presented. This is mainly done to ease the comparison, and to enable to appreciate how consistent is the agreement between the two techniques (digital image correlation and scanning microscope images) for what pertains the identification of the deformation mechanisms. As was done for BxR_GVR_7 test, coloured rectangles placed on the SEM mosaic (see Fig. 7.57) delimits five areas of interest which will be analysed chosen in the neighborhood of the shear band, and where the deformation mechanisms will be characterized. The height difference that can be seen on the overlap, is caused by a cut that was made on the sample before preparing the thin section. In order to more clearly visualise the deformation mechanisms, and to easily understand and recognize them at the grain scale, the areas previously identified in the SEM mosaic, will be hereinafter separately illustrated and discussed on microstructure images having 100X magnification. Four white squares are chosen on each coloured area in order to analyse some interesting deformations mechanism. Moreover, for every coloured rectangle the overlap between microstructure images, second strain invariant field, first strain invariant field, rigid body rotation field and DIC displacement will be presented in order to study the mechanisms at the grain scale. 

Orange area

The analysis carried out through DIC in the enclosed orange area detects parallel and conjugated bands, that start from the left side and propagates toward the lower side of the analysed area. At the micro-scale (see for reference Fig. 7.58, 7.59, 7.60, 7.61, 7.62 and 7.63) the observed bands were constituted by strongly deformed grains, and exhibit intragranular and intergranular fractures oriented mainly along the major principal stress direction (although some fractures oriented along the minor principal stress direction were detected). Some bands even shows thin transgranular fractures developing for a variable distance from two to three grains. The mean distance amongst parallel bands is measured in the range between two to three grains. In between bands, the deformation intensity is lower when compared to that detected inside the bands: no transgranular fractures are detected and grains exhibit lower fissuration. When conjugated bands (previously detected in DIC) are investigated, heavily deformed grains are detected at the micro-scale, and the observed fractures are oriented either along the major principal stress and the minor principal stress directions. Moreover, numerous grains are crushed and the resulting fragments are compacted between them, which leads to a reduction of the porosity inside the band. A few macro-pores are filled with quartz and clay crumbles that, due to the intense deformation, often have a dusty appearance on the SEM image. The comparison between DIC fields and microstructure has provided interesting information on the area located at the right of the aforementioned parallel bands. Here, DIC do not indicate material deformations and the microstructure observations confirms this findings, since grains are crossed only by one or two thin intragranular fissures, that do not generally cut through the whole grain. Fissuration is mainly localised at the grain border, while a few grains appear intact. 

Fuchsia Area

The area delimited by the fuchsia rectangle is ideally placed to analyse a conjugated band of one of the principal bands that run across the sample. A thorough analysis allows detecting the inception of the conjugated band and its propagation towards the upper left corner of the area (see for reference One of the principal band's portion is visible at the lower left side of the area, and is formed by heavily deformed grains that show both intragranular and intergranular fissures. Some grains are loosely connected, and generally have a variable number of fissures at their border, while non-cohesive material is found inside the pores and seems as though it is gradually sliding down as loading progress. The observations done on the conjugated band area reveals deformation mechanisms similar to those found on the principal band, although the detected fissures are mainly intragranular, with a noticeable presence of borders fissuring. Grain matrix along the conjugated band has varying level of porosity, depending on the compaction between grains. The higher porosity values seem to originate from the crushing of the clay and from the decohesion found along the grain borders. Furthermore, another deformation zone investigated inside the fuchsia rectangle, is located at the top left corner: here single or multi fissured grains exhibiting varying level of border fissuring are detected. As previously noted, the porosity found in areas where the grain border fissuring phenomenon is detected, is generally higher than that measured in areas where this damaging phenomenon is not present. The first band, which can be observed around half of the left side of the selected area, continues to develop towards the lower side. Inside this band, intragranular and border fissuration characterize grains, which at times are heavily fissured or cracked. Pores are wider than usual and grains appears as though they are progressively sliding down. As previously anticipated, another band can be identified starting at the end of the one that have just been described: it is approximately orthogonal to the first one and propagate toward the upper right side. Wide pores containing crumbled material can be observed inside this band. The grains exhibit various intragranular fissuration, which occasionally lead to splitting or crushing phenomena. Furthermore, few grains shows an intense deformation localized mainly at the borders, which appears fissured or splitted, although fissures do not cut through the whole grain. In between the aforementioned orthogonal bands, three other minor bands can be observed. Their microstructure is characterized by the presence of multi-fissured grains, some of which are splitted in two or more fragments, and the resulting non-cohesive material seem as though it is sliding down. As was previously found when the crushing or splitting of grain borders are detected, the porosity in this area is comparatively wider than that of the whole matrix. The microstructure analysis reveals multi-fissured grains, with fissures oriented mainly along the major principal stress direction. Fissures appear to be more concentrated at the grain's borders, which at times results in their crushing. In the band's core numerous grains exhibit a higher fissuration intensity, leading often to grain splitting and fragmentation. The last conjugated bands that has been analysed propagate towards the right border of the examined area, and, unlike other bands, is characterized by grains that are heavily deformed since they exhibit both intragranular and intergranular fissuration. Fissures are oriented mainly towards the major principal stress direction, although a few grains show fissures oriented along the minor principal stress direction. Due to the strong deformation undergone, crushed grains are observed and their fragments tends to distribute in the resulting wide porosity. 

Green area

The last area that has been analysed, delimited by a green rectangle, has been selected to investigate a deformation band and its conjugated bands. Microstructure observations (see for reference Fig. 7.82, 7.83, 7.84, 7.85, 7.86 and 7.87) identifiy a heavily deformed iron oxide at the beginning of the band, close to quartz grains that are mainly fissured along their borders, and surrounded by wide pores. Identifying and following the band at the grain scale is made easy by the fact that the band limits are characterized by a higher porosity than that found where no deformation is detected. Inside the deformation band, grains appear to be loosely connected, and are characterized not only by a more pronounced fissuring, but also from the presence of fractured and crushed grains. Furthermore, localized fissuration along the grain border is observable, coupled with crushed clay grains and heavily deformed micas. In the non-deformed area a few, almost intact, grains are found, exhibiting typically no more than two fissures, which do not generally cut through the whole grain surface. 

Microstructure-DIC: bands characterization

The previous section, devoted to the comparison made between DIC and SEM microscope images, has allowed to assess the coherence between these two techniques in describing the bands deformation mechanisms. The attention was placed mainly on mechanisms found far away from the main band. Conversely, in this section the analysis will focus on the characterization of the main band, in order to quantify aspects such as its orientation and thickness and to determine its dilating or compacting character: the analysis will be based on the comparison between DIC and the mosaic of SEM images representing the thin sections. In Fig. 7.88 the band thickness measurements on the DIC is compared with the band's thickness measured on the SEM mosaic for the BxR_GVR_07. The white circles represent the selected locations where the band's thickness has been measured. The corresponding results are grouped in tab. 

Volumetric behaviour inside bands

The parallel analysis made on DIC and microscope images allowed to investigate the band's dilating or compacting character. The colorbar values used for the DIC field indicate a dilating behaviour with a red colour, while a blue hue indicate compaction. In Fig. 7.91 is shown the SEM mosaic relative to the BxR_GVR_07 test, along with the DIC volumetric deformation field relative to the end of the test. The overlap between the aforementioned figures is shown in Fig. 7.92. Tiny compacting areas are found between the ending portion of two consecutive shear bands (bridge zone), and in the areas surrounding the fracture developed in the band's core. The dilation and compaction zones detected with DIC are then observed on SEM images. When the main band is explored at the grain scale, it can be noted that it is composed in reality by three distinct shear bands, each separated from the subsequent by a small compacting area. The shear bands lay on a non-continuous plane and contain some prominent fractures in their core. A reduced porosity, due to the compaction of heavy fractured and crushed grains, is detected in compacting areas located either in the nearby zones which surrounds a fracture, or in the small areas located between two shear bands. The same parallel analysis made for the BxR_GVR_07 test has been also done for the BxR_GVR_11 test. In Fig. 7.93 the corresponding SEM mosaic (on the left) is shown along with the volumetric deformation field computed at the end of the test. Their overlap is presented in Fig. 7.94. The DIC fields indicate the existence of compacting areas, which are also found in the corresponding microscope images in the form of compacting bands. In conclusion, for the BxR_GVR_07 test (confining pressure equal to 30 MPa) DIC and microstructure agree in indicating the presence of dilating bands (which translate at the grain level as fractures which developed inside the bands) separated by small compacting areas where crushed and compacted grains can be seen in microscope images. Conversely, for the BxR_GVR_11 test (confining pressure equal to 50 MPa) the main band has a constant compacting character that is caused by heavily crushed and compacted grains that lead to a local porosity lower than that measured in areas far away from the band. 

Porosity

The Vosges sandstone's porosity has been measured on an non-tested specimen, which was cored from the same slab from which were took the specimens tested during the experimental campaign. The specimen was dried in a stove until reaching constant weight, and then it has been allowed to cool down for 30 min inside a desiccator. Its dried weight was then measured. Subsequently, the sample has been saturated by immersing it in a water bath, under vacuum, for 2 hours. The water level was initially kept at 1/3 of the specimen's height then, after 2 hours, the water level was increased at half the height of the sample and then the specimen was kept in the bath under vacuum for 2 more hours. The specimen was then completely immersed in water and left inside the water bath for 2 additional hours, this time without applying vacuum. The specimen was then transferred inside a basket container and its saturated submerged mass was determined by calculating the difference between the weight of the basket plus the submerged mass of the specimen and that of the basket alone. The specimen was then removed from the water bath, and after having carefully dried its surfaces with an absorbent paper, its weight was then measured. The specimen's resulting porosity was computed from the following equation: The specimen porosity has been also evaluated on the thin section using a specifically developed Matlab code. The principle which was applied is based on the evaluation of the porosity on a 2-D image. The code takes as input an image (either tiff or jpg), which is then binarized using the Otsu method. The Otsu method enable the reduction of a greylevel image to a binary image. The algorithm works by assuming that the image contains two classes of pixels, respectively called foreground pixels and background pixels, and it then calculates the optimum threshold. This step allows to obtain a black&white image on which the black pixels are the material voids and the white pixels represent the grains. The porosity φ, or void ratio, is then expressed by the following equation: φ = n°black of pixels n°of total pixel in the image (7.2)

In Fig. 7.95 the porosity maps for the two tests, obtained for a square sampling having side of 0.5 mm (measured respect to the thin section) is presented along with the corresponding SEM mosaic. 

Conclusions

In order to characterize at the micro-scale the deformation phenomena inside the Vosges sandstone microstructure, two specimens were selected and slides were prepared for microscope observation. The chosen samples, BxR_GVR_7 and BxR_GVR_11, were preliminary tested in plane strain compression at confining pressure of 30 and 50 MPa respectively, and then a thin section was prepared from each specimen and observed with an electronic microscope. The observation revealed a different deformation localization behaviour between the two samples: evidences of a dilating band formation were found for the BxR_GVR_7 sample, while the BxR_GVR_11 thin section clearly showed the formation of a compacting band. This results are consistent with those already obtained with DIC. The mean porosity inside the band for the 30 MPa sample is higher than the mean porosity of the surrounding rock: the microstructure analysis revealed fractures at the heart of the band. Furthermore, the presence of strongly deformed and crushed grains is detected at both side of the fracture, extending for a width of a few grain distances. Conversely, the porosity measured inside the principal shear band of the BxR_GVR_11 specimen is lower than that of the areas positioned far away from it. In fact, the analysis that were done on the microstructure revealed the presence of compaction bands inside which grains are heavily deformed and compacted between them. This seem sufficient to indicate that the specimen macroscopic behaviour is actually heavily controlled from the deformation modes found inside the shear bands. The two samples showed a different deformation localization behaviour inside their respective shear bands, and the same difference exists in areas distant from the shear bands. In fact, for both samples, the bands detected in areas placed far away from the main shear band exhibit a difference in their microstructure. The importance of the parallel study that has been presented, lay on the ability of identifying and measuring the deformation mechanisms at the grain scale and in establishing the how closely they relate to the phenomena found through DIC fields. This relationship has been investigated comparing variations on the material fabric to the intensity of the second and first strain invariant, and with the DIC rotation field to identify rigid body movements. From the analysis of the DIC second strain invariant relative to the BxR_GVR_07 specimen (confining pressure 30 MPa), emerges a direct link between the intensity of the deformation and the presence of grain's intragranular and border fissuration. In this high deformation zones the first invariant of the strain tensor indicate dilatancy, accompanied by rigid body movements detected on the DIC rotation field.

For the BxR_GVR_11 test (confining pressure 50 MPa), the high deformation zones identified in the DIC I2 field correspond in the microstructure to intergranular fissuration, and seldom to intragranular fissures, accompanied by non-coherent material dispersed in the pores. The first invariant of the strain tensor indicate the presence of compacting behaviour in these zones, while the DIC rotation field reveals rigid body movements particularly in the areas where grains appears to be more compressed and with bruised borders. If we perform the analysis by discussing the DIC results starting from microstructural evidence, it is possible to conclude for specimen BxR_GVR_07 that where bruised grains or an open porosity is detected in the microstructure, then an intensification of the dilatant phenomena is found on DIC. For the BxR_GVR_11 test mainly compacting phenomena are observed in the diffuse band, although some dilatant zones are found, which corresponds to zones where an open porosity is detected or where bruised grains are present. Results from the post mortem microstructural study are consistent with the DIC-based fields and microscopy enable to detail at the grain scale the physical nature of localized strain. The deformation localization phenomena examined at the grain scale confirm the previous analysis conducted using DIC data. The coherence between the two techniques is found not only when identifying the main localization bands and measuring their physical characteristics as orientation and thickness, but also when detecting diffused bands in the material, which are identified early with DIC, at approximately 60% of the maximum load. In the attempt of explaining the early formation of the diffused bands inside the grain matrix, their onset could be attributed to a material's weakness that could depend from a pre-existing wider porosity or lower cementation, which lead to the early and diffused deformation localization even after the inception of rupture.

X-Ray Tomography: introduction

In this thesis, apart from the use of the DIC as a non-destructive method, the thomographic measurement technique has been used to allow to reconstruct and analyse the whole specimen volume before and after the loading tests. The following paragraphs will be devoted to a brief theoretical description of the tomographic technique and to a presentation of the tomograph used in the 3SR Laboratory.

X-Ray Tomography: theory

X-Ray CT (where CT stands for Computed Tomography) is a non-destructive imaging technique that combines X-rays imaging with computer technology to produce a detailed, cross-sectional image of a sample to visualize its internal structure and make 3D reconstructions of it. X-ray CT applied to geomaterials allow to characterise the deformation mechanisms, as it allows the visualisation of localised patterns and textural heterogeneities and also quantitative data extraction such as the spatial distribution of features (e.g., orientation and thickness of fractures or bands) [START_REF] Desrues | Void ratio evolution inside shear bands in triaxial sand specimens studied by computed tomography[END_REF]. Additionally, the porosity evolution or the grain contacts evolution can be studied [START_REF] Andò | Analysing the evolution of grains and contacts in sand under load in[END_REF][START_REF] Fonseca | Quantitative Description of Grain Contacts in a Locked Sand[END_REF][START_REF] Hall | Characterisation of the evolving grain-scale structure in a sand deforming under triaxial compression[END_REF] , by using binarization and segmentation techniques on the obtained x-ray tomography slices. X-ray CT might attain resolution lower than a micron and so can be considered as a competitive alternative to optical microscope or complementary to it in some domains.

It should be noted, however, that X-ray CT is sensitive solely to density variations (when the photon energy and the atomic number are constant). In the absence of volumetric strain, for instance, in the region of localised deformation, X-ray CT will fail to detect the phenomena, particularly in their early stages [START_REF] Bésuelle | X-ray CT observations of strain localization and failure in two porous sandstones[END_REF][START_REF] Lenoir | Volumetric digital image correlation applied to x-ray microtomography images from triaxial compression tests on argillaceous rocks[END_REF] . In such cases, it is essential to apply either statistical approaches to the grey-scale values of the X-ray CT images, or to combine X-ray CT with Digital Image Correlation. The measurement principle consists in recording X-ray radiographies of a specimen at several different angular positions with a full angle span of at least 180°and, then, reconstructing virtual "slices" (i.e horizontal cross-sections), from these different projections. A stack of many different adjacent slices allows the reconstruction of a three-dimensional image of the object. CT images are elaborated by priorly determining the spatial distribution of the "CT-value", that has the following definition [START_REF] Otani | Introduction of X-ray CT application in geotechnical engineering -theory and practice[END_REF]:

CT value = µ t -µ w µ w K (7.3)
where µ t : absorption coefficient at scanning point; µ w : coefficient of absorption for water K: Hounsfield constant equal to a value of 1000.

CT value for water is 0, while the CT-value of air, computed through equation 7.3 is equal to -1000 since the coefficient of absorption for air is zero. CT images exhibits a shaded grey or black colour for low CT-value and light grey or white colour for high CT-value. The radiometric resolution varies according to the type of detector used. The CT-value, as well as µ t , is linearly related to the material density and affected by its atomic composition: there is a linear dependence between CT-value and the density of the material. The most used X-ray technique is known as transmission tomography, and measures the attenuation of X-ray transmitted through the observed sample. The attenuation is due to a number of physical phenomena:

• Compton scattering (the wavelength of the scattered light is different from the incident radiation);

• Photoelectric absorption;

• Elastic scattering;

For X-rays possessing an energy lower that 200 keV, µ t depends essentially on the Compton and on the photoelectric effect. This dependence can be expressed with the following equation ( [START_REF] Van Geet | Optimisation of microfocus x-ray computer tomography for geological research with special emphasis on coal components (macerals) and fractures (cleats) characterization[END_REF])

µ t = ρ a + b Z 3.8 E 3.2 (7.4)
Where E is the x-ray energy, ρ is the material density, Z is the atomic number and "a" et "b" are coefficients depending on the ray energy. The coefficient "a" accounts for the Compton effect, while the remaining elements inside the parenthesis in equation accounts for the photoelectric effect. When the studied material is composed by different elements, Z corresponds to Z e , the effective atomic number, which is calculated according to the following expression ( [START_REF] Van Geet | Quantitative anlysis of reservoir rocks by microfocus x-ray computerised tomography[END_REF]):

Z e = i f i Z 3.8 i 1 3.8 (7.5) 
where f i is the partial atomic fraction of the i-th element and Z i is its atomic number. The distribution of the attenuation coefficient µ t (x, y) is deduced then by using for example a reconstruction algorithm based on the Lambert-Beer attenuation equation, which states:

ln N N 0 = -ŝ µ t (s) ds (7.6)
Where N are the number of transmitted photons and N 0 the number of emitted photons, µ t (measured in m -1 ) is the absorption coefficient of the material along the s trajectory. Figure 7.96 show a schematic representation of the reconstruction process. The X-ray beams are supposed parallel. The first step of the reconstruction technique consists typically in measuring the attenuation coefficients collected at various angles from 0 to 360 degrees. Each photosensitive element of the sensor matrix will then record an intensity value. The property that is actually computed is the linear attenuation coefficient of that object, at various points in the object's cross-section. When all the different attenuation maps for the different angles have been acquired an algorithm is used to reconstruct the 2D cross-sectional image from the projections. Various algorithms are available to perform this task, which can be divided in the following groups:

• Filtered back-projection (FBP)

• Iterative method -Algebraic Reconstruction Techniques (ART).

-Statistical Image Reconstruction Techniques (SIRT): (Weighted) Least squares or Likelihood (Poisson) (e.g. maximum log-likelihood)

According to the specific domain of application and the material requirements, a different algorithm can be preferred over the others. The FBP, which is based on the following assumptions

• straight beam lines (with no refraction or di?raction);

• monochromatic source (X-ray photons of the same wave-length/energy);

• Beer's Law's, which means that X-ray intensity attenuates linearly in matter;

possess an implementation which is mathematically complex, but computationally very efficient. Conversely the ART is conceptually simpler, but computationally more expensive and lacks the accuracy and speed of implementation obtainable by FBP.

3SR Tomograph: hardware description

The X-ray scanner of the 3SR Laboratory of Grenoble was built by RX-solutions. A protective cabinet (with internal dimensions 175x135x290 cm) hosts the X-ray source and the detector, placed at a fixed relative distance of 76 cm. A sample holder, that can support a maximum weight of 70 kg, is installed between the source and the detector, in an area designed also to hosts a mechanical testing apparatus for mechanical loading during the scanning. The sample holder can be rotated and translated horizontally (for zoom operations). An x-ray micro-focus tube is used as the source of X-Rays: the tube technology allow the aquisiton of images with high magnifications on small samples. The spatial resolution can be changed by changing the spot size from 5 to 50 µm, and by changing the distance between the sample and the X-Ray source. Three focal spot-sizes can be selected:

• 100 µm (Large) 75 W, maximum power (i.e., 500 µA at 150 kV);

• 20 µm (Middle), 30 W;

• 5 µm (Small) 10 W.

The scanner maximum applicable electrical potential difference is 150 kV, while the maximum current flux is 500 µA. The detector consists of a cesium iodide (CsI) scintillator screen that converts the X-ray photons in a digital image. The software developed by RX-Solutions, is used for controlling the X-ray source, for programming the axis movements of the sample holder, for automatic system calibration and for processing and recording of X-ray images. Data processing for the tomographic slice reconstruction is done by using a software based on "Octopus" (reconstructions software kernel developed by the Ghent University). A synthetic presentation of the main characteristics of the tomograph is given in tables 7.3 and 7. The scanning set-up, visible in Fig. 7.97 consists of three elements: the x-ray source, the sample holder and the 2D detector. The specimen is installed on a rotating sample holder that can translate horizontally along the source-detector axis. The source and the detector, which can be shifted up and down along the vertical axis to adapt to the sample, are installed, as said above, at the fixed distance of 768 mm. The obtained spatial resolution of the x-ray image (voxel-size) is partially related to the position of the specimen. If the specimen is moved towards the source, the resolution becomes higher. The conic beam produced by the source is filtered by a beryllium exit window, and passes through the specimen: the detector then captures the associated x-ray attenuation map for different rotation angles. At high voltage difference settings, the mean energy of the photons will be increased, and so it will be easier for them to travel through the material. High voltage (higher than 100 KV) are typically used when scanning dense material or large samples. The current control parameter, conversely, defines the number of electrons produced: higher current settings produce more electrons (and hence more x-ray photons) which results in a brighter image. As the specimen is turned on the sample holder over 360°, multiple radiographs are acquired over a range of angular orientations. Using the Octopus reconstruction software developed by the Ghent University, 2D horizontal slices, representing x-ray attenuation maps across the specimen, are reconstructed from the radiographs. A reconstructed tomographic data file provides a quantifiable description of solid particles and void spaces in a series of two dimensional cross-sectional images, which also can be combined together to create a full 3D volumetric view of the scanned object. Each pixel of a scanned image represents the average density of a voxel (volumetric representation of a pixel) at a particular (x, y) location. The parameters used in this thesis work for acquisition are:

• Source-object distance: 203.39 mm

• Image dimension:1536x1920 pixel

• N°of acquired images: variable according to sample, usually in the range between 1600-1900

• Pixel size: 33.610 µm

Vosges sandstone: analysis of tomograph images

The entire volume of the samples has been reconstructed from slices obtained through X-Ray computed tomography. The gray level is indicator of the local density on each slice, with darker shades of gray representing high porosity areas and lighter shades lower porosity areas. In the following section the analysis made on tomographic images of specimen BxR_GVR_ 07 (30MPa) and BxR_GVR_ 11 (50MPa) will be presented.

Test BxR_GVR_07 (30 MPa)

A selection of three horizontal and vertical cross-sections made on the BxR_GVR_ 07 specimen (30MPa) is shown in Figure 7.98. The first, horizontal, slice shows the lower portion of the localization area, at about two millimeters from the base. The second slice corresponds to the central portion of the localization area, while the third slice was taken 2 mm below above the end of the localization area. The first horizontal section shows a band which does not exhibit a linear and continuous trend. In fact, two small band portions, located at opposite ends of the specimen and a portion found near the central portion of the specimen appear dark, and thereby have a higher porosity compared respect to non-deformed areas. The central horizontal slice shows a band that have a higher porosity in its central portion, while the final portions of the band show a lighter colour and are for this reason classified as small compacting areas.

The last slice shows the presence of a band which exhibit a not linear trend, and where dilating areas alternate with small compacting areas. A subsequent and interesting observation can be made by analysing the three vertical sections performed respectively at 2 mm, 12.5 mm and 28 mm from the specimen surface. From these cross-section we can understand not only the dilating and compacting behavior of the band, which confirms previous study made through DIC and microstructure analysis, but they also allow to observe that the deformation plane, changes slightly its orientation. The overlap shown in Fig. 7.99 shows more clearly this phenomenon. 

Test BxR_GVR_11 (50 MPa)

The analysis of tomograph images that has been done for the previous test has also been performed on the BxR_GVR_11 (50MPa) specimen. Three horizontal and vertical slices have been made and presented in Fig. 7.100 The first horizontal slice is made at two millimetres above the lower part of the band, while the second slice and the third were made, respectively in the central portion of the band and at 2 mm below the end of the localization area. In each slice it is possible to observe a large area that is characterized by a porosity values that are smaller than those of non-deformed areas. The band exhibits a rather linear trend. The analysis of the vertical slices, made respectively at 2, 12.5 and 28 mm from the specimen's surface, show a compacting band which does not seem to exhibit the same change in its orientation as was observed for the BxR_GVR_07 specimen (30MPa) (see Fig. 7.101). 

Conclusions

The results of the analysis made on slices obtained through X-ray CT of two specimens tested at 30 and 50 MPa are consistent with previous results, obtained through DIC, and with microscopic observation made on thin sections imaged with SEM. Dilatants shear band are observed in the BxR_GVR_07 (30MPa) specimen, while compacting band were observed in the BxR_GVR_11 (50MPa) specimen. The tomograph cross-sections shows that the band changes slightly its orientation when going through the specimen BxR_GVR_07 (30MPa), a phenomenon which is not observed in the BxR_GVR_11 (50MPa) specimen. This phenomenon could not be revealed due to the different nature of the band. This small variations of the pattern in the intermediate stress direction shows a small 3D effet, however, the localization pattern is globally 2D.

8 Plane strain compression: bifurcation analysis

Introduction

The geomaterials, and particularly sandstone, tend to fail under compression due to the propagation of internal forces in their particulate matrix, showing either localized or diffused deformation. This is a well known behaviour, and the multiplicity of material responses under load that are known to converge toward failure, can be modeled as a bifurcation from homogeneous deformation. As a consequence, a number of theoretical works based on experimental data have been carried out in the past in order to predict the deformation instability evolution. The classic work of Rudnicki and Rice (1975) [2], has laid down the basis for a theoretical framework based on the bifurcation theory, and propose a model to predict the conditions required for the strain localization. However, most of the available data to support the theoretical framework is based on axisymmetric tests done with triaxial testing devices. This chapter will discuss an implementation of the Rudnicki and Rice theory, and its subsequent extension made by Bésuelle (2000) [START_REF] Bésuelle | Compacting and dilating shear bands in porous rock: Theoretical and experimental conditions[END_REF], that aims at describing and predicting the shear band formation found on Vosges sandstone samples loaded in plane strain compression.

Bifurcation theory: overview

Rudnicki and Rice (1975) [2] (from now on abbreviated as RR), proposed to describe the formation of a localized strain band as the result of a bifurcation from homogeneous deformation, caused by a constitutive instability. The strain localization theory was originally developed to predict the onset of shear localization in dilating, low porosity rocks. Subsequently, while conducting axisymmetric compression tests on Castlegate sandstone (28% porosity), Olsson [START_REF] Olsson | Theoretical and experimental investigation of compaction bands[END_REF] observed in some specimens zones of localized compaction that were perpendicular to the maximum stress direction. Similarly loaded specimens exhibited shear bands, and all specimens contained shear bands and/or compaction bands, leading Olsson to suggest that the same theoretical framework proposed by RR could be used to predict the compaction bands formation that he observed in high porosity sandstone. Following the Olsson findings, the work of Rudnicki and Rice (1975) [2] was re-examined by Issen and Rudnicki [START_REF] Issen | Conditions for compaction bands in porous rock[END_REF]8] in order to discuss the possibility for the occurrence of planar localization zones perpendicular to the most or least compressive principal stress, and to interpret them as compaction zones. However, from a historical perspective, it must be said that these conditions were already identified in 1991 by Ottosen and Runesson [START_REF] Ottosen | Properties of discontinuous bifurcation solutions in elasto-plasticity[END_REF] for a slightly more general constitutive model than that considered by Rudnicki & Rice. Furthermore, in 1993, Perrin and Leblond [START_REF] Perrin | Rudnicki and rice analysis of strain localization revisited[END_REF] pointed out how the solution given by Ottosen and Runesson, for a material modeled with a yield surface "cap" material and yielded in hydrostatic compression, differed from that of RR, discussing in detail and correcting the RR model error, and determining also the limits for the possible existence of shear bands. The constitutive framework used by Rudnicki & Rice is, in its most general form, a single yield surface constitutive model (SYSM), that describes an incrementally linear elastic-plastic solid, where the yield surface and plastic potential depend only on the first and second stress invariants. where σ is the mean stress defined by

σ = - 1 3 σ kk (8.2)
The repeated subscript denotes summation, and σ kk is assumed to be positive in compression. The Mises equivalent stress, τ , is the second invariant of deviatoric stress and is expressed by the following equation:

τ = s ij s ij 2 (8.3)
where s ij is the deviatoric stress defined by:

s ij = σ ij - 1 3 σ kk δ ij (8.4)
δ ij is the Kronecker delta (equal to 1 if i =j, and equal to 0, if i = j ). The flow stress satisfies a Drucker-Prager condition, hence a geometric interpretation of the yield surface in the stress space is presented in fig. 8.2. When the yield surface is plotted in the stress space, its projection on the deviatoric plane, perpendicular to the trisectrice, is a circle. The circle radius will increase as the inelastic deformation increases (strain hardening), and decreases in strain softening. The plastic increments of the volume strain dε p , and equivalent shear strain dγ p are defined as: Considering that in brittle rocks an non-elastic volume change is associated with inelastic shear, a dilatancy factor, β, accounts for the variation of these plastic parameters, and is defined as:

dγ p = 2dε p ij ε p ij (8.
β = dε p dγ p (8.8)
During compaction the dilatancy factor is negative. The RR stress-strain relationship (hence, the constitutive relation) is expressed as:

▽ σ ij = L ijkl D kl (8.9)
where ▽ σ ij is the Jaumann rate1 of Cauchy stress, defined by: (8.10) and where Ω ij , the spin tensor, is the antisymmetric part of the velocity gradient tensor and is expressed as:

▽ σ ij = σ ij -Ω ik σ kj + σ ik Ω kj
Ω ij = 1 2
∂v i ∂x j -∂v j ∂x i (8.11) and σ ij is the stress rate. The term D kl , in equation 8.9, represents the rate of deformation, and considering an elastic isotropic response it becomes [START_REF] Rudnicki | A class of elastic-plastic constitutive laws for brittle rock[END_REF]: (8.12) where ν is the Poisson ratio, G the shear modulus and P ij represents the direction of the inelastic portion of the deformation rate D ij , expressed as:

D ij = 1 2G ▽ σ ij - ν 1 + ν σkk δ ij + 1 h P ij Q kl ▽ σ kl
P ij = s ij 2τ + 1 3 βδ ij (8.13)
Q ij , instead, represents the modulus of the normal to the yield surface and has the following equation:

Q ij = s ij 2τ + 1 3 µδ ij (8.14)
The overview of the terms found in equation 8.9 is not complete without the modulus tensor

L ijkl L ijkl = G (δ ik δ jl + δ il δ jk ) + K - 2 3 G δ ij δ kl - Gs ij τ + Kβδ ij Gs kl τ + Kµβδ kl h + G + µβK (8.15)
where h is the hardening modulus and K is the elastic bulk modulus, related to the shear modulus G by the following relation:

K = 2G (1 + ν) 3 (1 -2ν) (8.16)
G is also known as the rigidity modulus, and is equivalent to the 2 nd Lamé constant. The modulus tensor, L ijkl , depends on the constitutive formulation, which implies that the localization conditions are also influenced by the choice of the constitutive relation. Furthermore, the following symmetry is valid:

L ijkl = L jikl (8.17)
The condition for the possible existence of a planar localization is given when the following equation is satisfied:

det |n i L ijkl n l | = 0 (8.18)
where n i is the unit normal vector to the band.

Bifurcation theory for plane strain compression

Rudnicki & Rice predicted that localization is strongly influenced by the deformation conditions. Moreover, they suggest that for conditions near deviatoric pure shear, localization can occur prepeak, while for axisymmetric compression, localization will occur only post-peak. This prediction roughly suits the true triaxial experiments of Mogi [START_REF] Mogi | Effect of the intermediate principal stress on rock failure[END_REF][START_REF] Mogi | Effect of the triaxial stress system on the failure of dolomite and limestone[END_REF]. However, Wawersik et al., [START_REF] Wawersik | Micromechanics of Failure of Quasi-Brittle Materials[END_REF], Ord et al. [START_REF] Ord | Shear band formation in gosford sandstone[END_REF] and Labuz et al. [START_REF] Labuz | Plane strain compression of rock-like materials[END_REF] have reported observations of localization prior to peak stress in experiments made in plane strain on Tennessee marble, Gosford sandstone, and Berea sandstone, respectively. Although there have been numerous extensions of the RR approach to different forms of the constitutive relation, the comparison of localization predictions with experimental data has been impeded by several factors. In fact, while axisymmetric compression is by far the most common test configuration for rock, it is far from being the ideal choice for determining the parameters of any constitutive relation that depends on the stress invariants (such as those used by RR and Ottosen and Runesson [START_REF] Ottosen | Properties of discontinuous bifurcation solutions in elasto-plasticity[END_REF], for instance), since the mean and deviatoric portions of the stress change simultaneously and in fixed ratio in the axisymmetric compression test. In order to separate the dependence of the constitutive parameters from data obtained with an axisymmetric test, many tests at different confining pressures are required, and then a fairly elaborate reprocessing of the data should be performed. Furthermore, the comparison of localization predictions with observations is complicated by the fact that a smooth yield surface, relative to an elastic-plastic constitutive model, do not describe very well the material response to an abrupt change in the deformation behaviour. As discussed by RR, strain localization in axisymmetric deformation, involves an abrupt change, and so for this stress state the prediction of localization requires a severe softening. Rudnicki [START_REF] Rudnicki | The inception of faulting in a rock mass with a weakened zone[END_REF] has argued that severe softening is consistent with observations of localization in some tests on rocks. However, it should be noted that localization is observed much closer to peak stress and with lesser rate of softening than required by the prediction. Conversely, plane strain is an attractive configuration for comparing experimental observations with theory, since localization in plane strain does not involve abrupt changes in the material deformation behaviour. Moreover, localization is predicted to occur at positive hardening modulus. Implementing plane strain testing requires the ability of regulating and controlling an additional degree of freedom in the testing device. Furthermore, the sample size should be kept large enough to maintain uniform deformation, but small enough in order to not require an excessive force for the out-of-plane constraint, thus making plane strain compression a more challenging experimental configuration for rocks than axisymmetric compression. Another main difference that should be highlighted between plane strain and axisymmetric tests, pointed out by Holcomb and Rudnicki [START_REF] Holcomb | Inelastic constitutive properties and shear localization in tennessee marble[END_REF], is that while the deviatoric stress state remain fixed by the loading geometry in axisymmetric configurations, in plane strain it depends on the out-of-plane normal stress (in the direction of the plane strain constraint). This means that, depending on the stress evolution, localization becomes possible either with positive or negative plastic hardening modulus. Consequently, the availability of published data for plane strain compression tests is not as wide as for axisymmetric compression test, and directly derive from the inherent experimental difficulties that should be solved before using this loading configuration.

In this work, a formulation of the RR theory is adapted for plane strain compression, and the relevant model equations, based on the formulation on the previous work of Bésuelle [START_REF] Bésuelle | Compacting and dilating shear bands in porous rock: Theoretical and experimental conditions[END_REF] will be detailed in the following. The bifurcation condition, formulated in eq. 8.18, relates the hardening modulus at localization to the incremental constitutive parameters G, K, µ, ß and to the prevailing stress-state N . RR [2] considered that the onset of bifurcation corresponds to the case of a critical, maximum modulus h, and since h is a decreasing function of the amount of strain, it is then necessary to find the orientation for which the value of h is at its maximum. RR give as the corresponding critical value of h the following expression:

h cr G = 1 + ν 9 (1 -ν) (β -µ) 2 - 1 + ν 2 N + β + µ 3 2 (8.19)
where µ, ß, ν are the model parameters to be determined from the experimental tests and N is the intermediate principal value of the deviatoric stress. The principal stresses are defined as σ 1 > σ 2 >σ 3 and the normalized deviatoric stresses are calculated from the following expressions: The predicted band angle θ (the angle between the normal to the band and the σ ′ III direction) can be then computed as:

N = σ ′ II τ = 2σ 2 -σ 1 -σ 3 3τ (8.
tan 2 (θ) = ξ -N III N I -ξ (8.23)
where ξ is:

ξ = (1 + ν) (β + µ) 3 -N (1 -ν) (8.24)
RR studied the bifurcation conditions from a homogeneous stress and strain state toward a band-localized strain state. They assumed a band normal to the x 2 coordinate axis and wrote the kinematic condition for the discontinuity of the strain rate as:

△D ij = 1 2 (g i δ j2 + g j δ i2 ) (8.25)
where ∆D ij is a velocity gradient tensor inside the band, which is different from the tensor that describes the kinematic outside the band: g i in eq. 8.25 represents an arbitrary vector which only varies in position across the band. The velocity gradient tensor will be then expressed as: The shear strain inside the band is described by the g 1 and g 3 vectors, while g 2 quantifies the amount of volumetric strain (g 2 is positive for dilatancy and negative for compaction). The g 3 component is chosen to be positive. In Figure 8.3 a schematic shear band representation is shown to highlight the orientated cartesian system chosen on the band. This new axis system is given by m1, m2 and m3 which are expressed respectively as m1 (0,1,0), m2 (sin(θ),0 , cos(θ)) and m3 (cos(θ),0 ,-sin(θ)). The non-symmetric constitutive tensor N ij = L 2ij2 is expressed by:

△D ij =   
N ij = G (δ i2 δ j2 + δ ij ) + K - 2 3 G δ i2 δ j2 - Gs i2 τ + Kβδ i2 Gs j2 τ + Kµβδ j2 h + G + µβK (8.27)
In order to give a plane strain formulation for the N ij tensor it is necessary to specify the deviatoric stress with respect to the m 1 m 2 m 3 reference system (orientated along the band). The deviatoric stress will be then: Combining the above equations with the general formulation for the N ij tensor in eq. 8.27 lead to the following expression for N ij : (8.31) where A curve below (Fig. 8.5), given by Issen and Rudnicki (2001) [8] shows the evolution of the shear band domain for any stress state (from axisymmetric extension to axisymmetric compression). 

s 22 = σ ′ 22 = 1 2 σ ′ I + σ ′ III - 1 
N ij =    G 0 0 0 N 22 N 23 0 N 32 N 33   

Determination of model parameters

The model parameters are determined through a multi-step process that begins with the acquisition of a data set, after which τ , σ, β, µ, γ p and ε p are determined, then the predicted values of θ and γ are computed. Olsson [START_REF] Olsson | Theoretical and experimental investigation of compaction bands[END_REF] conducted a series of experiments at confining pressures from 69 MPa to 100 MPa to determine these parameters and the strains necessary to the compaction bands formation. In order to successfully predict the orientation of the compaction band, Olsson [START_REF] Olsson | Theoretical and experimental investigation of compaction bands[END_REF] was forced to estimate values for β and µ rather than measure the values directly. If β and µ could be accurately determined from experimental results, then the theoretical prediction of the compaction bands orientation may coincide better with the observed orientations. Bésuelle et al. [START_REF] Bésuelle | Experimental characterisation of the localisation phenomena inside a vosges sandstone in a triaxial cell[END_REF], in order to determine the moment when the strain field associated with the onset of localization lost its homogeneity, used axial and radial strain gauges to measure the volumetric changes in the deformed sample. However, this is not the only possible experimental approach.

In fact, since specimens porosity changes can be characterized after the test using X-ray CT, a tomographic technique can then be adopted to study the porosity increase or decrease around the bands at different confining pressures. In this work the DIC technique has been used in order to characterize the band's characteristics and determine the volumetric behaviour of the sample under plane strain compression. Four tests taken from the experimental campaign, which cover the full range of confining pressure applied, have been selected to determine the model parameters and the elastic properties. The corresponding test numbers are BxR_GVR_06, BxR_GVR_07, BxR_GVR_10 and BxR_GVR_11, relative to a confining pressure value of 20, 30, 40 and 50 MPa, respectively. The Young Modulus E has been determined from the linear portion of the DIC corrected stress-strain curve. The Poisson ratio has been determined for an axial loading along the vertical direction is computed from the following equation:

ν = 1 -εv ε1 2 -εv ε1 (8.39)
The shear modulus G and elastic bulk modulus K have been determined with the following equations that depend only on the previous knowledge of E and ν:

K = E 3 (1 -2ν) (8.40) G = E 2 (1 + ν) (8.41)
It is worth recalling to the reader that the volumetric strains have been determined by exploiting the data available from the DIC: the method applied to determine the strains from the DIC fields is accurately described in chapter 5.

The volumetric plastic strains were computed by linear fitting of the cumulative volumetric strain-axial strain curve, by subtracting the incremental linear elastic portion from the total volumetric strain. Prior to determining the plastic axial strain, the linear fitting of the stressstrain curve has been computed and then the difference between the incremental elastic portion and the total axial strain has been determined. The rate of variation of both ε p v and ε p a was used in the β determination. These rate are expressed as: The β value has been then computed with the following equation: The discrepancies between predicted values for θ and experimental data is limited in the range of ±5 degrees. Previous studies [START_REF] Olsson | Theoretical and experimental investigation of compaction bands[END_REF] also note discrepancies between predicted and observed deformation band angles. Bésuelle [START_REF] Bésuelle | Compacting and dilating shear bands in porous rock: Theoretical and experimental conditions[END_REF] reports that the greatest difference between predicted and observed band angles, up to 13º, occurs for low confining pressure tests. One possible way to explain the gap between predicted and actual experimental determined angles is by considering the fact that predicted angles refer to bands orientation at the onset of localization, whereas samples observations (typically those obtained from axisymmetric tests) are generally done on axially shortened samples which have been overgone yield. In this sense, the possibility offered by DIC is invaluable, since the predictions can now be compared to the experimental data at the "true" onset of localization, or at least its best approximation judged from images of the same during deformation.

Conclusion

Introduction

In this work the mechanical behaviour of the Vosges sandstone has been investigated with an experimental campaign in plane strain compression, performed in a range of confining pressures between 20 and 50 MPa. The tests were carried out thanks to a novel experimental device installed in the Laboratoire 3SR in Grenoble, which allows the application of full field, noncontact, methods. This experimental apparatus allows imaging the temporal evolution of the strain field in the specimen, thanks to the presence of a sapphire glass window which enables the specimen observation during the loading. In this chapter the results deriving from the methodological approach, concerning the tools that have been developed to perform the test, will be discussed along with the results obtained from the experimental campaign.

Methodological advances

The digital image correlation technique (often simply shortened as DIC) has been used in this work as full field method. The continuing advances in digital imaging technology, offer the possibility of taking high resolution digital images during a load test, which then, with the aid of computer based post-processing, enable to extrapolate details related to the material behaviour that were previously difficult or even impossible to obtain. DIC has a clear advantage over traditional, transducer based, approaches, since it allows an accurate reconstruction of 2D displacement and strain field. Two main advantages can be highlighted of the 2D-DIC method, the first being the ability of working with a speckle pattern whose characteristics can be finely tuned to specifications, while for X-Ray 3D-DIC, the speckle is the material's microstructure (larger than speckle droplets and possessing a lower contrast). The second advantage is then, the higher spatial resolution and the ability to take numerous images during the test, while for the X-Ray 3D-DIC we are limited by the time needed to complete a scan. On the downside, 2D-DIC offers only a measure on the visible surface, but this issue is reduced by the fact that tests are made in plane strain compression, which implies that the localisation of deformation detected on the material surface is representative of the phenomena occurring in the whole specimen's volume.

However, the advantages of non-contact measuring techniques can be fully exploited only when using a specifically conceived test system like the true triaxial apparatus described in chapter 3. In order to gather the maximum amount of information with the full-field method used during this work, two key aspects of the imaging chain where investigated: image quality and the measurement accuracy of the DIC software. In fact, the accuracy of quantitative measurements depends on a number of factors that can be divided between two main categories: those related to the specimen preparation and those who are, instead, pertinent to the DIC code. A scrupulous protocol for the preparation of the speckle pattern has then been devised, described in Section 4.2.1, which incorporates local and global approaches to evaluate and characterise the homogeneity and spatial distribution of the speckles. The optimization done on the speckle distribution and on the pattern sharpness allowed the observation of the early onset of strain localization, a phenomenon that was not previously observed. Furthermore, it became also possible to measure from DIC fields the thickness of the deformation bands, at different moments during the loading. The DIC software that has been used during the experimental campaign has also been evaluated to assess its accuracy. This has been done by generating synthetic speckle pattern images, with a method described in Section 4.6. The synthetic images were then virtually deformed with a purposely developed code. The results of the elaboration of the DIC code on the couple of virtual images were then compared with the prescribed deformations. This approach has allowed quantifying the difference in the measured displacement, avoiding the inherent errors resulting from the experimental uncertainties, notably those coming from the imaging acquisition chain and the experimental device.

Experimental results

The results emerging from this experimental campaign indicate that localised deformation appears well before the stress peak (at about 60-70% of the maximum of the stress-strain curve). A diffuse pattern of shear bands appeared soon after the stress-strain curve lost its linear trend. The transition between the linear part of the stress-strain curve and its peak can then be interpreted as the moment when the specimen changes its deformation mode from homogeneous to localised.

The detection of the onset of strain localisation has been done by means of a detailed analysis of DIC incremental strain fields, which allowed characterizing the band's physical parameters such as their orientation, thickness and volumetric behaviour. The detailed analysis carried out on the early formed bands, and on their persistence on the material, has provided in-depth insights on the formation and subsequent evolution of shear bands during the tests. The DIC data indicate that, well before the stress peak, it is possible to detect complex and dense geometries of parallel and conjugated shear bands: these patterns are observable at all the applied confining pressures. Therefore the classical scheme that is commonly accepted, of a shear band mechanism comprising only a (or a few) single band (as it is observed at 20 MPa pressure), is actually preceded by a more complex pattern of shear banding. The bands density detected in the sample surface, before the stress peak, varies according to the applied confining pressure. The bands found for confining pressures ranging between 20 and 30 MPa, are more closely packed together, resulting in a denser surface pattern, and shorter mutual distance. Conversely, the bands detected on samples tested with values of confining pressure ranging between 40 and 50 MPa, appear to be less densely distributed. Furthermore, it has been observed for all the examined tests that the number of the early active bands decreases progressively during loading, down to no more than a few bands at the peak and during strain softening.

The bands found at the stress peak, in specimens tested at 20 and 30 MPa, generally start at a sample corner and propagate until about one third of the total sample height, passing through the surface's centre. At the end of the test, for 20MPa tests, the sample surface is crossed by shear band's showing an orientation of approximately 30 degrees (measured taking as reference the vertical axis). However, at the end of the test for specimens loaded at 30 MPa, the visible shear bands have slopes ranging between 30 and 35 degrees, and the bands occur either as a single plane or as multiple bands, mutually parallel, and intersecting along orthogonal paths. At 40 MPa, at the stress peak, the formation of multiple shear bands crossing the sample's surface has been observed: the patterns detected show different physical characteristics, which varies between the tests. In fact, several planes, sometimes conjugated, are detected, which do not tend to organize only along parallel configurations. The measured orientation of the principal shear band is around 40 degrees at the end of the tests, while other conjugated bands are detected with slopes ranging between 35 and 48 degrees. At 50 MPa the band's orientation increases, the principal shear band is oriented in a range between 40 and 45 degrees, while the other shear bands detected have slopes ranging between 38 and 48 degrees. The region of the specimen interested by the shear bands formation includes, approximately, around half of the sample's total area. The shear bands do not lay, generally, on a single linear plane. The analysis carried out on the band's orientation, measured before and after the stress peak, has shown that the confining pressure significantly influences their slope. As a general indication it is possible to affirm that, for confining pressure equal to 20 and 30 MPa, the bands' slopes before the peak are greater than those found at the end of the test. For confining pressure equals to 40 and 50 MPa the difference between the measured band's orientation before and after the peak is less pronounced. Generally, if the bands that were found at the stress peak are still detected at the end of the test, then their slope do not consistently varies between these two moments of the loading. In fact, the difference between the slopes measured at the peak with those detected at the end of the tests remains in the range of ± 2-3 degrees. Diffuse pattern of active bands, located mainly on the sample surface core, are found at the stress peak on specimen tested at 20 MPa. These bands exhibit greater angles (ranging typically between 30 and 45 degrees), than the resulting main band (oriented between 27 and 35 degrees) that will subsequently nucleate from the coalescence of the smaller bands found on the specimen. At the end of the test, no diffused deformation mechanisms are detected in the incremental strain fields between the blocks separated from the principal shear band. Even for 30 MPa tests, besides the principal band, diffuse pattern of conjugated bands are found at the stress peak, having angles ranging between 34 and 45 degrees, while the principal band runs across the sample surface with orientations between 33 and 44 degrees. Therefore, there is not a significant difference between the orientation of the main band and the average orientation of the diffuse pattern of early shear bands. At the end of the test, the shear band is mainly oriented between 30 and 35 degrees and, as previously found for the 20 MPa test, no diffuse pattern is detected between the two blocks in the incremental strain field. For tests done at 40 MPa, the diffuse pattern of deformation bands exhibits orientations ranging between 35 and 45 degrees. Generally, tiny bands' portions, exhibiting smaller angles, are detected at the sample edges, where they nucleate. At the end of the test two opposite bands are generally found, which tend to propagate one toward the other. In the zone where they run parallel, the presence of numerous small "en echelon" or conjugated bands is revealed by the strain fields. These small bands have slopes ranging between 32 and 45 degrees, while the principal band is mainly oriented between 38 and 45 degrees. The analysis made at the stress peak for tests made with a confining pressure of 50 MPa, shows the presence of two main bands, which are not laying on a single plane, but are rather made by small bands following one after the other, possessing orientations ranging between 38 and 45 degrees. At the end of the test a single plane is detected, oriented between 40 and 45 degrees, and the diffused deformation areas become more prominent, affecting a wider zone located closer to the main band. The diffused bands are oriented between 38 and 48 degrees. Therefore, the analysis that has been made, allows concluding that an increase of the confining pressure leads not only to a change of the bands orientation, but also to the reduction of the number of active early bands at the stress peak. At the end of the test, a significant difference on the surface of the specimen is detected. The sample surface does not exhibit only a single band, but rather diffuse zones with numerous deformation bands, which were not found in the samples tested at confining pressures of 20 and 30 MPa. Therefore, it is possible to conclude that an increase of the confining pressure changes the orientation of the main bands that run across the sample surface, and reduces the number of diffuse patterns of shear bands found at the stress peak, which tend to be located in smaller areas very close to the main bands. The analysis made on the band's thickness has been done at the stress peak and at the end of the test for different confining pressures. The thickness of shear bands measured at the end of the test is generally lower than the corresponding thickness measured at the stress peak. A reduction of the thickness of shear bands is also observed when comparing specimens, loaded at different confining pressures, at the end of the test: the specimens tested at higher confining pressures show lower shear bands thicknesses.

Another band's physical parameter that has been studied is its volumetric behaviour. The shear bands observed for the samples tested at 20 MPa, as well as the diffuse pattern of shear bands before the stress peak, exhibit a dilatant behaviour. The incremental strain fields examined before and after the stress peak for specimens tested at 30 MPa, show shear bands possessing a dilatant character, although some bridge zones between them exhibit a compacting behaviour. This behaviour can be induced by the band's geometry. When two bands determine a nonlinear sliding surface, their mutual sliding induces compaction in the non-linear zone. In samples tested at 40 MPa, a compacting behaviour has been observed in shear bands detected before the peak, while after the stress peak the bands exhibit a mixed behaviour between dilatant and compactant. Generally, when a band with a mixed behaviour is detected, its starting and ending portions are dilatant, and the compactant part is found in its centre. At 50 MPa the bands which have been analysed exhibit a compacting behaviour.

The analysis made on the thickness and volumetric behaviour of the shear bands revealed that, with an increase in the confining pressure, both a reduction of the band's width and a reduced dilatant behaviour are observed. The reason of this behaviour seems to be truly depending upon the deformation mechanisms that developed in the material. In fact, when the confining pressure increases, the grains in the shear bands are heavily deformed and buried in a small porosity, a fact that can explain the reduction of thickness. However, in order to understand more clearly this deformation mechanisms, an analysis at the grain scale becomes mandatory. At this regard, the microstructural analysis that was made allowed detailing the deformation processes developed inside the material, and assessing the intensity of the deformation mechanisms according to the confining pressure. The study of the deformation mechanisms at the grain scale does not aim only at performing post-mortem analysis of the specimens, but also at understanding if the deformation found before the stress peak is still present in the material after failure and can be detected from microscopic observation. In order to perform this study it has been necessary to make a comparison between microscopic images and DIC fields, which implied the creation of stitched mosaic of SEM images to fully represent the thin section surface. The overlap between the SEM mosaic with the reverse global DIC has enabled to verify their agreement on the early deformation mechanisms detected, thus enabling not only to appreciate how the two techniques concur in the detection of the principal shear band, but also to assess through post-mortem analysis the persistence of early bands diffused on the specimen's surface.

A question naturally comes to mind: what truly are the early formed bands? Why they do not tend to evolve? When seen from incremental strain fields, these bands appear as non-persistent deformation mechanisms, but when the reverse global correlation is observed, then these nonpersistent bands are detected on the material surface at the end of the test. The reason behind the inhibition of their evolution could be explained as the result of the predominant character of other bands developed at the same time in the material: once a band starts to prevail, it induces a global softening of the stress in the specimen and then it stops the evolution of the other bands. The "persistence" of early bands is highlighted by the comparison of microscopic images and DIC images: the overlaps that have been made clearly shows the correspondence between the bands detected by DIC with those found post-mortem in the microstructure. Furthermore, another important link exists between the intensity of deformation detected by DIC, and the mechanisms observed at the grain scale. In specimens tested at a confining pressure of 30 MPa the comparison between the microscopic images and the DIC fields clearly shows that higher intensities of the DIC second strain invariant, corresponds to the presence of grain's intragranular and border fissuration. In these areas, the first invariant of the strain tensor indicate dilatancy, accompanied by rigid body rotations detected on the DIC rotation field. Conversely, in a specimen tested at 50 MPa, the high deformation zones identified in the DIC second invariant field correspond in the microstructure to intergranular fissuration, and seldom to intragranular fissures, accompanied by non-coherent material dispersed in the pores. The first invariant of the strain tensor indicate the presence of compacting behaviour in these zones, while the DIC rotation field reveals rigid body movements, particularly in areas where grains appear to be more compressed and with bruised borders.

If the DIC results are discussed starting from the microstructural evidence, it is possible to conclude that where bruised grains or an open porosity are detected in the microstructure, for specimen tested at a confining pressure of 30 MPa, then an intensification of the dilatant phenomena is found on DIC. Conversely, for specimen tested at 50 MPa mainly compacting phenomena are observed in the early bands, although some dilatant zones are detected in zones where an open porosity or bruised grains are present. Finally, the experimental results have been compared to a theoretical prediction of the band's slope and volumetric behaviour made with an adaptation of the bifurcation theory to plane strain compression tests. The theoretical deformation band's angle, measured with respect to the maximum principal stress axis, is predicted to evolve from 31 to 40 degrees as the confining pressure varies from 20 to 50 MPa, and this trend is confirmed by the experimental data.

Perspectives for further work

The tools developed during this experimental campaign, coupled with the application of a noncontact technique, allowed improving the understanding of the material's mechanical behaviour. The optimised experimental approach has enabled the detection of the onset of strain localization in its early stages, and following the evolution of the shear bands over time, allowing also the measurement of their slope, thickness and volumetric behaviour. Even the global volumetric deformation of the specimen has been computed from DIC-derived data. It exists, at present, a fully developed and tested experimental protocol that enables the characterization of rock specimens for tests done in plane strain compression. So far it has been extensively discussed what the tools that have been developed have enabled to obtain, but at this point, rather than further discussing what has been accomplished, I would like to focus on what can still be done in future developments. The experimental device can apply confining pressures as high as 100 MPa. A promising future research direction can be undoubtedly be found in carrying out tests at confining pressures greater than 50 MPa. Furthermore, other interesting insights can be obtained in performing tests in true-triaxial conditions, since this will enable to make an interesting comparison between the material's response at two different compressive loading paths. As a mater of fact, the experimental apparatus enables to apply other full-field methods besides DIC. In fact, there are circumstances where the displacements could be too small to be detected by DIC, and this is the case, for instance, when non-porous rocks are tested. Knowing the capabilities of the experimental device used, and being this work the first doctoral thesis to be completed with data derived from its application, I would like to take the opportunity of proposing and discussing a few different research directions, distinct from the one undertook so far, but for which the experimental device is equally capable. In fact other non-contact techniques can be applied and, for instance, acoustic emissions (AE) can be used as a complement of DIC or even independently, to understand the deformation mechanisms with the help of another full-field method. Furthermore, the experimental device could allow performing a study of the permeability through the use of AE. Remembering that one of the key features of the device resides in its ability of allowing the observation of the specimen during the loading, then what other type of researches could profit from its capability? If we consider for a moment the fact that in crystalline rocks, water circulation is restricted to fissured paths of intergranular, transgranular or intragranular character, then a possible way to characterize the water pathways could be foreseen if undrained test are performed on rock specimen impregnated with a fluorescent dye. This technique could offer the possibility of imaging the textural location of the water pathways. The subsequent application to the obtained images of digital image analysis procedures, could then allow a full-field characterization of the open pore space and the observation of the effect of localisation on rock permeability during the loading, which can provide a valuable knowledge for the oil and gas industry.

Stress-strain curve correction with ∆ε DIC and ∆ε Stif f ness

In chapter 5, it has been detailed the curve correction using DIC determined measurements. Equation 5.17 contained the terms ∆ε DIC and ∆ε Stif f ness , which will be detailed in the following:

∆ε DIC = µ • τ 3 + β • τ 2 + ρ • τ + ξ (.1)
which is a third order polynomial used to calculate the value of DIC correction to apply by interpolating the curve between the DIC points. The third order polynomial interpolation has been chose to guarantee the continuity of the derivator operator between DIC poins. The coefficients µ, β, ρ, τ, ξ are equal to

µ = (Crp1 + Crp2) • (t i+1 -t i ) -2 * (ε DIC i+1 -ε DIC i ) (.2) β = 3 * (ε DIC i+1 -ε DIC i ) -[(t i+1 -t i ) • (2 • Crp1 + Crp2)] (.3) µ = Crp1 • (t i+1 -t i ) (.4) ξ = ε DIC i (.5) τ = t j -t i t i+1 -t i ( .6) 
where "j" represent a variable index along the matrix columns referring to the LVDT data and "i" a variable index along the matrix columns containing DIC related data (e.g., time coordinate and ∆ε DIC ). Crp1 and Crp2 are given respectively by:

Crp1 = ε DIC i+1 -ε DIC i t i+1 -t i ( .7 
)

Crp2 = Crp1 + ε DIC i+2 -ε DIC i+1 t i+2 -t i+1 ( .8) 
while e Stiffness in equation 5.17 is determined by the following expression:

△ε Stif f ness = Stif f ness axial piston • (P 1 -P 1 axial f riction) sample height (.9)
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 21 Figure 2.1 -Kinematic classification of deformation bands. Reproduced from[3] 
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 31 Figure 3.1 -Isometric view of 3SR True-Triaxial Device
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 32 Figure 3.2 -Specimen admissible dimensions: left) slenderness ratio equal to 2; right) slenderness ratio equal to 1
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 34311 Figure 3.4 -Configuration of sample and adapting wedges.On top the actual specimen placed on the coupling wedges. On bottom schematic arrangements of wedges to fit different specimen sizes
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 35 Figure 3.5 -Schematic representation of the True Triaxial device with connections to pump system
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 36 Figure 3.6 -Falcon software interface
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 37 Figure 3.7 -Optic Fibre illumination setup

  determine the stiffness of the true-triaxial device installed in the Laboratoire 3SR, a set of 4 loading tests were performed, to measure the deformation of an aluminium sample having the same size of the rock sample used during the tests (hence height of 50 mm, width of 25 mm and thickness of 30 mm). The aluminium specimen has been compressed with a maximum axial stress of 30 MPa under increasing confining pressures equal, respectively, to 5 MPa, 10 MPa, 20 MPa and 30 MPa. The sample shortening has been determined by measuring the sample displacements from DIC derived measures, while the external LVDT measures both specimen shortening and the overall lenghtening. The collected LVDT raw data and DIC data have been normalized to obtain the corresponding sample shortening. The loading curves relatives to the four loading cycles done at different confining pressures are presented in Fig.3.8 where F represents the axial force, ∆ DIC is the specimen shortening measured by DIC, and the cell lenghtening is calculated by subtracting from the DIC measurement the aluminium specimen shortening.
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 38 Figure 3.8 -Axial cell stiffness determination: axial force versus shortening
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 39 Figure 3.9 -Schematic representation of testing device that highlights deformation areas for stiffness analysis
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 310 Figure 3.10 -Vosges sandstone specimen: on the left a raw sample prior to machining and on the right, the sample after machining and speckle pattern application
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 311 Figure 3.11 -Sample grinding setup
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 3 Figure 3.12 -A specimen with the surface covered by a speckle pattern and ready to be inserted in the testing apparatus
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 313 Figure 3.13 -Silicone membrane shown along the two halves of the mold used for its fabrication
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 314 Figure 3.14 -Membrane positioned inside the confining chamber and viewed from the axial piston porthole: one pair of metal wedges can be seen in the image, already installed on top of the specimen
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 315 Figure 3.15 -Intermediate stress transducer
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 316 Figure 3.16 -The horizontal piston is shown fastened with 20 bolts to the confining chamber
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 317 Figure 3.17 -The spherical head is installed by moving aside the membrane
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 318 Figure 3.18 -Intermediate stress transducer
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 319 Figure 3.19 -The axial piston is installed and fastened to the frame with the four visible vertical bolts
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 41 Figure 4.1 -Digital camera sensor cross section
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 42 Figure 4.2 -Nikon® 36.3 Megapixel D800 Sensor [80]
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 43 Figure 4.3 -Schematic representation of Correlation window mutual spacing over ROI

Figure 4 . 4 -

 44 Figure 4.4 -Schematic representation of DIC determination of displacement vector of a reference subset between a reference and a deformed image

  4.5).

Figure 4 . 5

 45 Figure 4.5 -a) A distortion pattern taken with a telecentric lens, where no radial or trapezoidal distortion is present; b) the image of the same pattern showing a strong radial distortion; c) Distortion pattern showing trapezoidal distortion. [85]

Figure 4 . 6 -Photowarp Parameters 4 . 5 3 .

 46453 Figure 4.6 -Photowarp Parameters

Figure 4 . 7 -

 47 Figure 4.7 -Match_id subset transformation options as listed in Match-ID user manual

Figure 4 . 8 -

 48 Figure 4.8 -Example of a Synthetic speckle pattern generated with a the Textura code

Figure 4 . 9 -

 49 Figure 4.9 -Forkflow of the filtering process: reference and deformed images

Figure 4 .

 4 11 (top) and 4.11 (bottom) present, respectively, the comparison between the imposed displacements and the DIC measurements, and their difference computed at punctual locations. From 4.11 (top) we can see that only four DIC measured displacement, ranging between 0.2 and 0.4 pixels, are actually close to the imposed ones. This is an expected result, since a 1 pixel deformation is very small.Figure4.12 show the DIC results obtained by applying a linear deformation equal to 5 pixel, while figures 4.13 (top) and 4.13 (bottom) present, respectively, the comparison between the imposed displacements and the DIC measurements, and their difference computed at punctual locations. The analysis conducted on Fig.4.13 (top) shows that the curve which represents the measured displacement has no common point with the line representing the imposed displacement. The measured displacement are following a typical s-shape curve, that oscillates around a linear trend, but there appear to be an offset between the imposed displacements and the measured ones. In figure4.14 the DIC displacements and strain fields results relative to a 50 pixel deformation are shown. It can be observed from Fig.4.15 (top) and 4.15 (bottom), that for linear deformations of this magnitude, the DIC determination error becomes very small, since almost all the points (except one) are extremely close to the imposed displacements, with a maximum error oscillating between +1 and -1 pixel.

Figure 4 . 10 -

 410 Figure 4.10 -PhotoWarp displacement fields: 1 pixel linear deformation

Figure 4 . 11 -

 411 Figure 4.11 -PhotoWarp displacement fields (1 pixel linear deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 . 12 -

 412 Figure 4.12 -PhotoWarp displacement fields: 5 pixel linear deformation

Figure 4 . 13 -

 413 Figure 4.13 -PhotoWarp displacement fields (5 pixel linear deformation)-(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 . 14 -

 414 Figure 4.14 -PhotoWarp displacement fields: 50 pixel linear deformation

Figure 4 . 15 -Figure 4 .

 4154 Figure 4.15 -PhotoWarp displacement fields (50 pixel linear deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 .

 4 Figure 4.[START_REF] Mogi | Pressure dependence of rock strength and transition from brittle fracture to ductile flow[END_REF] shows the DIC displacement and strain fields obtained when an image warped with a linear deformation equal to 1 pixel has been analysed. Figure4.17 (top) and 4.17 (bottom) present, respectively, the comparison between the imposed displacements and the DIC measurements, and their difference computed at punctual locations.

Figure 4 .

 4 Figure 4.16 -Match-ID displacement fields: 1 pixel linear deformation

Figure 4 .

 4 Figure 4.17 -Match-ID diplacement fields (1 pixel linear deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 .

 4 Figure 4.18 show the DIC results obtained by applying a linear deformation equal to 5 pixel, while figures 4.19 (top) and 4.19 (bottom) present, respectively, the comparison between the imposed displacements and the DIC measurements, and their difference computed at integer locations.

Figure 4 .

 4 Figure 4.18 -Match-ID displacement fields: 5 pixel linear deformation

Figure 4 . 19 -

 419 Figure 4.19 -Match-ID diplacement fields (5 pixel linear deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 .

 4 Figure 4.20 -Match-ID displacement fields: 50 pixel linear deformation

Figure 4 .

 4 Figure 4.21 -Match-ID diplacement fields (50 pixel linear deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 . 22 -

 422 Figure 4.22 -PhotoWarp displacement fields (1 pixel sinusoidal deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 . 23 -

 423 Figure 4.23 -PhotoWarp displacement fields (30 pixel sinusoidal deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 . 4 . 6 . 4 . 4

 44644 Figure 4.25 -Match-ID displacement fields (30 pixel sinusoidal deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

Figure 4 . 26 -

 426 Figure 4.26 -Test BxR_GVR_06: PhotoWarp

Figure 4 . 27 -

 427 Figure 4.27 -Test BxR_GVR_06: Match-ID

  5.1 is shown an example of a discrete signal (represented in red), which is a quantization of a real signal in the time domain (represented in gray). The signals that are shown are all mono-dimensional. A digital image instead is a good exemplification of a 2D discrete signal over the space domain, since the intensity of every pixel is a discrete value defined in the range of the encoding depth (e.g., 256 levels for 8-bit images and 4,096 for 12-bit depth images).

Figure 5 . 1 -

 51 Figure 5.1 -Real signal a) and its corresponding discrete signal b)[94]

Figure 5 . 2 -

 52 Figure 5.2 -A plot showing 100 random numbers with a "hidden" sine function, and an autocorrelation (correlogram) of the series on the bottom.[95]

Figure 5 . 3 -

 53 Figure 5.3 -Decomposition of a generic time domain signal (represented in red) in its fundamentalfrequency components: the amplitude of the different frequencies is plotted in blue in the frequency domain[96] 

Figure 5 . 4 -

 54 Figure 5.4 -Symmetry of the Fourier Transform in the spatial domain

Figure 5 . 5 -

 55 Figure 5.5 -Autocorrelation calculated for two different Speckle pattern respectively equal to a) HWHM=2 pixels and b) HWHM=5 pixels

Figure 5 . 6 -Figure 5 . 8 -

 5658 Figure 5.6 -Autocorrelation relative to fig.5.5 a) with Gaussian fitting in red

Figure 5 . 7 -

 57 Figure 5.7 -Autocorrelation of fig 5.5 a) presented as a 3D plot

Figure 5 . 9 -

 59 Figure 5.9 -Autocorrelation matrix

Figure 5 . 10 -Figure 5 . 11 -

 510511 Figure 5.10 -Schematic representation of the fork flow of the ε DIC based correction

Figure 5 . 12 -

 512 Figure 5.12 -Infinitesimal deformation in the 2-D plane

Figure 5 . 13 -

 513 Figure 5.13 -Particle distribution around the central point.

Figure 5 . 14 -

 514 Figure 5.14 -Matlab algorithm for Strain field calculation

Figure 5 .

 5 Figure 5.15 -a) Second invariant of the strain tensor: contoured by a red square the magnification b) of its the central portion where the band's thickness has been determined

Figure 5 . 17 -

 517 Figure 5.17 -Region of interest (left) showing the horizontal and vertical profile along with the corresponding Gaussian interpolant (red)

Figure 5 . 18 -

 518 Figure 5.18 -Matlab code algorithm for shear band thickness measuring

Figure 5 . 19 -

 519 Figure 5.19 -Grid of defined point (blue circles): the red square represents the displaced points according to DIC displacement vectors

Figure 5 . 20 -

 520 Figure 5.20 -Global volumetric deformation curve: comparison of the results obtained using different calculation methods; stress-strain curve is shown in blue

  6.1) . The time frame inside which this loss of control is registered has a duration of 6 seconds for the BxR_GVR_1 test, 4 seconds for the BxR_GVR_5 test and 2 seconds for the BxR_GVR_6 test. The time needed for the stress to rise until reaching the plateau is equal to 15 seconds for the BxR_GVR_1 test, 14 seconds for the BxR_GVR_5 test and 12 seconds for the BxR_GVR_6 test. When the stress plateau is reached the BxR_GVR_1 test is characterized by a second stress peak. The BxR_GVR_5 test shows a small stress drop on the plateau, while the BxR_GVR_6 curve exhibits an almost constant plateau. The volumetric deformation curves relative to the BxR_GVR_1 and BxR_GVR_5 tests exhibit a contractant behaviour during the linear portion of the stress-strain curve. Only the global volumetric deformation relative to the BxR_GVR_6 test exhibits a slightly dilatant character before the stress peak. After the stress peak, the behaviour of the volumetric deformation curve relative to BxR_GVR_5 test is very lightly dilatant, while the curve of the BxR_GVR_6 test has a dilatant trend. These two tests show again a contractant behaviour at the plateau, while the volumetric deformation curve relative to the BxR_GVR_1 test shows a more pronounced contractant character.

Figure 6 . 1 -

 61 Figure 6.1 -Qualitative representation of the behaviour of the hydraulic system during the brutal rupture: a) represents the displacement shift and b) represents the time needed for the hydraulic system to reach again the effective shortening value of the sample, while in c) the pression rise again to continue the test.

Figure 6 . 2

 62 Figure 6.2 -20 MPA Tests : stress-strain and volumetric deformation curves

Figure 6 . 3

 63 Figure 6.3 -30 MPa Tests : stress-strain and volumetric deformation curves

Figure 6 . 4

 64 Figure 6.4 -40 MPa Tests : stress-strain and volumetric deformation curves

Figure 6 . 5

 65 Figure 6.5 -50 MPa Test : stress-strain and volumetric deformation curve

Fig.

  Fig.6.5 shows respectively the stress-strain curve and the global volumetric deformation for a test (BxR_GVR_11) carried out with a confining cell pressure equal to 50 MPa. The stressstrain curve show an almost linear initial trend, which is followed by a non-linear portion and then by a peak. The global volumetric deformation exhibits a contracting behaviour during the linear portion of the curve. During this test no dilatant behaviour of the global volumetric deformation is observed, while the contractant behaviour is instead detected both during the linear portion of the stress-strain curve and in the post-peak regime.

Figure 6 . 6 -

 66 Figure 6.6 -Yield curve for plane strain compression campaign

Fig. 6 . 8 (

 68 I2-p diagram) (see ref.5.36 for I2 definition) compares the evolution of peak resistance measured for samples tested at different confining pressures and plotted versus the mean stress.

Figure 6 . 7 -Figure 6 . 8 -

 6768 Figure 6.7 -Stress-strain and volumetric deformation curves relative to plane strain compression at 20, 30, 40 and 50 MPa

Figure 6 . 9 -

 69 Figure 6.9 -Triaxial test with confining pressure equal to 20 MPa (Bésuelle [1])

Figure 6 . 10 -Figure 6 . 11 -

 610611 Figure 6.10 -Triaxial test with confining pressure equal to 30 MPa (Bésuelle [1])

Figure 6 . 12 -Figure 6 . 13 -

 612613 Figure 6.12 -Triaxial test with confining pressure equal to 50 MPa (Bésuelle [1])

Figure 6 . 14 -Figure 6 . 15 -

 614615 Figure 6.14 -Triaxial tests curves with global volumetric deformation

Figure 6 . 16 -

 616 Figure 6.16 -Bandes orientations triaxial-bixial at the end of the test

Figure 6 . 17 -

 617 Figure 6.17 -Reference axis (dotted line) for the measurement of the band orientation

Figure 6 .

 6 Figure 6.18 -Bésuelle [1]Triaxial testband's measuring technique

Figure 6 . 19 -Figure 6 . 20 -Figure 6

 6196206 Figure 6.19 -Definition of the deviatoric plane

Figure 6 . 21 -Figure 6 . 22 -Figure 6 . 23 -Figure 6 . 24 -Figure 6 . 25 -Figure 6 . 26 -

 621622623624625626 Figure 6.21 -Test BxR_GVR_01, confining pressure (20 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 27 - 6 . 7 . 3 . 2 Test BxR_GVR_05: 20 MPaFigure 6

 6276732206 Figure 6.27 -Test BxR_GVR_01, confining pressure (20 MPa): incremental fields of the first invariant of the strain tensor

Figure 6 . 28 -Figure 6 . 29 -Figure 6 . 30 -Figure 6 . 31 -

 628629630631 Figure 6.28 -Test BxR_GVR_05, confining pressure (20 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 32 -Figure 6 . 33 -Figure 6 . 34 -Figure 6 . 35 -Figure 6 . 36 - 6 . 7 . 3 . 3 Test BxR_GVR_06: 20 MPaFigure 6

 6326336346356366733206 Figure 6.32 -Test BxR_GVR_05, confining pressure (20 MPa): incremental fields of the second invariant of the strain tensor

Figure 6 . 37 -

 637 Figure 6.37 -Test BxR_GVR_06, confining pressure (20 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 38 -Figure 6 . 39 -Figure 6 . 40 -Figure 6 . 41 -Figure 6 . 42 -Figure 6 . 43 -Figure 6 . 44 -

 638639640641642643644 Figure 6.38 -Test BxR_GVR_06: Deviatoric plane

Figure 6 . 45 -Figure 6 . 46 -Figure 6 . 47 -Figure 6 . 48 -Figure 6 . 49 - 6 . 7 . 4 . 2

 6456466476486496742 Figure 6.45 -Test BxR_GVR_04, confining pressure (30 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 50 -Figure 6 . 51 -Figure 6 . 52 -Figure 6 . 53 -Figure 6 . 54 -Figure 6 . 55 -Figure 6 . 56 -

 650651652653654655656 Figure 6.50 -Test BxR_GVR_07, confining pressure (30 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 57 -Figure 6 . 58 -Figure 6 . 59 -Figure 6 . 60 -

 657658659660 Figure 6.57 -Test BxR_GVR_08, confining pressure (40 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 61 -Figure 6 . 62 -

 661662 Figure 6.61 -Test BxR_GVR_08, confining pressure (40 MPa): incremental fields of the second invariant of the strain tensor

Figure 6 . 63 -

 663 Figure 6.63 -Test BxR_GVR_8, confining pressure (40 MPa): incremental fields of the first invariant of the strain tensor

Figure 6 . 64 -Figure 6 . 65 -Figure 6 . 66 -Figure 6 . 67 -

 664665666667 Figure 6.64 -Test BxR_GVR_09, confining pressure (40 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 68 -Figure 6 . 69 -

 668669 Figure 6.68 -Test BxR_GVR_09, confining pressure (40 MPa): incremental fields of the second invariant of the strain tensor

Figure 6 . 70 -

 670 Figure 6.70 -Test BxR_GVR_9, confining pressure (40 MPa): incremental fields of the first invariant of the strain tensor

Figure 6 . 71 -Figure 6 . 72 -Figure 6 . 73 -Figure 6 . 74 -

 671672673674 Figure 6.71 -Test BxR_GVR_10, confining pressure (40 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 75 -Figure 6 . 76 -

 675676 Figure 6.75 -Test BxR_GVR_10, confining pressure (40 MPa) : incremental fields of the second invariant of the strain tensor

Figure 6 . 77 -

 677 Figure 6.77 -Test BxR_GVR_10, confining pressure (40 MPa): incremental fields of the first invariant of the strain tensor

Figure 6 . 78 -Figure 6 . 79 -Figure 6 .Figure 6 . 81 -Figure 6 . 82 -

 6786796681682 Figure 6.78 -Test BxR_GVR_11, confining pressure (50 MPa): stress-strain curve and global volumetric deformation

Figure 6 . 83 -

 683 Figure 6.83 -Test BxR_GVR_04, confining pressure (30 MPa): incremental strain field 3551-3568, computed before the stress peak along with the vertical and horizontal global maps of the autocorrelation coefficient in the vertical and horizontal direction

Figure 6 . 84 -Fig. 6 .

 6846 Figure 6.84 -Test BxR_GVR_05, confining pressure (20 MPa): 1430-1436 incremental strain field shown along with the corresponding autocorrelation coefficients maps

Figure 6 . 85 - 6 . 9 . 4 Fig. 6 .

 6856946 Figure 6.85 -Test BxR_GVR_06, confining pressure (20 MPa): 8608-8624, computed before the stress peak, along with the relative maps for the autocorrelation coefficient

Figure 6 . 86 -

 686 Figure 6.86 -Test BxR_GVR_08, confining pressure (40 MPa): 1013-1029 incremental deformation field computed before the stress peak are shown along with the relative autocorrelation maps

Figure 6 . 87 -Figure 6 . 88 -Figure 6 . 89 -

 687688689 Figure 6.87 -Test BxR_GVR_04, confining pressure (30 MPa): stress-strain curve with selected strain fields

Figure 6 . 90 -Figure 6 . 91 -Figure 6 . 92 -Figure 6 . 93 -

 690691692693 Figure 6.90 -Test BxR_GVR_04, confining pressure (30 MPa): (Top) Overlaps between strain fields before the peak (3551-3568 ) and at the peak (3568-3572-2) -(Bottom) Overlap between strain fields at peak (3568-3572) and at the end of the test (3673-3674)

Figure 6 .Figure 6 .Figure 6 . 96 -Figure 6 . 97 -Figure 6 . 98 -Figure 6 . 99 -Figure 6 . 100 -Figure 6 .

 6669669769869961006 Figure 6.94 -Test BxR_GVR_06, confining pressure (20 MPa): stress-strain curve with selected strain fields

Figure 6 . 102 -Figure 6 . 103 -Figure 6 . 104 -

 610261036104 Figure 6.102 -Test BxR_GVR_06, confining pressure (20 MPa): (Top) overlap between strain field before the peak (8608-8624) and strain field at the peak (8655-8675) -(Bottom) overlap between strain field at the peak (8655-8675) and at the end of the test (8803-8836)

Figure 6 . 105 -Figure 6 . 106 -Figure 6 . 107 -

 610561066107 Figure 6.105 -Test BxR_GVR_07, confining pressure (30 MPa): stress-strain curve with selected strain fields

Figure 6 . 108 -Figure 6 . 109 -Figure 6 . 111 -Figure 6 . 112 -Figure 6 . 113 -Figure 6 . 114 -Figure 6 . 115 -Figure 6 . 116 -

 61086109611161126113611461156116 Figure 6.108 -Test BxR_GVR_07, confining pressure (30 MPa): (Top) Overlap between strain field before the stress peak (0239-0255) and at stress peak (0280-0292) -(Bottom) Overlap between strain field at peak (0280-0292) and at the end of the test (0423-0459)

Figure 6 . 117 -Figure 6 . 118 -Figure 6 . 119 -

 611761186119 Figure 6.117 -Test BxR_GVR_07, confining pressure (30 MPa): (Top) Overlap between strain field before the stress peak (0239-0255) and at peak (0280-0292) with modified colormap -(Bottom) Overlap between strain field at the stress peak (0280-0292) and at the end of the test (0423-0459) with modified colormap

Figure 6 . 120 -Figure 6 . 121 -Figure 6 . 122 -

 612061216122 Figure 6.120 -Test BxR_GVR_08, confining pressure (40 MPa): stress-strain curve with selected strain field

Figure 6 . 123 -Figure 6 . 124 -Figure 6 . 125 -

 612361246125 Figure 6.123 -Test BxR_GVR_08: (Top) overlap between strain fields at before the peak (1013-1029), and at peak (1029-1050) -(Bottom) Overlap between strain fields at peak (1029-1050), and at the end of the test (1154-1206)

Figure 6 . 126 -Figure 6 . 127 -Figure 6 . 128 -Figure 6 . 129 -Figure 6 . 130 -Figure 6 . 131 -Figure 6 . 132 -

 6126612761286129613061316132 Figure 6.126 -Test BxR_GVR_09, confining pressure (40 MPa): stress-strain curve with selected strain fields

Figure 6 . 133 -Figure 6 . 134 -Figure 6 . 135 -Figure 6 . 136 -

 6133613461356136 Figure 6.133 -Test BxR_GVR_09, confining pressure (40 MPa): (Top) Overlap between strain field before the peak (0282-0301) and at the peak (0352-0372) -(Bottom) Overlap between strain field at the peak (0352-0372) and at the end of the test (0583-0587)

Figure 6 . 137 -Figure 6 .Figure 6 .Figure 6 .Figure 6 .Figure 6 .Figure 6 .

 6137666666 Figure 6.137 -Test BxR_GVR_10, confining pressure (40 MPa): stress-strain curve with selected strain fields

Figure 6 .Figure 6 .Figure 6 .Figure 6 .

 6666 Figure 6.144 -Test BxR_GVR_10, confining pressure (40 MPa): (Top) Overlap between strain field before the peak (1047-1061) and at the stress peak -(Bottom) Overlap between the strain field at the peak (1061-1074) and at the end of the test (1170-1206)

Figure 6 .Figure 6 .Figure 6 .

 666 Figure 6.148 -Test BxR_GVR_11, confining pressure (50 MPa): stress-strain curve with selected strain fields

Figure 6 .Figure 6 .Figure 6 .

 666 Figure 6.151 -Test BxR_GVR_11, confining pressure (50 MPa): (Top) Overlap between strain field before the peak (3213-3230) and at the peak (3242-3259) -(Bottom) Overlap between strain field at the peak (3242-3259) and before the plateau (3259-3264)

Figure 6 .

 6 Figure 6.154 -Plane strain compression tests: incremental strain fields calculated at the end of the test for different confining pressure

Figure 6 .

 6 Figure 6.155 -(left) Stress peak, (right) End of test, confining pressure of 20, 30, 40, and 50 MPa

Figure 6 .

 6 Figure 6.156 -Scheme of the strain localisation patterns with respect to the confining pressure, from Bésuelle [1]

Figure 6 .

 6 Figure 6.157 -Bésuelle [1]Triaxial test: samples at different confining pressures showing band formation

Figure 7 . 1 -

 71 Figure 7.1 -Peak stresses and yield stresses at the onset of shear-enhanced compaction for Darley Dale (a), Berea (b), Rothbach (c) and Bentheim sandstones (d). from Baud et al.[9]

Figure 7 . 2 -

 72 Figure 7.2 -Microphotographs of a shear band formed in drained tests: (a) 28 MPa, (b) 40MPaand (c) 50 MPa. From Sulem et al.[7] 

Figure 7 . 3 -

 73 Figure 7.3 -Microphotographs of a shear band formed in undrained tests: (a) 28 MPa, (b) 40MPaand (c) 50 MPa. From Sulem et al.[7] 

Figure 7 . 4 -

 74 Figure 7.4 -Channels formed in undrained tests: (a) 28 MPa, (b) 40MPa and (c) 50 MPa. From Sulem et al.[7]

Figure 7 . 5 -

 75 Figure 7.5 -Shear zone observed with an electron scanning microscope from an adhesive tape. Dry specimen K31 tested under 28MPa of confinement pressure: (a) magnification 21; (b) magnification 42; (c) magnification 63; (d) magnification 126. From ElBied et al.[6]

Figure 7 . 6 -

 76 Figure 7.6 -Shear zone observed with an electron scanning microscope from an adhesive tape. Dry specimen K99 tested under 42MPa of confinement pressure: (a) magnification 15; (b) magnification 30; (c) magnification 63; (d) magnification 120; (e,f) magnification 240.From ElBied et al.[6] 

Figure 7 . 7 -

 77 Figure 7.7 -Mosaic of SEM images showing the band in detail (BxR_GVR_07 test, confining pressure 30 MPa)

Figure 7 . 8 -

 78 Figure 7.8 -A sample portion at the lower left corner of the specimen, showing an area where the grains are strongly deformed and characterized both by intergranular and intragranular crack for a width of about 2 mm, and which runs parallel to the main band for 3 mm, (BxR_GVR_07 test, confining pressure 30 MPa)

Figure 7 . 9 -

 79 Figure 7.9 -Details of the shear bands at different positions, identified with coloured rectangles on the second invariant of the strain tensor (BxR_GVR_07 test, confining pressure 30 MPa)

Figure 7 . 10 -Figure 7 . 11 -

 710711 Figure 7.10 -Conjugate band of the principal shear band: the red arrows mark the position of the conjugate band (BxR_GVR_07 test, confining pressure 30 MPa)

Figure 7 . 12 -

 712 Figure 7.12 -Mosaic of SEM images showing the band in detail (BxR_GVR_11 test, confining pressure 50 MPa)

  7.14).

Figure 7 . 13 -Figure 7 . 14 -

 713714 Figure 7.13 -Detail of a compaction zone on the shear band, containing crushed grains (BxR_GVR_11 test, confining pressure 50 MPa)

Figure 7 . 15 -

 715 Figure 7.15 -Detail of an area showing a band positioned far away from the principal bands (BxR_GVR_11 test, confining pressure 50 MPa)

Figure 7 . 16 -

 716 Figure 7.16 -Stress-strain curve and incremental strain fields (I2) for BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 .Figure 7 . 18 -Figure 7 . 19 -Figure 7 . 20 -Figure 7 . 21 -

 7718719720721 Figure 7.17 -0255-0267 incremental strain field (before the stress peak ) at the left, and the reverse global DIC on the right, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 22 -Figure 7 . 23 -Figure 7 . 24 -Figure 7 . 25 -Figure 7 . 26 -

 722723724725726 Figure 7.22 -Turquoise area Microstructure 100X, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 27 -

 727 Figure 7.27 -Zoom of the four areas selected in turquoise area, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 28 -Figure 7 . 29 -Figure 7 . 30 -Figure 7 . 31 -Figure 7 . 32 -

 728729730731732 Figure 7.28 -Green area microstructure 100X, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 33 -

 733 Figure 7.33 -Zoom of the four areas selected in green area, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 34 -Figure 7 . 35 -

 734735 Figure 7.34 -Fuchsia area microstructure 100X, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 36 -Figure 7 . 37 -

 736737 Figure 7.36 -Overlap between 100X microstructure and first strain invariant field, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 38 -Figure 7 . 39 -

 738739 Figure 7.38 -Overlap between 100X microstructure and vertical displacement field, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 40 -Figure 7 . 41 -

 740741 Figure 7.40 -Black area microstructure 100X, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 42 -Figure 7 . 43 -Figure 7 . 44 -Figure 7 . 45 - 7 . 4 . 2 . 5

 7427437447457425 Figure 7.42 -Overlap between 100X microstructure and first strain invariant field, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 46 -Figure 7 . 47 -Figure 7 . 48 -Figure 7 . 49 -Figure 7 . 50 -

 746747748749750 Figure 7.46 -Red area Microstructure 100X, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 51 -

 751 Figure 7.51 -Zoom of the four areas selected in turquoise area, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 52 -

 752 Figure 7.52 -Stress-strain curve and incremental strain fields (I2) for BxR_GVR_11 test, confining pressure (50 MPa)
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 7754755756757 Figure 7.53 -3213-3230 incremental strain field (before the stress peak ) at the left, and the reverse global DIC on the right, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 . 58 -Figure 7 . 59 -Figure 7 . 60 -Figure 7 .Figure 7 . 62 -

 7587597607762 Figure 7.58 -Orange area microstructure 100X, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 . 63 -

 763 Figure 7.63 -Zoom of the four areas selected in orange area, BxR_GVR_11 test, confining pressure (50 MPa)
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 7 64, 7.65, 7.66, 7.67 7.68 and 7.69 ).
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 764765766767768 Figure 7.64 -Fuchsia area microstructure 100X, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 . 69 - 7 . 4 . 3 . 3

 7697433 Figure 7.69 -Zoom of the four areas selected in fuchsia area, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 . 70 -Figure 7 . 71 -Figure 7 . 72 -Figure 7 . 73 -Figure 7 . 74 -

 770771772773774 Figure 7.70 -Yellow area microstructure 100X, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 . 75 - 7 . 4 . 3 . 4

 7757434 Figure 7.75 -Zoom of the four areas selected in yellow area
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 776777 Figure 7.76 -Blue area microstructure 100X, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 . 78 -Figure 7 . 79 -Figure 7 .Figure 7 . 81 -

 7787797781 Figure 7.78 -Overlap between 100X microstructure and first strain invariant field, BxR_GVR_11 test, confining pressure (50 MPa)
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 782783 Figure 7.82 -Green area microstructure 100X, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 . 84 -Figure 7 . 85 -Figure 7 . 86 -Figure 7 . 87 -

 784785786787 Figure 7.84 -Overlap between 100X microstructure and first strain invariant field, BxR_GVR_11 test, confining pressure (50 MPa)

Figure 7 .

 7 [START_REF] Orteu | A speckle texture image generator[END_REF] shows a magnification of the band relative to the BxR_GVR_07specimen. The shear band shown in the blow-up is that indicated by point 2 in Fig.7.88. The measuring method on the DIC has been already discussed in section 5.6. Conversely, the thickness of the shear band on the microstructure image has been measured using the Image-J software http://imagej.nih.gov/ij/. The measuring point on the band are those indicated in Figure7.89. image.

Figure 7 . 88 -

 788 Figure 7.88 -Sampling points on DIC and SEM mosaic for the BxR_GVR_07 test, confining pressure (30 MPa)

7 . 1 .

 71 The main goal of the present comparison is to highlight how strongly the DIC observations are in agreement with those made on the microscope images. In fact, the SEM mosaic clearly shows that some band's regions are characterized by apparent fractures, interposed between compacting areas. The same results can be found when examining the DIC fields, where the fractured areas appear in red and the compacting zones in blue. The shear bands detected by DIC travel across the sample surface with a slope around 32 degrees. The observations on the SEM mosaic confirmed the same mean band slope, and the agreement between the values obtained through DIC and those detected through the microscope images can be clearly seen when looking at Fig.7.88. For the BxR_GVR_11 test Fig.7.90 represents the sampling areas on the main band while tab. 7.2 lists the measured values of thickness. The shear band run through the sample surface, starting from the top left corner and propagate with a slope of 42 degrees.

Figure 7 . 89 -Figure 7 . 90 -

 789790 Figure 7.89 -How a band is typically measured on the second strain invariant field and on the microscope image, BxR_GVR_07 test, confining pressure (30 MPa)

Figure 7 . 91 -

 791 Figure 7.91 -SEM mosaic relative to the BxR_GVR_07 test, confining pressure (30 MPa), along with the DIC volumetric deformation field

Figure 7 . 92 -Figure 7 . 93 -

 792793 Figure 7.92 -Overlap between SEM mosaic relative to the BxR_GVR_07, confining pressure (30 MPa), and the DIC volumetric deformation field

Figure 7 .

 7 Figure 7.94 -Overlap between SEM mosaic relative to the BxR_GVR_11, confining pressure (50 MPa), and the DIC volumetric deformation field

Specimen

  ′ s porosity(%) = S weight -D weight S weight -S undewater weight • 100 = 79.97 -72.03 79.97 -44 • 100 = 22% (7.1) Where: S weight = 79.97, is the weight of the water saturated specimen; D weight = 72.03, is the weight of the dried specimen; S undewater weight = 44, is the weight of the weight of the water-satured specimen when weighted under water;

Figure 7 .

 7 Figure 7.95 -Porosity maps of BxR_GVR_7 confining pressure (30 MPa) (top) and BxR_GVR_11 confining pressure (50 MPa) (bottom) tests (grid size is equal to 0.5 mm)

Figure 7 . 96 -

 796 Figure 7.96 -Schematic representation of the scanning setup:φis the rotation angle, s is the scanning plane, µ(s, φ) is the attenuation profile relative to the scanning plane and the rotation angle.

Figure 7 . 97 -

 797 Figure 7.97 -Interior view of the 3SR Tomograph. On the left, in red, the X-ray source, at the centre the rotating sample holder, and, on the right, the detector.

Figure 7 . 98 -Figure 7 . 99 -

 798799 Figure 7.98 -Top: horizontal cross-sections of BxR_GVR_07 specimen; bottom: vertical crosssections of BxR_GVR_07 specimen, confining pressure (30 MPa)

Figure 7 . 100 -Figure 7 .

 71007 Figure 7.100 -Top: horizontal cross-sections of BxR_GVR_11 specimen; bottom: vertical crosssections of BxR_GVR_11 specimen, confining pressure (50 MPa)

  However, following the findings of Wong and colleagues[START_REF] Wong | Localized failure modes in compactant porous rock[END_REF] [START_REF] Wong | Localized failure modes in compactant porous rock[END_REF];[START_REF] Menéndez | Micro mechanics of brittle faulting and cataclastic flow in berea sandstone[END_REF] [START_REF] Menéndez | Micro mechanics of brittle faulting and cataclastic flow in berea sandstone[END_REF];[START_REF] Wu | Micromechanics of compressive failure and spatial evolution of anisotropic damage in darley dale sandstone[END_REF] [START_REF] Wu | Micromechanics of compressive failure and spatial evolution of anisotropic damage in darley dale sandstone[END_REF];[START_REF] Klein | Mechanical behavior and failure mode of bentheim sandstone under triaxial compression[END_REF][START_REF] Klein | Mechanical behavior and failure mode of bentheim sandstone under triaxial compression[END_REF], Bésuelle and Rudnicki (2004)[START_REF] Bésuelle | Mechanics of Fluid-Saturated Rocks[END_REF]), Issen suggested in 2002[START_REF] Issen | The influence of constitutive models on localization conditions for porous rock[END_REF] that a two yield surfaces constitutive model, was more apt to describe the damage processes active in sandstone specimens tested at intermediate confining pressures where compaction bands and/or shear bands occurs.

Figure 8 . 1 -

 81 Figure 8.1 -Single yield surface

Figure 8 . 2 -

 82 Figure 8.2 -The Drucker-Prager yield surface, plotted in the stress space.

6 )

 6 The friction coefficient used by Rudnicki &Rice, µ, is equal to the local slope of the yield surface, hence can be expressed as µ = -

20 )

 20 

Figure 8 . 3 -

 83 Figure 8.3 -Discontinuity condition: The e vector represents the additional strain vector on a surface parallel to the band interface, while γ is the band dilatancy angle

Figure 8 . 4 - 1 √ 3 )

 8413 Figure 8.4 -Areas in the µ-β plane corresponding to the dilating and compacting shear bands and limits for the extension and compaction bands, for an axisymmetric compression stress state ( N = 1 √ 3) and ν = 0.2[START_REF] Bésuelle | Compacting and dilating shear bands in porous rock: Theoretical and experimental conditions[END_REF] 

Figure 8 . 5 -

 85 Figure 8.5 -Predicted band orientations as functions of ß + µ and N . Shear bands are predicted between the bold lines. Compaction bands are predicted below the lower line, and dilation bands are predicted above the upper line. Adapted from [8]

Figure 8 . 6 -

 86 Figure 8.6 -Predicted band orientations as functions of ß + µ and N (ν=0.26) for the plane strain test selected BxR_GVR_06, BxR_GVR_07, BxR_GVR_10 and BxR_GVR_11 (based on[8])

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 3 .

 3 

1 -Friction coefficients of different lubricants

[START_REF] Labuz | Reducing frictional constraint in compression testing through lubrication[END_REF] 

  [START_REF] Suzuki | A new approach to the prediction of failure by rock noise[END_REF] and at 50 MPa (test identified with codes BXR_GVR 07 andBXR_GVR 11). The thin sections have been prepared by Christophe Nevado in the Geoscience department of the Montpellier 2 university. The microscope observations have been made on the SEM microscopes installed in the ISTerre (with the help of Anne Marie Boullier) and CMTC laboratories in Grenoble.

	Mineral	%
	quartz	93
	microcline 5
	kaolinite	1
	Micas	1

Table 6 .

 6 

1 -Vosges Sandstone composition

[1] 

Table 6 . 2

 62 

				SPECIMEN SIZE	σ3	
	TEST NAME	Camera	Teleconverter	(Height,	PRESSURE	Lubricant
				Depth,Width) [mm]	[MPa]	
	BxR_GVR_01	Nikon D3x	yes	50.38 ; 29.82 ; 25.35	20	no
	BxR_GVR_04	Nikon D3x	yes	49.90 ; 30.00 ; 25.15	30	yes
	BxR_GVR_05	Nikon D3x	yes	49.85 ; 30.05 ; 25.10	20	yes
	BxR_GVR_06	Nikon D3x	no	50.10 ; 30.10 ; 25.25	20	yes
	BxR_GVR_07	Nikon D3x	no	50.00 ; 30.15 ; 25.18	30	yes
	BxR_GVR_08	Nikon D800E	no	49.73 ; 29.63 ; 25.13	40	yes
	BxR_GVR_09	Nikon D800E	no	50.10 ; 29.80 ; 25.15	40	yes
	BxR_GVR_10	Nikon D800E	no	49.95 ; 30.02 ; 25.35	40	yes
	BxR_GVR_11	Nikon D800E	no	49.80 ; 29.73 ; 25.15	50	yes

-Plane strain compression tests: specimen data

Table 6 .

 6 3 -Plane strain tests: Axial strain (adimensional), Peak resistance and Material stiffness data

	TEST	σ3 Pressure [MPa] Lubricant Axial strain	Peak	Material
	NUMBER				resistance	stiffness
					[MPa]	[GPa]
	BXR_GVR_06	20	yes	0.009	113.0	14.9
	BXR_GVR_04	30	yes	0.011	128.3	16.3
	BXR_GVR_10	40	yes	0.010	129.3	17.0
	BXR_GVR_11	50	yes	0.011	129.7	17.7

Table 6 .

 6 4 -Triaxial compression: data relative to four selected tests

	TEST	SPECIMEN	Confining	Lubricant
	NUMBER	SIZE	Pressure	
		(Height,	[MPa]	
		Diameter)		
		[mm]		
	GVR9714	80 ; 40	20	yes
	GVR9719	80 ; 40	30	yes
	GVR9718	80 ; 40	40	yes
	GVR9715	80 ; 40	50	yes

Table 6 .

 6 The global dilatant behaviour is no longer observable at 50 MPa. 5 -Results relative to four selected triaxial tests from Bésuelle[1]: Axial strain (adimensional), Peak resistance and Material stiffness

	TEST	Confining	Lubricant Axial strain	Peak	Material
	NUMBER	Pressure			resistance	stiffness
		[MPa]			[MPa]	[GPa]
	GVR9714	20	yes	0.011	94.2	11.7
	GVR9719	30	yes	0.010	104.3	12.9
	GVR9718	40	yes	0.010	109.5	13.9
	GVR9715	50	yes	0.011	117.4	14.9
	GVR9716	60	yes	0.010	115.0	14.0

Table 6 . 6

 66 

	Test Name	σ3 Pressure [MPa]	Speckle Pattern	Autocorrelation Value	Localization Before Peak	Camera Used	Lubricant
	BxR_GVR_01	20	NO	not determined	no	Nikon D3x	no
	BxR_GVR_04	30	YES	Top:2÷3.5; Bottom 3.5 ÷ 5	no	Nikon D3x	yes
	BxR_GVR_05	20	YES	5	no	Nikon D3x	yes
	BxR_GVR_06	20	YES	Mainly 2.5	yes	Nikon D3x	yes
	BxR_GVR_07	30	YES	3	yes	Nikon D3x	yes
	BxR_GVR_08	40	YES	2.6÷ 3	yes	Nikon D3x	yes
	BxR_GVR_09	40	YES	2.5÷2.8	yes	Nikon D800E	yes
	BxR_GVR_10	40	YES	2.5	yes	Nikon D800E	yes
	BxR_GVR_11	50	YES	2.5	yes	Nikon D800E	yes

-Plane strain tests: syntesis

Table 7 .

 7 

	1 -Comparison between thickness detected on DIC fields and microstructure
	(BxR_GVR_07), confining pressure (30 MPa)

Table 7 .

 7 

	2 -Comparison between thickness detected on DIC fields and microstructure
	(BxR_GVR_11), confining pressure (50 MPa)

Table 7 .

 7 

	3 -3SR Laboratory Tomograph: X-ray generator characteristics
	RX-Solutions: Detector
	Type	Matrix type sensor
	Resolution	1920 x 1536 pixels
	Sensor dimensions	195.07 x 243.84 mm
	Frame rate	0.2-30 frames/s
	Scintillator	CsI
	Encoding depth	14 bits
	Pixel size	127 µm in High resolution Mode 254 µm in Normal Mode

Table 7 . 4

 74 

-3SR Laboratory Tomograph: Detector characteristics 7.

8.2 3SR Tomograph: general scanning procedure

  

Figure 4.24 -Match-ID displacement fields (1 pixel sinusoidal deformation) -(Top) comparison between imposed and measured displacements; (Bottom) difference between imposed and calculated displacements

The data contained in this vectors show, invariably, a Gaussian-like profile (see fig.5.17) which can be fitted with a Gaussian interpolant using the Matlab method already described in section 5.3.4. The characteristic width of the horizontal and vertical profile, is then calculated. This step correspond to measuring "a" and "b" in the triangle shown in fig. in fig.5.16, hence the two profiles shown in fig.5.17. The criteria used to measure the width of the Gaussian profile is the Beam width (1/e 2 ), which represents the width of the Gaussian curve taken at 0.135 times of its maximum value. This characteristic width has been preferred as it allows to measure the full width of the signal, while effectively rejecting unwanted background noise. Once the horizontal and vertical measures have been made, the bands thickness is calculated. Because the data extracted along the horizontal and vertical vectors have a Gaussian distribution, the minimum distance that can be measured along the horizontal and vertical directions is equal

It is worth recalling that the first test group (code BXR_GVR, tests n°1, 4, 5, 6, 7) was imaged with a Nikon D3X having a pixel size of 9 µm, while the tests pertaining to the second group (code BXR_GVR, tests n°8, 9, 10, 11), were imaged with a Nikon D800E, having a pixel size equal to 7 µm.

The stress-strain curves data depend from a double correction process: the first correction applied is derived from the calculus made on the stiffness of the loading apparatus, while and the second correction is derived from the deformation fields obtained by digital image correlation.

note that strain measurements were obtained from internal measurement and/or external measurements, and applaying a cell stiffness correction

Plane strain compression tests

Plane strain compression testsFigure 6.110 -Test BxR_GVR_07, confining pressure (30 MPa): stress-strain curve with selected strain fields with modified colormap

All the SEM images that will be shown in the present chapter have their vertical axis parallel to the σ1 loading direction

It is worth pointing out, that the reverse global DIC is done by inverting the elaboration order of the DIC image, thus taking as reference image the last picture taken at the end of the test, and as deformed image the first picture taken at the beginning of the test. The obtained result show all the deformations mechanisms developed during the test, in the final configuration of the specimen, and hence are directly comparable with microscopic thin sections made post-mortem.
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The Jaumann rate tensor is used since it is invariant and hence more suited when formulating a constitutive equation, while the stress rate tensor is not invariant during rigid body rotation.
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 [START_REF] Lockner | Fault growth and acoustic emissions in confined granite[END_REF]) [START_REF] Obert | Use of subaudible noises for prediction of rock bursts. part ii[END_REF])

)

The strain rate inside the band is expressed by the e vector, which can be thought as a strain vector that forms an angle γ with a surface parallel to the interface of the band. The angle γ is the band dilatancy angle and is calculated as

If 0<γ <π/2 , then the shear strain is associated with volumetric dilatancy. Otherwise, if -π/2 < γ < 0, then shear is associated with a volumetric compaction. The pure shear case with no dilation or compression correspond to the condition γ= 0, which can be expressed with the following equation [START_REF] Bésuelle | Mechanics of Fluid-Saturated Rocks[END_REF]:

The shear component of the strain discontinuity inside the band is zero when the band is parallel to the major or minor principal stress direction. A continuous strain variation inside the localization band can be thought as being present, between the so-called shear bands and the pure extension or compaction bands. Bésuelle [START_REF] Bésuelle | Compacting and dilating shear bands in porous rock: Theoretical and experimental conditions[END_REF] gives a chart (fig. 8.4) relative to axisymmetric tests where ν=0.2 and N=1/ √ 3, in order to locate the areas where a compaction or dilation band exists.

while µ has been calculated from equation 8.7 (slope of the yield surface between two consecutive values of σ).

Results discussion

The predicted band angle θ has been calculated by applying equation 8.23 and the band dilatancy angle γ has been calculated from eq. 8.37.

The strain analysis inside the band, at the onset of localization, shows values of µ ranging from 0.49 to 0.11. Values of β for Vosges sandstone are in the range between 0.47 and 0. The hardening modulus h is predicted to be positive in plane strain compression tests for the range of µ and β used, which implies that localization should theoretically occur during the hardening regime, which was the case for all the selected tests.

Localization has been systematically detected through DIC before the stress peak. In tab. 8.1 the relevant model parameters are reported along with the predicted values for θ (at the stress peak) and γ relative to each tests. Experimental results show that as the mean pressure increases, both the friction and dilatancy coefficients become progressively smaller. In fact, small positive values of the dilatancy coefficient β, and negative or small positive values of the friction coefficient µ suggest a strain shear band formation mechanisms dominated by a progressive reduction of the porosity inside the band. This prediction is confirmed from microstructural observation made on thin section of the BxR_GVR_07 and BxR_GVR_11 specimens (confining pressures of 20 and 50 MPa, respectively), whose detailed analysis is given in chapter 7.

The experimental deformation band angle θ, measured with respect to the maximum principal stress axis, is predicted to evolve from the theoretical data from 31 to 40 degrees as the confining pressure varies from 20 to 50 MPa, and this trend is confirmed by the experimental data. The bands falls in the shear band region, according to the classification given by Issen&Rudnicki [8] and reported in the following figure:
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